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Abstract. Uncrewed Aerial Systems (UAS) are by now well established platforms for observations in volcanic plumes which

are a challenging environment. Options for trace gas observations inside volcanic plumes still remain limited because sophis-

ticated measurement techniques for high-precision observations of trace gases often require instrumentation that cannot be

used on board UAS due to high weight and power consumption. UAS-borne sampling of air followed by post-flight analysis

can extend the number of observable trace gases as well as the measurement quality. Originally developed for stratospheric5

observations, AirCore sampling with long coiled tubes has proven to be a light-weight sampling technique to probe parts of

the atmosphere that are otherwise difficult to access. Trace gas analysis of sampled air is done post-flight, most commonly

with fast high-precision optical methods with continuous flow analysers, delivering high-quality and high-resolution trace gas

mole fractions. While balloon-borne AirCore setups perform passive sampling making use of natural pressure differences, we

used a UAS-deployable small active AirCore setup collecting air with a pump. In July 2024, this setup was deployed on a10

UAS alongside electrochemical and optical gas sensors to probe the volcanic plumes of Mount Etna (Sicily, Italy), which was

particularly active at the time. This was to our knowledge the first time that the AirCore sampling technique was used inside

volcanic plumes. The air sample was successfully analysed with cavity-ring down spectroscopy for carbon monoxide (CO),

carbon dioxide (CO2) and methane (CH4). While CO2 and often also CO mole fractions were markedly enhanced in the plume,

no significant change of CH4 was observed. The ratio of CO and CO2 mole fraction enhancements was found to be rather low15

which might point at fast oxidation processes.
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1 Introduction

Volcanoes are an important channel for transporting material from the Earth’s interior to the planet’s surface. Volcanic emis-

sions can alter Earth’s atmosphere by gradually changing its composition or its redox state over long periods of time (Mous-

sallam et al., 2019), and in the short term when enormous quantities are released during highly explosive eruptions (Timm-20

reck, 2012). Volcanic gaseous emissions therefore present an interconnection between the deep and shallow carbon cycles on

Earth (Burton et al., 2013; Foley and Fischer, 2017; Plank and Manning, 2019). Carbon dioxide (CO2) is one of the major con-

stituents of volcanic gaseous emissions with total annual emissions from non-eruptive degassing estimated 51.3± 5.7 Tg CO2

for the period 2005–2015 (Fischer et al., 2019). While this number may appear small compared to today’s anthropogenic

emissions from fossil fuel burning estimated at 36800± 1800 Tg CO2 yr−1 in 2023 (Friedlingstein et al., 2025), quantifying25

volcanic emissions is nevertheless needed for a full understanding of the global carbon budget and in general Earth’s history.

Mount Etna (Sicily, Italy, 37 °N 45’4”N, 14 °E 59’45”) is one of the most active volcanoes on Earth, emitting large amounts of

CO2 (~10 % of the global volcanic CO2 emissions; Burton et al., 2013) with a high temporal variability (Aiuppa et al., 2006;

La Spina et al., 2010; Pering et al., 2014).

Beside the impact of volcanic gases on atmosphere, hydrosphere and biosphere, their chemical composition and amount30

and especially their changes over time, can also provide information on the fundamental physical and chemical processes

underneath the surface. Measurements of chemical composition of volcanic plumes are a useful method of volcano monitor-

ing (Symonds et al., 1994; Edmonds, 2008). It has been discussed whether a connection can be established between the redox

state of volcanic gases and their magmatic source, i. e. whether the redox signature of the gas-releasing magma (fO2
) can

be deduced from the measurements of corresponding gaseous redox pairs, for example CO2/CO, or SO2/H2S (Burgisser and35

Scaillet, 2007; Oppenheimer et al., 2018; Moussallam et al., 2019; Moretti and Stefánsson, 2020; Kuhn et al., 2022). Magma

temperature and redox state correlate to some degree with the ratio of SO2 to H2S and the amounts of gas species like H2, CO, or

OCS. Therefore, quantification of the composition of the magmatic gases might allow conclusions about the redox state of the

magma as well as the temperature at which the gas was last in equilibrium with the surrounding magma. As possible overlying

influencing factors of the gas redox state, gas-rock and gas-liquid interactions are discussed in the literature, particularly for40

the study of colder fumarole emissions (Giggenbach, 1996). To further support and prove novel model studies, comparisons to

measurement data are essential, but only very limited data sets of redox pairs in volcanic plumes are available. Only spatially

resolved measurements can take into account plume age which is a relevant parameter as the gas composition in the plume

might deviate from the initial volcanic gas composition (Kuhn et al., 2022).

With high mole fractions, high temperatures and a high load of particles, volcanic plumes are a harsh, acidic environment45

where in-situ operation of instruments is challenging. Therefore, remote-sensing spectrometry techniques such as differential

optical absorption spectroscopy and Fourier-transform infrared spectroscopy, provide a number of advantages (Oppenheimer

and McGonigle, 2009; Platt et al., 2018) and are more and more often used to probe the chemical composition of volcanic

plumes. However, many of the redox pairs can often not be determined under quiescent degassing conditions. Due to the high

and variable background mole fraction of CO2 and H2O remote sensing usually does not allow the quantification of those50
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components in volcanic plumes with few exceptions (Goff et al., 2001; Butz et al., 2017). Also CO and H2S are only detectable

under favourable conditions, because the atmospheric background of CO with about 100 ppb is relatively high in comparison

to the mole fraction increase in a volcanic plume and H2S has only weak absorption bands.

Aged volcanic plumes can be probed with aircraft equipped with state of the art instrumentation for trace gases (Rose et al.,

2006; Oppenheimer et al., 2010; Baker et al., 2011; Heue et al., 2011; Rauthe-Schöch et al., 2012; Voigt et al., 2014) or aerosols55

(Martinsson et al., 2009, 2017). However, aircraft measurements are very cost intensive and need a very long planning time in

advance, therefore most available measurements were performed unintentionally when crossing volcanic plumes by chance.

Direct measurements with instrumentation carried by Uncrewed Aerial Systems (UAS) can be a valuable alternative. Nowa-

days, gases inside volcanic plumes are commonly measured with in-situ multi-gas analyser packages deploying electrochemical

or optical sensors carried by UAS (James et al., 2020; Liu et al., 2019; Karbach et al., 2022). The main advantage of such sensor60

systems is their low weight and low power consumption. But this comes at the price of accuracy, specificity and sensitivity

as well as often limited lifetime of the sensors. Many sensors show only a ppm resolution and have to be corrected for cross

interferences with other gases, temperature, pressure and humidity dependencies as well as for long response times (Roberts

et al., 2014, 2019).

For atmospheric observations of CO and CO2, state of the art instrumentation are fast optical continuous-flow analysers65

which are usually deployed for direct in-situ measurements (Crosson, 2008; Karion et al., 2013), but are also frequently used

for post-flight measurements of air sampled with the AirCore technique. AirCore sampling is a method that was developed to

access remote parts of the atmosphere, namely for sampling the stratosphere at altitudes inaccessible for aircraft (Tans, 2009;

Karion et al., 2010). In the original setup, AirCore is a passive sampling technique that relies on the vertical pressure gradient

in the atmosphere. The devices with typical weights around 3 kg are launched with small weather balloons up to maximum70

altitudes around 30 km. They consist of long thin-walled stainless steel tubes that are open on one end and closed at the other.

Prior to launch, the tube is filled with a so-called fill gas (FG) that escapes during ascent with decreasing ambient pressure.

At altitude, the balloon bursts and the payload is descending, decelerated by a parachute. With now increasing pressure, the

sample is collected passively into the evacuated tube, finally representing a vertical profile of the atmosphere. Due to the

small tube diameter, diffusion is slow and spatial information, in this case altitude, is preserved for some time. Upon recovery75

of the payload, the sample is brought to a laboratory. Most commonly it is analysed with continuous-flow cavity-ringdown

spectroscopy instruments, but also subsampling the AirCore sample has been done to apply other analysis techniques (e.g.

Laube et al., 2025). Investigations on the influence of AirCore coil configurations on resolution (Membrive et al., 2017) and

filling dynamics (Tans, 2022) have contributed to making this technology interesting for other applications.

Andersen et al. (2018) have developed this method further towards active sampling with a pump. Thus, the sample can be80

collected irrespectively of pressure gradients, however, at the expense of adding complexity to the setup. Using UAS instead

of balloons as platforms, spatially resolved sampling of air on flexible trajectories for subsequent post-flight high-precision

analysis becomes possible. This was successfully demonstrated investigating the diurnal cycle of the planetary boundary layer

and comparing the results from AirCore sampling to fixed-site observations with a series of five flights (Andersen et al., 2018).
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In July 2024, an active AirCore setup similar to the one described by Andersen et al. (2018) was deployed at Mt. Etna on a85

UAS in combination with Multi-component Gas Analyser System (Multi-GAS) packages to probe the volcano’s degassing of

CO, CO2 and CH4. To our knowledge, this was the first time that air sampling with an AirCore was performed inside a volcanic

plume.

2 Experimental methods

2.1 UAS and site description90

For our investigations of the volcanic plume composition at Mt. Etna, Italy, we deployed a DJI Matrice 350® multirotor UAS

equipped with various scientific instruments. The weight of the drone itself including batteries was approximately 6.5 kg,

allowing a payload of up to 2.5 kg and a maximum flight duration of up to 30 min. To reduce the risk of losing the UAS in a

harsh and inaccessible terrain, flight duration was limited to 20 min for the plume investigations. The payload varied between

flights, in addition to the active AirCore three different sensor packages were included in changing configurations. During the95

campaign from 2. to 11. July 2024, 20 flights were performed in total, with the active AirCore on board of the UAS during

eleven flights (cf. Table 1).

All of these eleven flights were directed to the summit region of Mt. Etna, starting at 37 °N 44’9.24”N, 15 °E 0’0.36” and at

an altitude of 2850 m amsl, from the edge of the inactive Barbagallo Crater. During the campaign, volcanic gas emissions were

mainly observed from the Voragine crater (VOR), which even generated lava fountains during this period, and from the South-100

East crater (SEC) with possibly two vents. Degassing was also observed from the Bocca Nuova crater but its plume cannot be

distinguished from the one from VOR. Figure 1 summarizes the trajectories of all flights that had the active AirCore as part

of the payload, each targeting the summit craters which were located approximately 400–600 m above and roughly 1–2 km

away from the launch area. During flights, maximum altitudes of 3420 m amsl were reached and more than 30 volcanic plume

encounters, i. e. flying into and out of a single plume, could be performed (cf. Section 2.6).105

2.2 Active AirCore setup

AirCore samplers are devices designed for spatially resolved air sampling, followed by offline analysis. The active AirCore

approach extends the technique originally developed for passive balloon-borne stratospheric sampling that relies on the vertical

pressure gradient in the atmosphere (Tans, 2009; Karion et al., 2010). While retaining a similar tube geometry, it uses pump-

driven sampling, enabling deployment on UAS (Andersen et al., 2018) or other moving platforms where no natural pressure110

gradient is available for sampling (Tong et al., 2023; Westra et al., 2024). This allows for spatially resolved sampling along

flexible trajectories.

Figure 2c shows a schematic of the sampling setup used here, which is based on the design described by Andersen et al.

(2018). The AirCore consists of a ~75 m long stainless steel tube with an inner diameter of 2.9 mm and a total volume of

~500 cm3 coated with Silconert® to passivate its inner surface. During sampling, air is drawn into the tube with a micropump115

4

https://doi.org/10.5194/egusphere-2026-1865
Preprint. Discussion started: 21 May 2026
c© Author(s) 2026. CC BY 4.0 License.



Table 1. Overview of individual flights with active AirCore samples in volcanic plumes. Note that during Flights F01 and F02 the Multi-GAS

sensor system was not operated, and during flights F05 and F07 the AirCore sampling was interrupted because of power cuts.

flight date sampling interval storage time

code [UTC] [min]

F01 a 5. July 2024 09:59–10:12 47

F02 a 5. July 2024 09:24–09:46 63

F04 5. July 2024 12:52–13:03 71

F05 b 6. July 2024 09:52–10:04 45

F07 b 6. July 2024 12:37–12:51 61

F09 8. July 2024 08:08–08:25 45

F10 8. July 2024 10:37–10:54 58

F11 8. July 2024 12:14–13:29 71

F12 9. July 2024 08:42–08:59 50

F17 c 10. July 2024 11:52–12:07 113

F20 c 11. July 2024 10:17–10:37 107

a No data from CO2 and SO2 sensors.
b Interruption of AirCore pump flow in flight.
c AirCore analysed at Milo village.

(KNF NMP015). A short polyvinylchloride tube (15 cm, 1/4”) is attached in front of the inlet and is loosely filled with glass

wool and magnesium perchlorate Mg(ClO4)2 to act as a filter/protection for the AirCore and as a dryer. An orifice (50± 10µm

diameter, Lenox laser Inc.) is placed between the pump and the end of the coil to ensure a critical flow of 22 sccm (standard

cubic centimetres per minute) through the AirCore. Moreover, there is a u-shaped stainless steel adapter piece to enable easy

connection of the sampler to the analyser system as shown in Fig. 2d.120

The control unit is a custom printed circuit board consisting of a LoRa RF95 Radio chip for transmitting data, monitoring

the filling amount and remotely controlling the pump, a battery pack for power supply (2 x 18650 Li-Ion 7.4 V battery) and a

data logger. This data logger is built from an Adafruit "Featherwing" system based on an ESP32 Feather Board including a

RTC + SD Add-on, an OLED display, an Ultimate GPS module and several temperature (PT100, Innovative Sensor Technol-

ogy) and pressure sensors (AMSYS AMS 5915; one barometric, one absolute and two differential pressure sensors). Moreover,125

a CO2 sensor (Senseair K30 FR) was added for in-flight online plume detection. More technical details of the components are

listed in supplementary Table 1. The whole setup got attached to the UAS using a mounting frame designed to match the

drone’s geometry with cable ties as shown in Fig. 2b. The total weight of the payload was approximately 1.2 kg.

Prior to flight, the AirCore was leak-checked and flushed with a well-characterised gas mixture, the fill gas (FG). Upon

completion of the checks, the AirCore tube remained filled with the FG at the respective ambient pressure. During transport,130

the inlet was closed with a stainless-steel cap, that was removed prior to take-off and attached again immediately after landing.

To protect the materials in the acidic environment of the volcanic plumes, the AirCore was wrapped in plastic foil for each

5

https://doi.org/10.5194/egusphere-2026-1865
Preprint. Discussion started: 21 May 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 1. Overview of all flight tracks with deployment of active AirCore. The square indicates the location of the UAS launch site, the

diamond and hexagon symbols mark the locations where the CRDS setup was located for post-flight analysis of AirCore samples. The

samples from flight 17 and 20 were analysed at Milo village, all other samples at Rifugio Sapienza. Map data: ©OpenStreetMap contributors

2026. Distributed under the Open Data Commons Open Database License (ODbL) v1.0., https://www.openstreetmap.org/copyright/.

flight with cut-outs to ensure unhindered airflow across the CO2 sensor and into the inlet. Note, that the air flow to the CO2

sensor was passive, without using a pump. Values are thus not reliable and were only used for monitoring purposes during

flights.135

2.3 Post-flight analysis of AirCore samples

Post-flight analysis of AirCore samples was performed with a Picarro G2401 cavity ring down spectrometer (CRDS) measuring

CO2, CH4, CO, and H2O. The CRDS is a continuous flow gas analyser that enables measurements with a temporal resolution
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Figure 2. (a) Active AirCore attached to the UAS in operation at Mt. Etna. Picture (b) and schematic (c) of the AirCore setup for in-flight

sampling. (d) The same as in (c) but for the analysis setup with bypass option and AirCore measurement mode. Technical details of the single

components of the setup are listed in supplementary Table 1.
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Table 2. Mole fraction values of the used tanks on WMO scales (CO2: X2019, CH4: X2004A, CO: X2014A).

CO2 [ppm] CH4 [ppb] CO [ppb]

calibration gas 435.5± 0.1 2047.2± 0.5 166.2± 1.5

FG/PG 423.2± 0.1 1007.4± 0.9 1509.2± 27.3

of approximately 2–3 seconds. The necessary flow is generated by pushing the sample air through the AirCore tube with a so-

called push gas (PG) and is kept constant by a needle valve installed upstream of the cavity (inlet mode). For the experiments140

described here, the PG was identical to the FG used to condition the tube before flights. In the following, the term PG will

be used when the flow into the analyser is directly from the gas cylinder, and FG will be used when the flow is through the

AirCore and the gas remaining in the AirCore tube from pre-flight preparation is analysed.

The CRDS instrument is able to measure CO2 and CH4 with a very high and CO with a good precision with typical precisions

during field operations 0.03 ppm for CO2, 0.2 ppb for CH4, and 5 ppb for CO. Since a dryer was attached to the AirCore during145

sampling, water vapour, which the instrument also detects, is only used as an additional indicator to distinguish between

air sample and FG or PG, or to detect contamination or leakages. The other trace gas measurements are reported as dry mole

fractions on WMO scales (CO2: X2019, CH4: X2004A, CO: X2014A). They were calibrated using analyser specific parameters

and a daily offset correction from measurements against a calibration tank for which mole fractions are listed in Table 2.

Because of the small inner diameter of the AirCore tube, mixing of sampled air inside the tube is slow, and the spatial dis-150

tribution is preserved if the AirCore sample is analysed quickly after a flight. For practical reasons, namely weather protection

and continuous and reliable power supply, the Picarro instrument could not be operated at the UAS launch site, but was installed

at Rifugio Sapienza (37 °N 42’2”N, 14 °E 59’54”, 1910 m amsl, see Fig. 1). Samples could be analysed within 45–70 min after

flights. For the two last flights of the series, the CRDS was set up at Milo village (37 °N 43’22”, 15 °E 7’0”, 757 m amsl), these

analyses took place approximately 110 min after the flight. Detailed information on the delay between sampling and analysis155

(the so-called storage times) for each flight is listed in Table 1.

Figure 3 provides an example of the trace gas signals recorded by the CRDS instrument during the analysis procedure for

one selected AirCore flight (F12, 9. July 2024). Eight different sections in the measurement time series are distinguishable. In

the beginning (section 1), clean PG is measured, bypassing the AirCore. It is characterised by a high CO and low CH4 mole

fraction to make it easily distinguishable from ambient air (see Table 2 for exact values). After redirecting the gas flow to160

pass through the AirCore, a small amount of calibration gas is briefly observed (section 2). This occurs because the calibration

gas was previously used to flush the line to the instrument during connection of the AirCore to the system. Following a peak

in the mole fractions of all gases in section 3, which will be discussed in detail later, gas from inside the AirCore sampler

is measured. At first, the FG remaining from before the flight is detected in section 4. After a transition in section 5 with

elevated abundances in CO, CO2, and H2O, the actual AirCore air sample is analysed in section 6. In the sample, the CH4 mole165

fraction remains almost constant at about 1960 ppb, reflecting the mole fractions in the free troposphere which are slightly

below current ambient levels in the boundary layer. In the CO2 mole fraction, several distinct features of volcanic plume air
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Figure 3. (a) CO2, CH4, CO and (b) H2O signals recorded by the CRDS instrument during the analysis procedure for one selected AirCore

flight (F12, 09.07.2024). Encircled numbers define sections of the time series as addressed in the text. Measurements of gas from inside the

AirCore are highlighted by the the brown bar, the actual air sample is measured in section 6. The black vertical line between sections 1 and 2

marks switching from Bypass to AirCore measurement mode.

are visible, some of them accompanied by elevated CO. At the end of the measurement, again a feature of all three gases being

elevated is visible in section 7, before the signal reaches the PG level again (section 8) and the measurement in AirCore mode

was terminated to proceed with calibration tank measurements in bypass mode (not shown).170

The distinct features in the gas mixture in sections 3 and 7 of the time series mark contaminations at the ends of the AirCore.

They clearly originate either in or shortly behind the dryer or at the back of the AirCore coil. At these locations of the AirCore,

plastic plug connectors are installed to couple the sampler to the analysis system. They were chosen because of their minimal

weight and easy handling of attaching and detaching different tubing without additional tools. Nevertheless, they are not as

inert and leak-tight as stainless steel vacuum connections, resulting in the observed contaminations. While the simultaneously175

occurring water vapour peaks (see panel b) indicate that the contamination is from ambient air, the height of the CO2, CH4, and

CO peaks suggests that additional effects might be involved. We therefore tested the AirCore in various setups and conditions

in laboratory and field experiments. We could rule out a source inside the coil for these features. We found that large pressure

differences related to altitude changes between sampling and analysis in combination with PVC and/or Silicon tubing close to

the connectors result in diffusion of highly elevated mole fractions of CH4 and CO during storage time into the AirCore at the180
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ends. A similar explanation applies to the feature in section 5, as the gas mixture at the transition from FG to the air sample

had a longer residence time in the area of the AirCore inlet and dryer before being pulled in when the pump was switched on.

Although the actual air sample itself is not significantly affected by these unexpected effects, as they do not occur during

the typical pumping process, but only after a certain storage period, we recommend reconsidering the type of connectors and

attachment tubing in the AirCore design to avoid them in future work by using fewer plastic components. This is even more185

true in such harsh and chemically active environments with special conditions like at Mt. Etna. As the features become more

pronounced for larger altitude changes, it is advisable to avoid pressure differences during the storage of the AirCore before

and after a flight. In consequence, the vertical distances between preparation point and landing point of the drone and analysis

location should be as small as possible.

2.4 Retrieval of measurements, uncertainties and spatial resolution190

To map the mole fractions from the AirCore sample analysis onto the flight trajectories of the UAS, the simplest way is to follow

the approach proposed by Tong et al. (2023). Picarro measurement data, which are reported as a function of sample analysis

time tanalysis, can be directly linked to the flight time tflight and corresponding positional data. Provided that the sampling and

analysis mass flow rates were both constant, the convolution can be done based on the fractions of the sampling and analysis

times as the amount of moles remains unchanged.195

tflight(tanalysis) = tsampling
0 +

(
∆tsampling

∆tanalysis

)
·
(
tanalysis − tanalysis

0

)
(1)

For our deployment of the active AirCore at Mt. Etna over large vertical ranges, the assumptions underlying this linear

mapping equation are not completely fulfilled. Although the analysis flow rate was kept constant by using the needle valve in

the Picarro setup, the assumption of a constant sampling flow rate only applied during parts of each UAS flight. In addition to

the predominant sampling at approximately steady cruise altitude, each flight is characterized by shorter transient phases during200

ascent and descent, accompanied by significant pressure changes influencing the sampling flow. Supplementary Fig. S2a shows

an exemplary flight altitude time series. To prevent erroneous distortion of the mapping, it is necessary to apply a correction

for these effects.

As presented by Andersen et al. (2018) and the well-established procedure for passive AirCore altitude attribution (e. g.

Membrive et al., 2017; Wagenhäuser et al., 2021), the projection of the measurements onto the flight track for such active205

AirCore flights with variable flows can be performed based on the calculation of the sampling fill fractions nrel(t
flight) inside

the AirCore, representing the relative amount of sampled gas at a given time. Following the concept of Wagenhäuser et al.

(2021) adapted for active AirCore, the retrieval is done via a three-stage process:

(i) The sampling of air during the UAS flight is calculated based on the net-sampling flow.

(ii) The start and end times of the AirCore measurement are identified within the analyser time series.210

(iii) Sampling and analysis can be matched based on the molar amount.
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For the first step, we propose a simplified ’inflow–outflow’ model to calculate the net-sampling flow f net along the flight

trajectories, taking into account air being pulled in by the pump (f pump) and the flow f volume effect caused by the pressure-related

change in coil volume ∆V coil:

f net(tflight) = f pump(tflight)+ f volume effect(tflight) = f pump
nominal ·

(
p(tflight)

p0

)
+

(
∆V coil(tflight)

∆tflight

)
(2)215

Hereby, the actual inflow from pulling air through the AirCore with the micro pump f pump, i. e. the pressure-dependent critical

flow through the orifice, can be determined from the nominal sampling flow rate under standard conditions (f pump
nominal, 22 sccm in

this case), corrected for the current ambient pressure p(tflight). The inflow or outflow resulting from the contraction or expansion

of the air inside the coil is caused by the pressure dependence of the coil volume V coil.

V coil(tflight) = V coil
nominal ·

(
p(tflight)

p0

)
(3)220

This approach is a first order approximation to correct for pressure changes along the flight path, but does not take into account

temperature changes which are considered negligible.

Finally, the amount of air sampled n(tflight) can be derived from the cumulative net-sampling flow divided by the coil volume:

n(tflight) =

(∑tflight

i=1 f
net
i

Vcoil(tflight)

)
, (4)

and the sampling fractions nrel(t
flight) are the ratio of this quantity and the total sampled amount:225

nrel(t
flight) =

(
n(tflight)

ntotal

)
. (5)

Due to the constant flow rate of the analyser, the relative amount of measured gas mrel(t
analysis) is defined as the ratio of the

elapsed analysis time to the total duration of the analysis. Finally, matching nrel(t
flight) to mrel(t

analysis) yields the attribution

of the trace gas measurements and the positional data. This approach can, in contrast to the linear mapping in Eq. 1, account

for the non-uniform filling of the active AirCore, including undersampling during the initial ascent, potential sample loss due230

to temporarily negative net flows, and oversampling during the descent phase. Figure S2a summarises the components of the

proposed flow model and highlights the differences between the sampling fraction based and the linear approach, expressed as

a temporal attribution offset (panel b) and in terms of the CO2 mapping results (panel c).

The procedure to identify the exact air sample analysis time within the Picarro measurement time series is the following: The

transitions preceding and following the uncontaminated air sample (section 6 in Fig. 3) are characterised by distinct gradients235

in the different species. These features are used to determine the times corresponding to the end and beginning of the sampling

time. Taking into account diffusion during storage time and mixing in the analyser cell, the start of the air sample segment is
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assumed to be the midpoint of the CH4 mole fraction transition from clean FG to typical ambient values. For the last sampled

end of the air sample, this criterion needs to be adjusted, as the pressure increase of roughly 100 hPa between the launch site

and the measurement site caused more ambient air and/or air from the dryer to be pushed into the sample after the flight.240

This can be compensated for using the corresponding CO contamination. We chose the point in time corresponding to the first

appearance of 50 % of the CO values expected in PG as the best estimate for the sample end. To account for the somewhat

arbitrary selection of these times, we repeated the procedure with slightly shifted definitions (25 % and 75 % of each transition)

to estimate uncertainties for the determination of the start and end point. The resulting timing uncertainties in mapping the

measurements onto the flight track are summarized in Table 3 along with corresponding maximum possible displacements in245

each direction. They are always less than 140 m, but strongly depend on the UAS velocity and thus vary significantly along the

flight track. Most of the time, they are in the range of 2–10 m.

The effective spatial resolution of the active AirCore results from (i) molecular diffusion and Taylor dispersion inside the

sample, (ii) analyser averaging effects, (iii) GPS uncertainties, and (iv) the speed of the UAS. To derive the spatial resolution

of the measurements, we followed the method presented in detail by Andersen et al. (2018). For the data from the campaign250

at Mt. Etna, typical values of the spatial resolution for the horizontal direction range from 24.9 to 91.0 m and for the vertical

direction from 4.3 to 22.1 m. Information for each flight considering flight-specific UAS movement patterns and storage times

are included in Table 3 and shown graphically in supplementary Fig. S3. They will be discussed further in section 3.1.

The key parameter for evaluating the averaging effect of the AirCore technique is the effective measurement volume, deter-

mined by sample smearing inside the CRDS cavity (constant effective volume: 5.5 cm3) and the diffusion volume which mainly255

depends on coil geometry and storage time. From its ratio with the previously discussed sampling flow we get a characteristic

time, representing the sampling interval that corresponds to a single measurement and being interpreted as uncertainty of the

measurements. To derive the spatial resolution, this effective time resolution is multiplied with the average flight speed during

this period. Although the GPS uncertainty of 2.5 m in general has a negligible effect for the effective spatial resolution, it might

be a significant additional factor in cases with long standstill of the UAS at a single location when the velocity-related part of260

the spatial uncertainty becomes small.

Note that during data processing the parts of the selected sampling period within the analysis time series affected by mixing

with FG or including potential contamination from the ends of the AirCore were cautiously flagged. Making use of the flight

pattern with the UAS starting and landing in background-like conditions in the launch area and taking some time flying to

and from possible plume encounters in between, we apply the criterion of first/last appearance of low CO (< 200 ppb) to do so265

(times t5 and t6 in Fig. 3, see also Fig. 4).

2.5 The Multi-GAS instrument

Multi-component Gas Analysing Systems (Multi-GAS) are used to measure various target gases in volcanic plumes (Aiuppa

et al., 2005; Shinohara, 2005; Salas-Navarro et al., 2022). They are easily portable and light, which makes them logistically

very interesting when working at the top of a volcano, nowadays even onboard a UAS (James et al., 2020; Liu et al., 2019;270

Karbach et al., 2022). Moreover, they enable in situ real-time continuous measurements of the plume composition which makes
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Table 3. Overview of spatial resolutions and uncertainties for each individual active AirCore flights for horizontal (↔) and vertical (↕)

direction. Values for the vertical direction are shown in italics. They represent median values. For the UAS velocity also the maximum value

is listed. These velocities were only reached for very short periods of time but are listed as an indication for the maximum variability. Spatial

resolution statistics are also shown in supplementary Fig. S3.

flight effective time uncertainties direction max. UAS median UAS spatial max. possible

code resolution start/end velocity velocity resolution displacement

[s] [s] [ms−1] [ms−1] [m] [m]

F01 22.8 < ±5.0 ↔ 26.07 0.35 29.8 131.3

↕ 7.97 0.21 21.6 40.1

F02 22.6 < ±5.2 ↔ 18.63 0.22 32.8 96.4

↕ 8.70 0.05 4.3 45.0

F04 23.4 < ±7.4 ↔ 18.27 2.21 91.0 135.8

↕ 8.20 0.25 11.3 60.9

F05 21.6 < ±7.4 ↔ 15.34 1.60 70.1 113.5

↕ 10.29 0.50 22.1 75.5

F07 22.5 < ±4.6 ↔ 17.71 0.44 44.4 82.2

↕ 16.01 0.34 14.9 74.2

F09 22.0 < ±7.4 ↔ 17.42 0.50 46.2 129.4

↕ 7.20 0.21 6.3 53.5

F10 22.6 < ±7.5 ↔ 18.32 0.23 37.1 137.0

↕ 8.04 0.32 5.6 59.8

F11 22.6 < ±5.1 ↔ 18.41 0.44 57.8 94.6

↕ 6.52 0.2 21.6 33.4

F12 22.4 < ±4.7 ↔ 19.04 0.39 44.0 88.7

↕ 7.24 0.13 8.1 33.6

F17 24.3 * ↔ 32.16 0.28 24.9

↕ 16.40 0.12 9.5

F20 24.5 * ↔ 18.11 0.31 30.0

↕ 6.83 0.16 5.2

* The estimation of matching uncertainties, as defined in section 2.4, is not reliably applicable to F17 and F20, as

the larger pressure change between sampling and analysis sites causes more ambient air to enter the AirCore in

the meantime. However, the time series plots for both flights in supplementary Fig. S13 and Fig. S14 indicate a

clearly higher uncertainty in the determination of the start and end points of up to ±60 seconds.
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it possible to adjust flight patterns almost immediately based on observed trace gas mole fractions, complementing the UAS

optical camera information. In total, three different sensor packages were part of the UAS payload during the campaign. In the

following we focus on the package that was deployed most frequently with a total of 17 flights covered, including most of the

flights when an active AirCore sample was collected, except for flight F01 and F02.275

The Multi-GAS sensor package that was used has been described in detail previously by Karbach et al. (2022). It was

controlled with an ESP32 board and included GPS and telemetry modules as well as sensors for environmental parameters.

It provided NDIR sensor data of CO2 mole fractions (in this study a Senseair K30 FR is used instead of an ELT S-300) and

electrochemical sensor measurements for SO2 (Alphasense SO2-B4). Real-time monitoring of the sensor observations with a

tablet computer in the field allowed an immediate assessment of the plume positions. Continuous air flow over the sensors was280

ensured with a micro pump (First Sensor, T5-1HE-03-1EEB). Following the procedure described in Karbach et al. (2022), the

calibration and the response time correction of the specific sensors were conducted with different mixtures of CO2 and SO2

of known mole fractions mixed and stored in Tedlar gas sampling bags. The experimentally determined response times were

τ1/e= 13 s for the CO2 sensor, and τ1/e= 10 s for the SO2 sensor, respectively.

2.6 Data processing: plume detection and calculation of mole fractions enhanced from background285

Potential plume encounters during flights were identified from the measurement time series relying on the active AirCore CO2

mole fractions using a simple peak detection algorithm. Hereby, a minimum peak prominence of 1 ppm (signal to noise ratio

greater than 3) and a minimum peak width at half their relative height of 15 seconds were used as filter criteria. In addition, a

minimum horizontal distance of 30 seconds to the next neighbouring peaks was required to define a peak as the centre of an

independent possible plume event. The beginning and end of the plume were defined as the points in time corresponding to290

the peaks shoulder values at half the relative height. To assess whether a volcanic plume was crossed, the detected events were

subsequently compared to the SO2 sensor data if available. The results are discussed in Sec. 3.2. Due to the lack of sufficiently

high-quality SO2 sensor data for some flights and uncertainties in merging the data sets, direct identification based on SO2 was

not suitable.

To use the abundance and mole fraction ratio of different species degassing from the volcanic vents as indicators of activity295

and to understand plume chemistry, mole fraction enhancements need to be calculated relative to background conditions.

Background mole fractions for each individual flight were calculated as the average of the lowest quartile (< 25 % percentile)

of each the CO and CO2 measurements. These correspond almost exclusively to the air sampled at the very end of each flight,

as we tried to end each UAS flight with a hovering phase close to the starting area in more than a kilometre distance to the

active Etna craters. These values reflect local short-term background conditions and might not be representative on a larger300

scale, because the huge Etna degassing might cause an overall elevated background in comparison to non-polluted sites in the

region. Moreover, other near-site emissions, for example from vehicles might play a role. For example, CO2 measurements

from Lampedusa (LMP, about 200 km south-east of Sicily, ICOS station; ICOS Research Infrastructure et al., 2025) show an

average mole fraction of 419.9± 2.2 ppm during the time of the campaign in July 2024, which is roughly 2–10 ppm lower

than the background values from our flights. Fig S1 summarises the local background mole fractions for each flight and305
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illustrates the differences to the measurements at the LMP site, which can be interpreted as regional background values. In

contrast to local background CO2, which is quite uniform around 425 ppm (±1 %), local background CO between the flights

is more variable with absolute values ranging between 100 ppb and 160 ppb. This is expected and can partly be attributed to

general tropospheric CO variability associated with different weather conditions and variable air masses transported to Mt.

Etna. However, the combination of such high variability in the background and background identification close to a potentially310

strong, fast-changing emission source introduces significant uncertainties in the calculation of the enhanced CO mole fractions

compared to the much more robust CO2.

Keeping these limitations in mind, the enhanced mole fractions due to Mt. Etna emissions were calculated above the local

background and averaged for each plume event. From these plume mean mole fractions, tracer-tracer ratios are calculated for

each event.315

3 Results and discussion

3.1 Active AirCore and sensor performance

CO2 was measured simultaneously using both the Multi-GAS sensor package and the active AirCore, with each technique

exhibiting specific advantages and challenges. Figure 4a shows the comparison of the CO2 measurements from AirCore and

from the Multi-GAS NDIR sensor as a function of flight time for flight F12. Note that the datasets are presented on separate320

y-axes, which are shifted but not different in scaling. This already points at a key limitation of the NDIR sensor data. Although

the sensor was sensitivity calibrated before and after the campaign there is an offset in the absolute mole fractions compared

to the high-accuracy post-flight analysis of the AirCore sample. This known issue can be associated with the sensor drift

and is usually corrected for by applying an additional daily offset correction based on an estimate of the background mole

fractions (Karbach et al., 2022). This highlights how much more accurate measurements can be provided by the active AirCore325

technique.

Regarding the sequence and distinctiveness of individual patterns, the CO2 time series from the different devices agree

very well. Keeping in mind the small effect of the sensor response time and the uncertainty in the assignment of the CRDS

measurements to the sampling time, the comparison confirms that the AirCore retrieval method performs well, as the positions

of extrema differ by only a few seconds between the two independent datasets.330

The NDIR sensor, with a detection rate of approximately 1.2 Hz, offers higher temporal resolution than the AirCore method,

where the effective time uncertainty and resolution of an individual measurement — depending on storage time and analyser

averaging — and not the CRDS analyser measurement rate are relevant. For flight F12, this effective time is approximately

22 s (see also Table 3), visualized by the red horizontal error bars in Fig. 4a. The averaging effect of the AirCore technique is

present, but not strongly pronounced. The shape of the individual features is preserved and only slightly reduced and smeared335

out compared to the high-resolution sensor data.

Focusing on the UAS speed during flight F12 presented in Fig. 4b, it becomes clear that the trajectory is characterised by fast

acceleration and deceleration and changes of direction. In particular directly after take-off and when flying back to the starting
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Figure 4. (a) CO2 measurements during flight F12 (09.07.2024) from the active AirCore technique (left y-axis) and the Multi-GAS sensor

package (right y-axis) alongside the drone vertical and horizontal speed (b) and the effective spatial resolution of each device (c). Note that

vertical error bars of the active AirCore measurement are smaller than symbol size. Horizontal error bars reflect the averaging kernel of the

AirCore which is larger than the displacement uncertainty. Vertical dashed lines in panel (a) indicate the times when the pump was switched

on and off prior to and after the flight.

area with high velocities, a significant effect on the NDIR sensor is observed, manifesting as jumps followed by a distinct drift

(shortly after 8:40:00 UTC and 8:55:00 UTC).340

Also for the spatial resolution, shown in Fig. 4c for both devices, a clear dependency on the flight pattern is evident. While the

spatial resolution of the sensor is more closely related to the current UAS speed and is always below 40 m in the horizontal and

15 m in the vertical direction, the spatial resolution of the AirCore depends on the drone movement over a longer period of time
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and the net-sampling flow. Maximum values with more than 500 m in the horizontal and up to 300 m in the vertical direction

are reached shortly after launch, when a significantly reduced net-sampling flow or even temporary sample loss occurred due345

to the fast ascent. In contrast, the spatial resolution is better than 30 m and 10 m for phases of background sampling prior to

landing. During plume encounters, the spatial resolution is variable typically ranging between 10–100 m horizontally and 5–

20 m vertically. Since we calculated the spatial resolution simply based on the UAS flight speed and do not account for changes

of direction or complex flight patterns, the true spatial resolution might be partly substantially below the values reported here.

It should be interpreted as the maximum possible distance travelled during a given time interval. Moreover, the metric is350

somewhat misleading as we sometimes tried to stay in a plume and therefore tracked a specific air mass, so that a Lagrangian

perspective would be more useful to interpret the measurement results.

Beyond the case study of flight F12, comparisons of CO2 from the different techniques across the other flights (see Fig. S4)

confirm the main findings described above while revealing the sensor system’s higher sensitivity to disturbances. Significant

noise in the measurements from the Multi-GAS CO2 NDIR sensor occurs during approximately half of the flights, which355

allows the detection of only the largest peaks and complicates the interpretation of the data (e. g. for flights F07 and F11).

Although additional post-processing steps (e. g. smoothing, see black curve in Fig. S4) could somewhat improve the data

quality, the lower reliability - especially when no comparison measurements are available - remains problematic. The higher

failure rates of the sensors are most likely due to a combination of unfavourable surrounding conditions and the performance

of the mini-pump, which may not have been sufficient to maintain a consistently high flow rate towards the sensor. Problems360

were observed more frequently in weather with stronger or highly variable winds, as well as during unsteady flight patterns

characterised by higher UAS speeds and frequent, quick changes in direction. The sensors are susceptible to rapid pressure

fluctuations, especially occurring as a result of high vertical speeds. Thus, high vertical speeds should only be used during

flight phases when this is acceptable and flight patterns should be planned accordingly.

Despite these limitations, the advantages of the sensors are obvious as they are light-weight, relatively inexpensive and easy365

to operate. In addition, we have to keep in mind that the measurements were conducted under extreme conditions (over 3000 m

altitude, chemically active and particle-rich volcanic plume air), putting extreme demands and stress on the components. Of

course, the same applies to the AirCore. The harsh environment and strong forces acting on the setup during flights were also

likely the reason for some brief power cuts that occurred during F05 and F07, causing a temporary failure of the AirCore pump

and resulting in a gap in the sampling. To further reduce the risk of such a scenario in future work, it would be advisable using370

a more stable battery mount and connectors that can withstand extreme flight forces. Additionally, improving the shielding of

electronic components against outside air would be beneficial, although this would likely adversely impact payload manage-

ability and flight duration. Although pressure fluctuations, particularly during the ascent, are not ideal for the AirCore filling

process and complicate the mapping of the measurements, the combination of a strong pump and a critical orifice as well as the

novel sampling fraction based retrieval effectively compensates for this effect. Nevertheless, further experiments or modelling375

of such influences would certainly be valuable, as has already been conducted by Tans (2022) for the passive AirCore. Overall,

we recommend adjusted flight paths with less rapid movements of the UAS, smoother changes in direction and longer sampling

under quite homogeneous conditions instead of fast changes. In this context, the applied approach combining AirCore sam-
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Figure 5. Plume identification in the active AirCore sample based on CO2 signal in comparison to SO2 sensor measurements (a) and locations

of the possible plume encounters along the flight track (b) for F04. The potential volcanic plume events are highlighted in red in both panels.

Horizontal dashed lines in the time series plot show local background values of the species and vertical lines frame the period of non-

contaminated measurements. For all other flights, analogous figures are included in the supplementary information (Figs. S5–S14)

pling with simultaneous real-time monitoring using low-cost sensors has proven extremely useful in enabling precise plume

measurements and plume identification.380

3.2 Evaluation of plume events

In total, using the algorithm based on the CO2 measurements as described in section 2.6, 38 possible plume encounters were

identified during the eleven active AirCore flights. Before analysing the chemical composition and signature of the volcanic

plume air, these plume candidates are further differentiated into actual plume events and probably contaminated or erroneously

assigned events to avoid misinterpretation. Fig 5a illustrates the results of this evaluation exemplary for flight F04 showing the385

CO2 measurements next to the SO2 sensor readings. For other flights, see Figs. S5–S14 of the supplementary information.

The primary source for non-plume CO2 peaks which are not related to volcanic air are most likely effects at the AirCore inlet

and the dryer shortly after the pump is activated. Thus, the first part and any peak occurring within this sample measurement

phase marked as potentially contaminated based on the CO mole fraction (cf. Sec. 2.4) should be interpreted with caution (e.g.

feature F17(I) in Fig. S13 where no corresponding SO2 signal above the background level was detected, so it is unlikely that a390
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fresh plume was crossed). For flight F04, all four plume candidates were identified during the remaining flight period, when

the CO2 and SO2 generally correlate very well, indicating that the sampling actually took place inside a volcanic plume. This

is also consistent with the locations of the relevant measurements highlighted in Fig. 5b, which were close to and downwind of

the vent positions (VOR for F04(I) and F04(II), SEC for F04(III)). The significantly weaker event F04(IV) towards the end of the

flight and at a greater distance from the craters might have been a more aged and mixed plume.395

Focusing on the SO2 readings, it should be noted that the sensor reached saturation for mole fractions above 10 ppm due to

ageing. As already discussed in the previous chapter on the AirCore vs. CO2 sensor comparison, minor discrepancies in the

expected match between the SO2 sensor and AirCore can be attributed to uncertainties in the retrieval procedure in combination

with the sensor response time or differences in the time resolutions causing e. g. a slight delay of the time series relative to each

other. Consequently, the signature of some short-term events might be somewhat biased. This is particularly strong for flights400

F17 and F20 (cf. Figs. S13 and S14), AirCore samples of which were analysed at Milo village. The longer travel distance

between the sampling and the analysis site resulted in a longer storage time, i. e. larger diffusion effects, and because of the

greater altitude difference also in a larger contamination at the end of the AirCore sample because of the pressure difference

during sample transport. The algorithm for the detection of the sample end did therefore not work as well as for the other

flights, resulting in a larger uncertainty of the matching of the sample onto the flight track. Nevertheless, the combined datasets405

allow for a profound analysis of plume composition and ∆CO/∆CO2 ratios which rely only on data from the AirCore are not

affected by this.

For the entire campaign, these considerations and quality control assessments led to rejection of four potential plume events

because they can be traced back to a contamination with high confidence, whereas the status of another four events remained

unclear. The residual 30 Etna plume encounters are analysed in more detail in the next section. To compare different plume410

crossings, we calculated the average and standard deviation of all measured parameters during the plume sampling intervals.

Note that these statistics are sensitive to the exact definition of the plume events.

3.3 Trace gas distribution at Mt. Etna

Figure 6 shows the correlation between the average mole fractions of SO2 and CO2 during the different Etna plume encounters

(blue dots). Compared to the black-bordered rectangular region indicating background conditions (lower left corner, uncer-415

tainties in gray), it becomes apparent that both species are strongly enhanced within each plume. Although a considerable

variability is evident, the performed ordinary distance regression (ODR) confirms a correlation between the enhancement of

both species. The SO2 mole fraction rises by approximately 1.1 ppb for each 10 ppm increase in CO2. The average ∆CO2/∆SO2

ratio derived from the enhanced mole fractions over background is (10.1± 9.3) ppm ppb−1. This is within the range of CO2/SO2

plume ratios of 0.6-–30 ppm ppb−1 reported by Shinohara et al. (2008) from their measurements at the different Etna craters420

using ground-based Multi-GAS instrumentation in 2005 and 2006. Aiuppa et al. (2008) reported slightly lower bulk mean

ratios of (5.7± 1.1) ppm ppb−1 based on Licor NDIR spectrometry observations of CO2 and electrochemical sensor measure-

ments of SO2 as did Voigt et al. (2014) with 5.2 ppm ppb−1 during their probing of plume evolution with a research aircraft.
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Figure 6. SO2 vs. CO2 correlation during plume encounters. The black lines mark typical background conditions and orange data points are

identified events from probably contaminated parts of the time series. Symbols represent mean values during the encounters and error bars

its standard deviation. The solid blue line represents an orthogonal distance regression (ODR) to the plume events to guide the eye. Dotted

lines indicate the range of 5–30 ppm ppb−1 into which most values from the literature fall.

As the ratio changes also over time correlated to activity (e.g. Aiuppa et al., 2007), in Fig. 6 the range of 5–30 ppm ppb−1 is

indicated by the dotted lines to give an estimate of common values from literature.425

While the CO2/SO2 ratio is a commonly used metric to monitor volcanic activity, observations of the CO/CO2 redox pair

in volcanic plumes are very limited. The newly obtained measurement data from active AirCore sampling provide a unique

opportunity to study plume chemistry and interactions with atmospheric air. Figure 7a shows the mole fraction enhancement

ratio ∆CO/∆CO2 observed in the Etna crater region with gray shaded areas indicating periods of eruptive activity at the VOR

crater (see Calvari and Nunnari (2024) and Bonaccorso et al. (2025) for details on the sequence of volcanic activity). The430

different symbols highlight which vent was located upwind of the UAS position during the plume encounter. Note that plume

events with a standard deviation of the enhanced mole fractions exceeding the average value for one of the species were not
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Figure 7. (a) ∆CO/∆CO2 for all plume encounters during active AirCore flights at Mount Etna. Different colours and symbols indicate the

crater vent located downwind of the UAS position during plume sampling. The shaded areas indicate time periods of eruptive activity at the

Voragine crater within the campaign period (Calvari and Nunnari, 2024; Bonaccorso et al., 2025). (b) Overview of literature ∆CO/∆CO2

values from three different volcanos for comparison. Either measured at lava lakes using open-path Fourier transform infrared spectroscopy

(FTIR), within fumarole gas samples or derived from calculations based on melt temperature and oxygen fugacity from melt inclusion and

matrix glass samples.

considered. During the campaign phase in July 2024, ∆CO/∆CO2 varied strongly between 8 · 10−3 and 5 · 10−5 ppb ppb−1.

Although fairly robust enhancement ratios are observed during flights with multiple encounters of a particular vent’s plume

over timescales of a few minutes, there are noticeable differences between individual flights, even on the same day (e. g. F09,435

F10 and F11 on 08.07.2024, with approximately 3 hours between each flight).

The differences in ∆CO/∆CO2 between the VOR and SEC plumes during the same flight are particularly striking. For

example during F11 on 8. July 2024, when sampling downwind of both vents in quick succession, the SEC plume showed a

five time higher ∆CO mole fraction than the VOR plume, while ∆CO2 was similar (see Fig. S11). A reduced ∆CO/∆CO2

ratio was observed in the SEC plume during intense eruptive activity at the VOR crater on 11.07.2024. At the time of sampling,440

activity was characterised by near-continuous Strombolian explosions and was followed by lava fountains within the next hours.
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In parallel, we measured strongly enhanced local background CO mole fractions of more than 150 ppb. This might somewhat

distort or mask changes of the ratio inside the SEC plume and the entire crater region was dominated by the superimposing

emissions originating from the VOR eruption.

Overall, we could not identify a simple connection between the ratio’s variability and the volcanic activity. It is much more445

likely that the differences between individual vents and also the inter-flight variation are due to a complex interplay of various

factors: In addition to temporal changes in the gas emission rate and composition, potentially associated with magma (gas)

temperature or the volcanic conduit system, the meteorological conditions affecting plume dilution and mixing, as well as

chemical ageing of the plume due to oxidation processes or heterogeneous interaction with volcanic ash and aerosol, may

play an important role. Although we were unable to identify a clear dependence of the ∆CO/∆CO2 ratio on, for example,450

the distance from the vent (cf. Fig. S15) used as a proxy for plume age, the low ratios might point at fast oxidation processes

happening between degassing and plume sampling.

Several studies focusing on different volcanoes have reported systematically higher ∆CO/∆CO2 mole fraction ratios mostly

between 10−1 and 10−3 ppb ppb−1 (see Fig. 7b), both for ratios predicted indirectly from melt equilibrium (Kuhn et al., 2022)

and those obtained from lava lake (Sawyer et al., 2008; Oppenheimer et al., 2018; Kazahaya et al., 2022) or gas sample455

measurements (de Moor et al., 2013). Furthermore, recent modelling studies by Roberts et al. (2019) or Kuhn et al. (2022)

showed that plume composition, for example with respect to CO, can be substantially altered already within seconds after

emission. In this context, the unique high-quality CO and CO2 dataset presented here, and obtained using the innovative active

AirCore technique provides important observational data to evaluate such findings and to support further studies on this topic.

4 Conclusions460

Air sampling with the still new active AirCore technique allows to sample small amounts of air spatially resolved on flexible

and well-controlled trajectories. Deploying active AirCore, which are also very light-weighted sampling devices, on UAS

makes it possible to sample plumes such as for example stack or ship plumes in three dimensions and to probe parts of the

atmosphere that are inaccessible otherwise. While industrial installations have already been probed with active AirCore, we

newly demonstrated the potential of the technique for probing volcanic emissions studying the degassing plumes of Mt. Etna465

on Sicily in July 2024. Volcanic plumes are a difficult to assess environment which pose considerable challenges due to high

levels of acidity and high particle loads. High-precision in situ measurements are difficult to perform under these conditions

and air sampling with active AirCore opens new possibilities to study such plumes as state of the art equipment for high-

quality measurements can be applied in the post-flight analysis of the air sample. To compensate for a non-uniform filling of

the AirCore sample coil, a new method to map the post-flight analysis data onto the flight track was developed.470

Focusing on the redox pair CO and CO2 which allows conclusions on conditions inside the active crater, we demonstrated

how active AirCore in combination with post-flight CRDS measurements of CO, CO2 and CH4 can be used to obtain high-

precision trace gas data from volcanic plumes. It was found that in the volcanic plumes characterised by elevated CO2 mole

fractions also CO was frequently elevated with the ∆CO/∆CO2 ratio varying over two orders of magnitude. To determine
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the mole fraction enhancements, attention has to be paid to the definition of the local background mole fractions which are475

also strongly influenced by volcanic emissions. Thus, is is important to spend a sufficient amount of flight time in the local

background but well away from the plumes.

In the field and during data analysis some weaknesses of the setup and further challenges were identified:

(i) Because the plumes are not easily visible, it is difficult for the UAS pilot to keep the drone inside the plume. For real-time

assessment of plume location and extension NDIR CO2 and electrochemical SO2 sensor were used. This proved essential480

to adjust the UAS flight pattern. However, sensor may adversely respond to rapid motion and abrupt changes of directions

which should therefore be avoided. To improve sensor data quality and reliability, it needs to be ensured that a sufficiently

strong pump is installed for a continuously high air flow over the sensors.

(ii) At Mt. Etna, it was not possible to perform the post-flight analysis of the AirCore samples at the launch site of the

UAS. In the mountainous environment, the pressure differences because of the unavoidable altitude changes resulted485

in a contamination of the samples. Changes of altitude or more generally of ambient pressure should thus be kept at a

minimum. It should also be ensured that all tubing connections are leak tight into both direction, i. e. towards over- and

underpressures. This may, however, make devices less easy to handle as there are connections that need to be altered

frequently and quickly between sampling and analysis mode. As in general for AirCore samples, storage times between

sampling and analysis should be kept as short as possible, but it might also be beneficial to keep the time between device490

preparation and launch short.

(iii) Spiking or depletion of the FG and PG mixtures is necessary to identify the air sample within the analysis time series.

Depending on the type of environment to be probed and tracers targeted it is advisable to carefully choose the specific

mixture. For the special case shown here, a high-CO gas mixture was found not ideal, because CO contamination related

to altitude changes occurred and in addition elevated CO was expected in the volcano plumes.495

(iv) The total sampling time is limited by the available UAS power supply and because of the inaccessible terrain flight times

were planned conservatively. The spatial resolution of the AirCore sample could be improved with a higher nominal

pump flow, which could be obtained using a different critical orifice configuration. These parameters need to be well

adjusted to collect as much sample as possible.

(v) Deploying the active AirCore along trajectories with significant pressure gradients results in variable flows. Applying500

a sampling fraction based retrieval approach, instead of a linear mapping, enables the projection of measurements onto

flight tracks even along trajectories characterized by substantial pressure variations. The proposed correction scheme,

which accounts for variable flows using a simplified ’inflow–outflow’ model, represents a valuable extension, as the

results show good agreement with in situ sensor data. This approach eliminates the need to redesign the active AirCore

system with a flow-controlled inlet, as previously implemented by Tong et al. (2023), thereby enhancing the overall505

versatility of the method. Nevertheless, it would be advantageous to activate the remote-controllable pump not until
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reaching the plume sampling altitude and to maintain a relatively constant altitude thereafter, in order to minimize the

magnitude of the applied corrections.

Some of these aspects may be specific to the deployment of UAS-borne equipment in volcanic plumes. Most applications

of the active AirCore technique likely take place in less harsh environments with less extreme conditions for the air sampling510

equipment.

AirCore samples can be analysed for a range of trace gases for which high-precision and fast continuous flow analysers are

available. Also subsampling of the sampled air for subsequent laboratory analysis would be possible, at the expense of spatial

resolution and taking into account the limited amount of air available. Overall, the active AirCore technique opens future

options for a large number of applications, for example probing further tracer-tracer combinations in volcanic plumes that are515

of interest for geological studies, but also probing other types of plumes.
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Data availability. Observational data from the active AirCore measurements and and the Multi-GAS sensors along the flightpaths are avail-

able next to the processed data for volcanic plume evaluation from https://doi.org/10.5281/zenodo.18983895 (Degen et al., 2026).
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