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Abstract.

Carbon closure and volatility studies are needed to better constrain atmospheric carbon, but are especially lacking in high
altitude sites, as these environments can be challenging to access. During a measurement campaign from 16 August to 20
September 2022 at Jungfraujoch (3580 m.asl, Switzerland), gas- and particle phase carbon was characterized using a broad
suite of instruments, including a thermo-denuder upstream of a time-of-flight aerosol chemical speciation monitor to
investigate particulate organic carbon (pOC) volatility. As expected in summer, the Jungfraujoch was mainly under planetary
boundary layer influence (PBLi), with some periods in the free troposphere (FT). Moreover, a Saharan dust event and two
wildfire plumes were identified.

The composition of fine particles was dominated by organic aerosol mass for all conditions, and particulate carbon
measurements by different techniques captured similar temporal variability but showed systematic differences in absolute
concentrations, especially at low concentrations. pOC was dominated by semi-volatile organic carbon, and a substantial part
of OC could partition between gas and particle phase depending on pOC concentration and ambient conditions. PBLi
conditions, compared to FT, showed higher concentrations of both gas and particle phase compounds, higher contribution of

short-lived VOCs and higher pOC volatility. In addition, the wildfires affected OC concentrations and composition and
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exhibited higher pOC oxidation state and lower inferred pOC volatility, coinciding with high m/z organic fragment signals.
These findings contribute to a better understanding of the impacts of local and regional sources, and long-range transported

plumes on free tropospheric carbonaceous compounds’ concentrations and properties.
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1 Introduction

Carbon is present in the atmosphere under various forms and oxidation states, spanning from greenhouse gases such as carbon
dioxide (CO»), and methane (CH4) to reactive gases like CO and to non-methane volatile organic compounds (VOCs) to
particulate organic carbon (pOC) and black carbon (BC). Depending on the state of the carbon, it can have different impacts
on both atmospheric chemistry and climate. Atmospheric concentrations of long-lived greenhouse gases such as CO, and CH4
have increased substantially since pre-industrial times, modifying the Earth's radiation balance and driving global warming. In
contrast, short-lived gaseous species and aerosols also perturb the Earth's radiative balance, but on much shorter time scales.
Volatile organic compounds can oxidize in the presence of nitrogen oxides (NOx) and lead to formation of secondary organic
aerosol as well as tropospheric ozone (O3), which is another greenhouse gas. SOA makes a substantial contribution to aerosol
light scattering, which can mask greenhouse gas driven global warming. BC is the dominant atmospheric absorber of incoming
solar radiation, and light-absorbing constituents of pOC can further contribute to this, thus causing dynamic feedbacks and
affecting precipitation (Samset, 2022). Finally, carbonaceous aerosol has indirect effects, notably by impacting cloud formation
and properties. In addition to its direct atmospheric warming effect through solar radiation absorption, BC can also accelerate

the melting of snow and ice when deposited on bright surfaces. By reducing surface albedo, deposited BC increases solar

2



60

65

70

75

80

85

https://doi.org/10.5194/egusphere-2026-6814
Preprint. Discussion started: 12 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

energy absorption, leading to enhanced warming and melt rates, particularly in glacier and polar environments (Bond et al.,
2013).

While inorganic compounds such as CO, CO, and BC can generally be quantified and characterized more readily, atmospheric
organic compounds comprise a far more complex chemical mixture. Depending on their volatility, ambient temperature,
relative humidity, and the composition and abundance of condensed aerosol-phase material, organic compounds partition
between the gas and particle phases. Reactive organic carbon also plays a role in atmospheric oxidative capacity. Upon
atmospheric aging, the complex mixture of organic species in the atmosphere evolves and thereby its overall volatility changes.
Often, organic compounds become more oxidized when they age, leading to lower volatility. Lower volatility organic
compounds can condense and form secondary organic aerosol (SOA), which impacts air quality by reducing visibility and
increasing health risks. However, fragmentation upon chemical reaction is an aging pathway that can increase the volatility of
the species (Kroll et al., 2009). To better understand SOA formation and aging, studies with comprehensive characterization
of gaseous and particulate carbonaceous species including volatility measurements are needed under various conditions.
Isaacman-VanWertz et al. (2018, 2017) attempted such a characterization in an experimental chamber and were able to achieve
full carbon closure with measurements of volatility, oxidation state and reactivity of the oxidation products of o-pinene
precursor gas. The feasibility of such studies, however, depends on the availability of complex instrumentation that spans the
full range of volatility from small, volatile gas compounds to refractory particles. This limitation makes it harder to bring
carbon closure studies to the field, and indeed such studies are very scarce (Hunter et al., 2017; Yang and Fleming, 2019).
Nonetheless, Hunter et al. (2017) were able to characterize and quantify atmospheric carbon in terms of carbon oxidation state
versus volatility. This relationship is described in the two-dimensional volatility basis set (2D-VBS) introduced by Donahue
et al. (2011), where the volatility is expressed as effective saturation mass concentration (C*), which depends on saturation
vapor pressure, at a specific temperature. The ambient concentration of OA will determine the fraction of a gaseous species
partitioning into the particle phase, based on its own C* value (Donahue et al., 2012). To improve modelling of global OC and
better constrain its impacts, more measurements of carbon closure and volatility distributions are therefore needed, especially
in understudied environments like the free troposphere (FT), where highly aged, long-range transported aerosols can be
measured, which potentially reflect changes in the global air pollution. Moreover, little is known about how the planetary
boundary layer (PBL) intrusions and the PBL-FT exchanges impact the carbon concentration and state in the FT and thus the
potential local and global impacts. Aerosol mass closure between gravimetric measurements for total mass and the sum of
inorganic ions measured by ion chromatography and total carbon measured by thermal analysis was achieved in the free
troposphere, at Puy de Dome in winter (Sellegri et al., 2003). This study was based on filters rather than online measurements,

which does not allow for the assessment of sub-daily temporal variability.

The Jungfraujoch (JFJ) high altitude research station, located in Switzerland at 3580 m a.s.1., is part of the Swiss National Air
Pollution Monitoring Network (NABEL), the Global Atmosphere Watch Programme (GAW), the Aerosol, Clouds, and Trace
gases Research InfraStructure (ACTRIS) the Advanced Atmospheric Gases Experiment (AGAGE), and the Integrated Carbon
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Observation System Research Infrastructure (ICOS) within which aerosol and trace gases have been measured continuously
for several decades (Bukowiecki et al., 2016; Heiskanen et al., 2022; Hueglin et al., 2024; Mohr and Gysel-Beer, 2024; Prinn
et al.,, 2018). In the context discussed here, these measurements provide insights on aerosol characteristics in the free
troposphere and the impacts of aerosol sources on its concentration and properties. Early studies reported PM; s concentrations
of 3.76 pg m> on average during a summer month, with its composition dominated by organic substances (Krivéacsy et al.,
2001). Seasonal differences were observed in the particle number concentration and size distribution, illustrating the role of
boundary layer injections in summer compared to clean free tropospheric conditions in winter (Weingartner et al., 1999).
Building on this, longer-term PM; and coarse mode measurements highlighted a clear seasonality for all major components
with lower concentrations in winter and higher concentrations in summer (Cozic et al., 2008). A 14-year climatology linking
aerosol optical properties and weather types further refined this picture, showing the influence of both season and synoptic
regime on boundary layer influence at JFJ, with the site being completely influenced by FT in winter during advective weather,
and most PBL influenced in summer (including at night) during subsidence weather type (Collaud Coen et al., 2011). In a
more recent study, the wintertime free tropospheric PM; concentrations were found to be very low (around 0.3 ug m™ on
average, Frohlich et al., 2015) and reflected global background levels. This aerosol was generally highly aged due to distant
sources, with oxygenated organic acrosol (OA) dominating the OA composition (Fréhlich et al., 2015), and composed mostly
of small particles (<90 nm in diameter; Herrmann et al., 2015). On the other hand, PBL transport was shown to increase
organics, nitrate and BC concentrations, to bring fresh organic aerosol (HOA) and to promote new particle formation and CCN
concentrations (Frohlich et al., 2015; Herrmann et al., 2015; Trostl et al., 2016). In addition to planetary boundary layer
intrusions, specific air masses can bring higher aerosol loadings, such as Saharan dust events (SDE; Collaud Coen et al., 2004,
2026) and wildfire plumes. With 625 000 visitors at the Jungfraujoch in 2022 (Jungfraubahn Holding AG, 2022), an additional
source of reactive gases and aerosol is the local touristic activities, notably the restaurant, helicopters and cigarette smoke,
which are generally flagged out of the aerosol measurements reported to ACTRIS/GAW (Bukowiecki et al., 2016; Frohlich et
al., 2015). For the gas phase, non-methane hydrocarbons (NMHC) and chlorinated organic compounds have been measured at
JFJ using gas chromatography mass spectrometry since 2000. Lanz et al. (2009) applied positive matrix factorization (PMF)
to 7 NMHC and 3 chlorinated compounds, which resolved 4 factors. NMHCs were mainly apportioned to 2 factors, one
associated with aged combustion/natural gas and the other with fresh emissions/solvent use; while chlorinated compounds
were associated with industrial VOC sources. The factors representing aged combustion/natural gas contributed the most (42%)
and increased for air masses coming from Eastern Europe, Benelux, Southern Italy and England. Furthermore, oxygenated
volatile organic compounds (OVOC) and NMHC were measured in 2005, with acetone (622-867 ppt), methanol (362-790 ppt),
formaldehyde (303-505 ppt) and acetaldehyde (310-392 ppt) contributing 95% of the measured compounds in summer and

83% in winter (Legreid et al., 2008). However, studies linking particulate and gaseous carbonaceous compounds are lacking

at this site.
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The aim of this study is to characterize atmospheric carbon in both gas and particulate phase at the remote site of Jungfraujoch.
For this, an intensive measurement campaign took place in late summer 2022 in the framework of ACTRIS-IMP project (Grant
agreement ID: 871115), to observe both FT and PBL conditions. The ACTRIS/GAW measurements were complemented with
state-of-the art instrumentation to measure both gaseous and particulate carbonaceous species. The research questions that this

paper aims at answering are:

- Can we explain and quantify the various components of atmospheric carbon at a station that is frequently under clean
free tropospheric influence?

- How do the different air masses and sources of gases and particles impact the observed levels and properties of
carbonaceous species at this site?

- What is the volatility distribution of carbonaceous aerosol in the free troposphere? Is there a substantial portion of
atmospheric carbon in the semi-volatile range for which partitioning between gas and particle phases is sensitive to

total liquid aerosol concentration?

2 Methods
2.1 Measurement site

The campaign was carried out at the Jungfraujoch observatory from 16.8.2022 to 20.9.2022. This site is located in Switzerland
at 3580 m. a.s.l. (46°32°’N 7°59’E). The meteorological conditions at JFJ during the campaign are presented in Fig. SI
(Appenzeller et al., 2008). The temperature fluctuated around 0°C, except for a colder period in mid-September, when it fell
below -10°C. A series of campaign-specific measurements were set up to complement the continuous monitoring activities
described above. All aerosol instruments besides the High Volume (HiVol) filters for gravimetric PM o determination and off-
line chemical analysis sampled from a trace-heated whole-air inlet (World Meteorological Organization, 2016; Weingartner et
al., 1999). All gas phase measurements, except for the Medusa-GC-MS, sampled from a common manifold. The HiVol sampler
also sampled from this manifold. The 2020-Monch inlet was used for the Medusa GC-MS measurements. The unheated inlet
is located on the ridge towards the mountain Monch and is connected to the instrument via 100 m heated inlet tubing (Sertoflex,
12 mm OD, 8.1 mm ID) (Vollmer et al., 2020). The inlet tubing used for the Medusa GC-MS measurements was flushed

continuously (5 L min'') and an air sampling module allowed to branch off sample air to the instrument.

Table 1 summarizes the methods and instruments used in this study, most of which are online techniques, accompanied by
daily HiVol 24h-filters for thermo-optical analysis downstream of a PM;o impactor. In addition, Fig. S2 shows the data

coverage of all instruments.
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Table 1: Instrumentation during the campaign, campaign-specific instruments are indicated in bold.

Phase method or instrument measured parameter
Condensation particle counter (CPC) Particle  number  concentration  (PNC)
(Dp =10 nm)
Mobility particle size spectrometer (MPSS) Particle number size distribution (PNSD)
8. 75 nm < Dp <836 nm
Fidas Particle number size distribution (PNSD)

~300 nm < Dp < ~20 um

PM;, PM; s and PM;y mass concentration

Total carbon analyzer (TCA) Total carbon mass concentration
Fast thermal carbon totalizator (FATCAT) Total carbon mass concentration
Particle Acthalometer (AE33) Aerosol light absorption
Multi angle absorption photometer (MAAP) Equivalent black carbon (eBC)
Single particle soot photometer (SP2) Refractory  black carbon (rBC) mass
concentration
Integrating nephelometer Aerosol light scattering
Aecrosol chemical speciation monitor (ACSM) Non-refractory PM; mass concentration and
chemical composition
Thermo-denuder Scanning mobility particle sizer Aerosol volatility
(TD-SMPS)
TD-ACSM Aerosol volatility
Thermo-optical analysis of filters EC, OC (Eusaar)
Cavity ringdown spectroscopy CO, CO,, CH4
Gas chromatograph flame ionization detector mass C,-Ci; VOC, OVOC, BVOC
spectrometer (GC-FID/MS)
Gas Medusa GC-MS C»-C7 VOC, halogenated trace gases

GC-FID AirmoVOC Cs-C20 VOC, mostly below LOQ
Vocus proton-transfer reaction mass spectrometer C;-Cys VOC, with a proton affinity greater than

(PTR-MS) that of water
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2.2 Online aerosol measurements
2.2.1 Number concentration and size distribution

The total particle number concentration was recorded with a condensation particle counter (CPC) model 3772 (TSI, Shoreview,
MN, USA) operating at a lower cut-off diameter of 7.5 nm. Simultaneously, the particle-size distribution in the 8.75-836 nm
range was obtained using a mobility particle size spectrometer (MPSS) (Tropos, Germany). The MPSS system comprised a
Kr-85 neutralizer, a Hauke-type medium-differential mobility analyzer (DMA) with an effective length of 28 cm, and a
CEN-CPC model 3750 for downstream counting. The DMA operated at a DMA voltage of 0 to 7 kV and a sheath flow of
5 L min™, yielding the stated size range above at a time resolution of 5 min. Further technical specifications of the MPSS
instruments, including measurement uncertainties and data-quality control procedures are described in detail by Wiedensohler
et al. (2012). An additional custom SMPS instrument was further connected downstream of the TD. This instrument utilized a
TSI Long DMA Model 3081 and a TSI CPC Model 3775 also in combination with a Kr-85 neutralizer allowing the sizing
between 16 and 700 nm. It should be noted that to keep comparison with the ACSM that has a cut-off diameter around 700
nm, the MPSS data was not extrapolated to the range 700-1000 nm. PM; mass concentrations were obtained from number size

distribution assuming spherical particles and with a density (p) calculated as:

_ fInorg. forg. feBC)_1
P _< 175 T 127 T is M)

With finore., fore, fepc the fraction of inorganic NR-PM; species (NOs™ + SO4* + NH4* + CI), organic aerosol and equivalent
black carbon in PM; (calculated as their sum in this case), respectively. The average density in this work was 1.42 g cm™.

Coarse mode aerosol number concentrations and size distributions (0.18—18 um optical diameter) were recorded with a
PALAS FIDAS 200 white-light optical spectrometer, operating at 1 min resolution. Tightness and the inlet flow rate were
regularly checked with a reference flow meter. The instrument’s counting-efficiency and size-bias was frequently checked

using the CalDust routine (Empa, 2025).

2.2.2 Total carbon concentration

Online total carbon measurements were performed with two total carbon (TC) analysers, the TCA 08 (Aerosol Magee
Scientific, Slovenia; Rigler et al., 2020) and the fast thermal carbon totalizator (FATCAT, FHNW, Switzerland; Keller et al.,
2023). Both instruments determine TC concentrations through a semi- continuous, two-step collect-and-analyse cycle. During
the sampling step, ambient aerosol particles are collected on a filter over a user-defined time interval. In the subsequent analysis
step, the filter is rapidly heated under an oxidizing atmosphere, thermally decomposing and combusting the carbonaceous
material, which is then quantified as CO, by a non-dispersive infrared (NDIR) detector. Both instruments use an upstream
honeycomb charcoal denuder (Aerosol Magee Scientific, Slovenia) to remove gas-phase OC which could be absorbed by the

sampling filter causing positive measurement artifacts.
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The two instruments differ in a few design aspects (see e.g., Corbin et al., 2024). The TCAOS collects aerosol on a 47 mm
quartz-fibre filter, which is flash-heated, and features two parallel sampling channels that alternate between collection and
analysis, enabling quasi-continuous operation without measurement gaps. The FATCAT, in contrast, collects aerosol on a
sintered metallic filter, which uses homogeneous induction-based flash heating throughout the sampling-filter and produces
reproducible thermograms which can provide qualitative information on the volatility and chemical composition. A
downstream platinum catalytic converter, heated to 200°C, ensures complete oxidation of all carbonaceous gases to CO, before
detection by the NDIR sensor.

The TCAOS operated at a sample flow of 16.7 L min™!, which was calibrated on-site and set to JFJ conditions. In addition, an
on-site, offline validation of the carbon constant was performed using calibration filters (ambient aerosols) previously verified
by OC/EC analysis, and this on-site, offline validation was used to assess the influence of JFJ conditions on the analytic air
(filtered ambient air) of 0.5 L min"!. The upper cut-off of the instrument is 10 pm.

FATCAT was operated with a 2 h time resolution, producing one data point per measurement cycle. The sampling flow rates
were continuously monitored and regulated by mass flow controllers (MFCs) calibrated at standard temperature and pressure
(STP:273.15 K, 1013.25 hPa). Consequently, all FATCAT concentration data were converted to local Jungfraujoch conditions
by applying a scaling factor of 0.588, corresponding to a local reference temperature of 298.15 K and a pressure of 650 hPa.
During each 2 h cycle, FATCAT sampled a volume of approximately 0.8 m3stp of ambient air. This relatively low sampling
rate of ~7 L min™' (compared to the ~10 L min"! maximum flow rate of the instrument) is the result of the reduced atmospheric
pressure at the high-alpine site in combination with the flow resistance of the sintered metallic filter. During analysis, the filter
is heated inductively from ambient temperature to ~800 °C in less than 1 min; as this ramp is highly reproducible, the elapsed
heating time serves as a proxy for the filter temperature (Keller et al., 2026, 2023). The instrument samples particles up to

about 3 pm.

2.2.3 Optical properties, equivalent black carbon (eBC) and refractory black carbon (rBC)

Aerosol optical properties and eBC concentrations were obtained from the permanently installed long-term monitoring
instrumentation on Jungfraujoch which include a three wavelength integrating nephelometer (Model 3563, TSI, USA), a single
wavelength Multi-Angle Absorption Photometer (MAAP, Model 5012, Thermo Fisher Scientific, USA) and a seven
wavelength aethalometer with internal loading compensation (Model AE-33, Aerosol Magee Scientific, Slovenia). The
instruments were operated according to GAW 227 (World Meteorological Organization, 2016) and ACTRIS recommendations
which included daily zero adjustments for the nephelometer and monthly zero checks for the MAAP and AE-33 instruments.
A bimonthly CO; span calibration was performed on the nephelometer. The data processing adhered to the ACTRIS guidelines
for each instrument. The total light scattering coefficients were corrected for truncation based on the Anderson and Ogren
scheme recommended for this instrument (Anderson and Ogren, 1998). MAAP data were processed for the light absorption

coefficient according to Miiller et al. (2011). The loading compensated BC output of the AE-33 was used for deriving the AE-
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33 absorption by using a H factor of 1.76. The conversion to eBC was performed on the MAAP using the ACTRIS-harmonized
mass absorption cross-section (MAC) of 10 m? g! at the 637 nm wavelength (Favez et al, 2024; Zanatta et al., 2016).

A single particle soot photometer (SP2; Droplet Measurement Technologies; Schwarz et al., 2006) was used to measure
refractory black carbon mass concentration (rBC), which refers to BC quantified by means of laser-induced incandescence
(Petzold et al., 2013). The SP2 was calibrated using size-selected “fullerene soot” as detailed in Baumgardner et al. (2012),
Gysel et al. (2011), and Laborde et al., 2012).

2.2.4 Aerosol mass spectrometry

Non-refractory PM; species were quantified by mass spectrometry as organic aerosol (OA), nitrate (NOj3°), ammonium (NH4"),
sulfate (SO4>) and chloride (CI). The ACTRIS monitoring time-of-flight aerosol chemical speciation monitor (ToF-ACSM,
Aerodyne Inc., USA and Tofwerk, Switzerland) was complemented with a second ToF-ACSM for the volatility measurements
(see below). Both ACSMs were equipped with a critical orifice of 120 um instead of 100 pm due to the lower pressure at high
altitude. The flow rate was calibrated at local conditions and was around 2.2 cm® s! (0.132 L min™!) during the campaign. They
were sampling at a time resolution of 40s and the mass spectra ranged from mass-to-charge ratio (m/z) 12 to 200. Note that
while the ACSM has a PM; lens, its transmission efficiency decreases for particle below 70 nm and above 700 nm (vacuum
aerodynamic diameter). For the ACTRIS ACSM, a first calibration was performed at the beginning of the campaign on
14.08.22 and a second one after the campaign on 03.10.2022 (see Ng et al. (2011) for details on the calibration procedure).
The averaged parameters from both calibrations were used for the data treatment. For the second ACSM, a first calibration
was done on 15.08.2022, a second one on 22.08.2022 after the filament emission was increased, and a last one on 03.10.2022.
A CE of 1 was used in the data treatment, in agreement with previous studies with AMS or ACSM at JFJ (Frohlich et al., 2013;
Juranyi et al., 2010; Lanz et al., 2010) and validated by comparing the sum of NR-PM; from the ACSM and eBC from MAAP
with PM; mass concentration obtained from volume concentration of the MPSS (Fig. S3c¢). Limits of detection (LOD) were
calculated for the ACSM species, as well as for m/z 43 and m/z 44. Blank measurements were performed by placing a HEPA
filter in front of the ACSM inlet overnight. The LOD were then calculated as 3 times the standard deviation of these
measurements, on a 1-hour time resolution. They ranged from 1.26 ng m™ for m/z 43 to 0.176 pg m? for OA from the ACSM
used for volatility analysis (TD-ACSM).

Elemental ratios for the organic matter were calculated based on the ACSM mass spectrum (Canagaratna et al., 2015):

0:C = 0.079 + 431 * f44 )
H:C =112+ 6.74 * f43 — 17.77 = f43? 3)
0A:0C =1.29 % 0:C + 1.17 (4)
0Sc=2+%0:C—H:C (5)

f43 is the fraction of mass concentration at m/z = 43 to total OA mass concentration, similarly f44 is the fraction of the mass

concentration at m/z = 44 to total OA mass concentration. OSc is the average oxidation state.
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2.2.5 Volatility

Aecrosol volatility measurements were done by placing a thermodenuder (TD) upstream of both an ACSM and an SMPS
instrument (Fig. S4). The residence time in the TD was 4.5 seconds. The thermodenuder (Aerodyne) was then set to four
temperatures (Table 2). The temperature setpoints were 50°C, 100°C, 150°C and 200°C and changed every 15-25 min. Every
day, the TD was bypassed to compare the two ACSM against each other, and the monitoring ACSM was used to have a
constant measurement of aerosol mass at 25°C to compare against.

Thermodenuder temperatures were mapped to approximate effective saturation mass concentration (log10.r C*) ranges using
the mass-transfer model of Saha and Grieshop (2016), with the relationship between vaporization enthalpy and saturation
concentration parameterized following Epstein et al. (2010). The simulated evaporation responses (Fig. S5) were used to define
the broad volatility ranges in Table 2 at 298.15 K. These ranges are model-dependent estimates rather than direct measurements
of C*. The highest-volatility interval represents material lost between approximately 25 and 50 °C and was derived by
combining measurements from the two ACSMs; it therefore carries additional inter-instrument uncertainty. The two lowest-
volatility classes were combined into an ELVOC-NVOC category.

Table 2: Thermo-denuder temperatures and the respective logl0.tr C* and volatility classes of organic carbon at 298.15 K

TD-temperature log10esr C* Volatility class of organic carbon

150°C —200°C -17 to -10 Non volatile (NVOC) to extremely
low volatile (ELVOC)

100°C — 150°C -9to-3 ELVOC to low volatile (LVOC)

50°C - 100°C 3tol LVOC to semi volatile (SVOC)

25°C-50°C 1to3 SVOC

2.3 Offline aerosol measurements
2.3.1 Filter collection

Daily 24 h PM bulk aerosol samples were collected using a high-volume sampler (DHA-80, Digitel, Switzerland) operated
at a sampling volume of approximately 1075 m® day"!. The sampler was connected to a stainless-steel inlet (90 mm inner
diameter, ~3 m length, inlet ~2 m above the roof) maintained at 10 °C, with a PM, size-selective impactor installed directly
upstream of the sampler. Particles were collected on quartz-fibre filters (Pallflex). The instrument was equipped with an
automatic filter-changing system and a 15-filter magazine, allowing uninterrupted sampling and automatic filter exchange at

midnight.

10
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2.3.2 Gravimetry

The gravimetric determination of particulate matter (PM) mass concentration from quartz fibre filters complies with EN 12341.
Prior to sampling, filters are pre-baked at 500°C to eliminate organic contaminants, then equilibrated for 96 hours in a climate-
controlled room at 20 + 1°C and 50 £ 5% relative humidity to record their tare weight using a high precision microbalance
with antistatic-kit (XP205, Mettler Toledo, USA). After re-equilibrating the filters under identical temperature and humidity
conditions for another 96 hours, the final gross mass is recorded. The net PM mass loading is calculated by subtracting the tare
weight, adjusted using parallel field blanks to correct for passive artifacts, and normalized against the total standardized

sampling volume to establish the ambient concentration in ug m=.

2.3.3 OC/EC concentrations by thermal optical analysis

Thermal-optical analysis (TOA) was performed to determine the organic carbon (OC) and elemental carbon (EC) content of
the quartz fibre filters following the European standard protocol EN 16909. Aliquots of 1.5 cm? were taken from the
conditioned filters and analyzed using a Sunset Laboratory Thermal-Optical Carbon Aerosol Analyzer. The analysis followed
the standard EUSAAR 2 temperature protocol, which sequentially volatilizes OC in an inert helium atmosphere up to 650°C,
followed by the combustion of EC in a helium/oxygen mixture up to 850°C. To accurately account for the pyrolytic conversion
of OC to EC during the inert phase, continuous optical monitoring was conducted using a tuned diode laser to trace filter
transmission. The split point between OC and EC was automatically defined when the laser signal returned to its initial pre-
baked baseline, and the final carbon masses were blank-corrected and normalized against the sampled air volume to yield

atmospheric concentrations in pg C m=.

2.4. Gas phase measurements
2.4.1 COz, CO and CH4

Air for the continuous CO,, CO, and CHs measurements was sampled from the main manifold upstream of the HiVol PM;,
impactor. The sample air was transported to the analyser through a 10 m long Sertoflex tube (1/4” OD) at a flow rate of 4 L
min’'. CO,, CO, and CHs were quantified simultaneously using a high-precision wavelength-scanned cavity ring-down
spectrometer (CRDS; G2401, Picarro Inc., USA) coupled to a custom-built calibration and sample-drying unit. Water vapour
was removed using a Nafion dryer (PermaPure) to minimize H:O-related spectral interference. As the instrument
simultaneously measures trace levels of H,O, the CO,, CHs, and CO mole fractions were further corrected during post-
processing using an empirical humidity correction to account for any residual dilution and pressure-broadening effects. CO»,
CHa, and CO are reported as dry-air mole fractions. The system underwent automated, regular calibrations (3 reference tanks,
every 9 days) against pressurized reference air standard tanks traceable to the World Meteorological Organization (WMO)
scale. Two target tanks, treated as unknowns, were measured daily and two-weekly, respectively, as additional quality

assurance to control for short-term and longer-term inconsistencies in the observations and/or the post-processing.
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2.4.2 Gas chromatography

NMHCs and oxygenated VOCs were measured with a gas chromatograph—flame ionization detector/mass spectrometer (GC—
FID/MS). Air was drawn from the shared manifold down %4” Silonite (Entech) coated heated stainless steel tube at 20-30 slpm
using a metal bellows compressor pump (Senior Aerospace MB-158). The outlet of the pump was back-pressure regulated to
maintain a 25 sccm sampling flow pre-concentrating 500 mL of sample at ~1 atm on a multi-bed sorbent trap held at around -
130°C in a custom built unit (described in Warburton et al., 2025), flow controlled by a downstream mass flow controller
(Alicat MC). All samples were de-humidified with a -40°C water trap. After removal of CO, and other permanent gases at -
80°C, the preconcentration trap was desorbed and refocussed at -130°C before desorption onto a WAX GC column (Agilent
VF-WAX-MS 60 m, 0.25 mm I.D. 150 pm film). Analytes not retained on the WAX column (C2 - C6 aliphatics) were diverted
by Deans Switch and separated on a PLOT column (Agilent A1203/Na2S04 50 m, 0.32 mm L.D. 5 pm film) then quantified
using a flame ionisation detector (FID, Agilent 7890B). Oxygenates, >C6 aliphatics and aromatics were not diverted and eluted
from the WAX column where the flow was split around 3:1 between an FID and a quadrupole mass spectrometer (Agilent
5977). A 30-component ozone precursor mix from NPL (nominally 4 ppb) was used to quantify the non-methane hydrocarbons
reported by FID and was sampled at the beginning, middle and end of the reporting period. Oxygenated VOCs, and any
compounds reported from the Mass Spectrometric detector, were calibrated more frequently (every 15 samples) using a
different NPL certified mix in the 1 ppm range. OVOC calibrations were diluted using a combination of mass flow controllers
mixing the blank gas with the high concentration standard to generate near-ambient concentrations of each component.
Benzene, a component in both calibration mixtures, was used to unify the calibration scale and overcome the uncertainties
caused by the dilution set-up. VOC free blanks were created from compressed air, catalytically scrubbed using 1% Pt on
Alumina beads at 375°C.

Continuous, mixing ratios of light volatile organic compounds (C>—Cs non-methane hydrocarbons), carbonyl sulfide, and over
50 halocarbons were determined in-situ using an automated Medusa gas chromatograph—mass spectrometer (Medusa GC-MS,
hereafter referred to as Medusa) system integrated into the global AGAGE (Advanced Global Atmospheric Gases Experiment)
network (Prinn et al., 2018). To achieve sub-ppt detection limits, a 2.0 L ambient sample was filtered, dried, and routed through
a custom dual-trap preconcentration module at -165°C using a helium compressor system before thermal desorption.
Chromatographic separation of the sample was achieved on a GC (Agilent 6890) fitted with a CP-PoraBOND Q, 0.32 mm
ID 25 m, 5 um, (Agilent) capillary column, followed by detection via a quadrupole mass spectrometer operated in selective
ion monitoring (SIM) mode (Agilent MSD 5975B). To ensure good long-term stability and full compliance with network data
quality objectives, instrumental drift and sensitivity shifts were dynamically corrected by bracketing every ambient
measurement with a compressed working gas standard.

For the analysis, only compounds that were above the limit of quantification (LOQ) were considered, and compounds in

common for both Medusa and GC-FID/MS were averaged. Table S1 provides the list of the compounds quantified by these
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instruments and their families, hereafter reported as carbonaceous trace gases (CTG). In this work, carbonaceous trace gases

exclude CO,, CO and CH,.

2.4.3 Vocus-PTR-MS

Additionally, VOCs were measured using a Vocus proton-transfer-reaction mass spectrometer (PTR-MS, hereafter referred to
as Vocus) with H3O" as the reagent ion (Krechmer et al., 2018). The instrument was configured with a reduced electric field
strength (E/N) of 131 Td and the temperature of the focusing ion molecular reactor (FIMR) set to 60°C at a pressure of 2 mbar.
To assess the instrument background, automatic measurements of zero air were performed in regular intervals. Data from the
Vocus is only available starting 26.8 and until 17.9.

Vocus clustering and family assignment

Families were assigned as the following groups: CH, CHO, CHN, CHON, CHOS, CHONS, halogen-containing, siloxanes and
others. While the Vocus was regularly calibrated using a standard bottle of quantified VOC:s, issues in the automated calibration
sequence of the Vocus software (v1.16.5) resulted in irreproducible changes to instrument conditions exclusively during
calibration periods. Therefore, an absolute concentration calibration of the data was not possible. However, since the mass
calibration was unaffected, relative signal variability and molecular formula assignment is robust. The VOC signals were

therefore treated as centered z-scores and a partitioning clustering was applied using shape-based-distance.

Logl0 C* calculation at 300K from molecular formula of VOC (Vocus)

log,oC" = (ng —n¢g)be —noby — 2 nete bco —nyby — ngbg (6)
nc+no

With n° the reference carbon number nc, no, ny and ns being the number of C, O, N and S for each molecular formula. bc, bo,
by and bs correspond to the contribution of each atom to logioCo (Li et al., 2016), and bco is the carbon-oxygen nonideality
(Donahue et al., 2011).

To calculate C* values at 273.15K, the following equation was used (Clausius Clapeyron equation):

AHygpi , 1 1
CP = CP(Trer Jexp[—22 (ref -l (N

Volume mixing ratios obtained for the gaseous species in ppbC were converted into mass concentration in ugC m according

to Eq (8):
0.012+P

ugCm™3 = ppbC——— ®)
With P = 65300 Pa, R = 8.314 J mol K, T=273.15K
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2.5. Auxiliary measurements

Atmospheric radon-222 (*2?Rn) activity concentrations at the Jungfraujoch station were monitored continuously as part of the
Integrated Carbon Observation System (ICOS) with a two-filter dual flow loop instrument (Whittlestone and Zahorowski,
1998). The instrument determines radon activity at an hourly time resolution by quantifying the alpha decay of radon-222
daughters formed within a 750 L detector volume (Griffiths et al., 2014), with data made available through the ICOS data
portal https://data.icos-cp.eu/portal/.

Standard meteorological parameters were continuously recorded by MeteoSwiss using high-altitude ruggedized
instrumentation. Essential variables, including temperature, relative humidity, atmospheric pressure, and wind dynamics were
measured automatically via the national SwissMetNet network at 10-minute and hourly time resolutions and are available

openly through the MeteoSwiss Open Data Portal.

2.6. Air mass identification
2.6.1 Separation of FT vs PBL

Following Brunner et al. (2021), the probability of free-tropospheric origin, Prr, was calculated from N90 and ?*?Rn activity
concentrations (Text S1). Periods with Prr > 0.7 were classified as FT, and periods with Per < 0.3 as PBL-influenced (PBL1).
Periods with 0.3 <Ppy < 0.7 as well as periods lacking the required input data were not assigned an air mass condition. Wildfire
and dust events were identified separately using the criteria in Section 2.6.2; and the event demonitation prevailed over the
FT/PBLi. Instrument coverage differed between air-mass categories (Fig. S2). In particular, Vocus measurements covered
neither wildfire event, and quantified CTG data were unavailable for the North American wildfire plume. Comparisons

therefore describe the available measurement periods rather than a fully matched campaign-wide dataset.

2.6.2 Identification of wildfire and dust plumes

Wildfire events were identified by benzene and CO concentrations. Gaseous concentration enhancements compared to
background conditions (5" percentile of monthly data) were calculated and the plumes were identified by inspection of elevated

CO and benzene levels. In addition, source footprints and fire inventories (https://effis.jrc.ec.europa.cu/apps/firenews.viewer/,

https://firms.modaps.eosdis.nasa.gov/usfs/map/#t:tsd;d:2022-09-08..2022-09-15:1:fires all.fire-perimeter,countries,earth;(@-

104.6.40.0.4.1z) were further used to confirm the geographic origin of the fires. The first identified wildfire plume reached

Jungfraujoch between 17 and 18 August and came from Europe, while the second one was on 18-19.09.2022 and came from

North America (Fig. S7). Their physical age was estimated, based on Flexpart age calculated for fire BC, to be around 1.6 days

for the plume from Europe and 10 days for the one from North America (https:/flexpart-request.nilu.no/data-access, last
access: 06.05.2026; Giglio et al., 2013).
One dust event was identified on September 13-14 based on the concentration of coarse mode particles (PM;o-PM,), a negative

Angstrom exponent of the single scattering albedo and dust forecast (Collaud  Coen et  al (2026,  2004);
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http://www.bsc.es/projects/earthscience/visor/sub_fc8.php?dom=med8&type=sfc&vyear=2022&vmonth=09&vday=14&vho

ur=12#;Fig. S8). The conditions and air masses over the campaign are summarized in Table 3.

Table 3: Air mass types detected during the campaign period.

Air mass Abbreviation Identification criterion Dates Total time [h]
Free troposphere FT 222Rn & Ny 199

Planetary boundary layer PBLi 222Rn & Ny 427

intrusions

Wildfire plume from wildfire EUR benzene, CO, source footprints, fire 17-18.08.2022 28

Europe inventories

Wildfire plume from North ~ wildfire NA benzene, CO, source footprints, fire 18-19.09.2022 26

America inventories

Saharan dust plume dust Angstrom exponent of single 13-14.09.2022 29
scattering albedo and PM;o-PM;

2.7. Site-specific considerations

Touristic activities and the related maintenance and construction activities result in local pollution on Jungfraujoch. This
pollution typically shows a clear diurnal and meteorologically dependent pattern and can be partially tracked by additional
measurements at the adjacent Jungfraujoch East Ridge site (Affolter et al., 2021; Bukowiecki et al., 2021), which is not
accessible to tourists. The East Ridge site is equipped with a CPC and an AE33, the particle number concentration timeseries
was carefully compared for both sites. In the present work, only major events that produced a significant impact on the hourly
averaged data were flagged by post manual user inspection. This approach is conservative, at least for particulate pollution, as
local contamination from touristic activities usually has a greater impact on particle number than on quantities related to
particulate mass concentration. An exception was made for VOCUS and GC VOC data, for which unflagged data were retained
in order to explore possible impact of local pollution on VOC concentrations. All data were treated at the local laboratory
conditions (with a pressure of about 655 h Pa, except for FATCAT (650 Pa) and for the conversion of ppb to pg m for the

GCs (see Section 2.4.) and a temperature of 298.15 K) and were not corrected to standard temperature and pressure (STP).
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3 Results and discussion
3.1 Overview of the main carbonaceous species during the campaign

The average carbon-equivalent concentrations of the carbonaceous species measured during the campaign span over several
orders of magnitude. CO,, CHa, and CO showed the highest concentrations, with 1.4-10%, 6.8-10% and 33 ug C m™ on average,
respectively. Quantified carbonaceous trace gases (CTG), which included NMHCs, OVOCs, carbonyl sulfide (COS) and
inorganic halogenated compounds, showed on average a concentration of 2.3 ug C m=. However, it should be noted that a
fraction of VOCs cannot be detected by gas chromatography or PTR-MS, such as IVOCs. Additionally, a fraction that could
be detected by the instruments deployed could not be quantified. Therefore, the above value for CTG presents a lower limit
and the uncertainty on this value is high. Particulate organic carbon accounted for 0.3 ug C m3, while particulate BC,
quantified here as eBC (Section 2.2.3), showed the lowest concentration of 0.05 pg C m™ on average.

The remainder of this section provides an in-depth overview of CTGs, pOC and BC measured during the campaign.
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Figure 1: Timeseries of PM,, its constituents, and carbonaceous trace gases during the campaign (1 h averages). (a) PMi mass
concentration and composition (PM: is measured by Fidas and scaled to match campaign average fine mode mass derived from
MPSS), particulate equivalent black carbon mass from MAAP, particulate organic and inorganic mass from PM;-ToF-ACSM
(scaled to the average fine mode mass derived from the MPSS by a CE factor of 1). (b) Relative chemical composition of PM1 obtained
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from PM;-ToF-ACSM and MAAP measurements. (c) Carbonaceous trace gases (CTGs) measured by Medusa-GC and GC-FID/MS,
note the log scale. Periods with identified air mass type are shown as background colours in (a) and (c). To avoid negative values in
stacked plots, values below LOD in panels (a) and (b) were replaced with the LOD.

Figure 1 a. shows the timeseries of total PM; along with its main constituent components: organic aerosol, inorganic salts and
black carbon. The total PM; concentrations were measured by the Fidas and scaled, using an averaged factor of 2.4, to PM;
derived from the MPSS measurements (assuming spherical particles with a composition-dependent density calculated using
Eq. 1), because the Fidas proprietary algorithm was found to overestimate PM; concentrations by this factor (Fig. S3b), and
the MPSS measurements agreed well in terms of both number and mass with independent measurements obtained by the CPC,
MAAP and ACSM (Figs. S3a and c). Total PM; concentrations were mostly below 5 ug m=. This is consistent with Frohlich
et al. (2015), who measured PM; concentration at JFJ in the summer below 1 ug m in the night and morning and about 2-

6 pg m* in the afternoon and evening, with peaks up to 9.6 pg m.

Figure 1 b. shows the relative chemical composition of PM; from ACSM and MAAP measurements over time. PM; was
dominated by OA most of the time, whereas inorganic fraction exceeded 50% only during few short episodes, e.g. on
September 17", when the total PM; concentration was low (0.18-0.37 pg m). Such high organic fraction in PM; during the

summer season is consistent with previous observations at Jungfraujoch (Bukowiecki et al., 2016; Weng et al., 2026).

Figure 1 c. presents the timeseries of the major CTG families measured by GC. Three GCs (AirmoVOC, GC-FID/MS and
Medusa GC-MS) were used to quantify trace gases, including NMHCs and OVOCs up to C20. In addition, a Vocus was
deployed to obtain high sensitivity VOC information for a broad compound range at high-time-resolution. The AirmoVOC
GC (Chromatotec, France) should have been able to detect C6 to C20 VOCs, including linear alkanes and gaseous polycyclic
aromatic hydrocarbons (PAHs) from naphthalene to benzo(a)pyrene, according to the manufacturer and to the calibration
performed. Unfortunately, even after calibration and sampling a homemade PAH mixture, it was not possible to identify these
compounds in the ambient air samples; only benzene could be quantified. The GC-FID/MS and the Medusa GC-MS measured
97 compounds, of which 66 were above the instruments’ limits of quantification (LOQ). These compounds are reported in
Table S1 and grouped by their families. Eight of them were in common between both instruments. The concentrations of some
of these co-measured species (benzene, ethane, i-pentane, n-pentane) agreed well for the two instruments, while the

concentrations of others (i-butane and n-butane) differed substantially (Fig. S9).

The Vocus detected 403 ions; however, only their relative temporal variability could be determined whereas concentrations
could not be quantified. Therefore, we report their temporal variability as z-scores, i.e. variability of ion signal intensities,
expressed as number of standard deviations, around their mean values (Fig. S10). The temporal variability of toluene z-scores
from the Vocus agreed well with those measured by the Medusa GC-MS, which gives some confidence when interpreting

relative changes in the Vocus data. On the other hand, there was a poorer agreement for benzene between both instruments.
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Given that about a third of the CTG species were below the instrument LOQs and the inability to quantify the Vocus
measurements, the sums of the quantified CTG concentrations displayed in Fig. 1 only represent a subset of total CTGs at
Jungfraujoch, and it remains elusive by how much total CTG concentrations exceed the quantified portion. Overall, the CTG
concentrations were mostly between 1.5 and 5 ug C m3, with rare but intense spikes up to 8.7 pg C m™ caused by increases in
the concentrations of alcohol species. The composition of quantified CTGs was dominated by alcohols and alkanes, in
particular methanol and ethane (0.75 and 0.45 ug C m™ on average, respectively; Table S1). In contrast, aromatics, alkenes
and alkynes had very low measured concentrations, which can be expected given the site’s remoteness and their relatively
short lifetimes (few hours to few weeks for acetylene). Other high-altitude sites also reported NMHC or VOC concentrations
to be dominated by alkanes at Monte Cimone (Vullo et al., 2016) and on the Tibetan Plateau (Wu et al., 2025) while in Izana,
NMHC:s were dominated by ethane (Fischer et al., 1998). Halogenated compounds and COS showed very stable concentrations
with little influence from the different air masses, which is due to their very long lifetime (COS: 2-3 yrs, halogenated up to
300 yrs; Aydin et al., 2008; Jobson et al., 1999; Montzka et al., 2007). Due to the presence of these long-lived compounds, the
measured CTG concentrations were very rarely below 1 ug C m (min 0.67 pg C m™). This is in contrast to particulate matter,

which has short lifetime in the troposphere (min PM; during FT periods and at night as low as 0.0046 pg C m™).
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475 3.2. Atmospheric composition for different air masses
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Figure 2: Observed particulate matter and carbonaceous trace gases for the different air masses encountered during the campaign.
(a) Boxplots (centre line: median; box limits: 25th and 75th percentile; whisker length: extend from the hinge to the largest or
smallest value respectively, up to 1.5 times interquartile range) of PMi concentrations, (b) mass fractions of PM species, (c) boxplots
of PMi-to-PMiyo ratios from raw Fidas output, (d) boxplots of total quantified carbonaceous trace gases, (e) relative contributions of
VOC families, and (f) boxplot of benzene. Note the missing data for the wildfire NA case in panels (d) and (e).

Different types of air masses were encountered during the campaign as described in Section 2.6 and summarized in Table 3.
In this section we characterize the concentrations and properties of particulate and gaseous carbon in these different air masses.
The site was influenced by PBLi about 50% of the time and FT conditions about 23% of the time. In addition, dust and wildfire
plumes were encountered. Atmospheric composition differences between the air masses and plume events will be discussed
in the following based on Figure 2, which presents PM; and CTG concentrations and relative composition segregated by air

mass types.
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3.2.1. FT vs PBLi

Free tropospheric conditions were characterised by the lowest concentrations for both PM; and CTG (Figures 2a. and d), as
expected, although the lowest VOC concentrations remained proportionally higher than the lowest PM; concentrations due to
the presence of long-lived COS and halogenated species (Section 3.1). PM; was dominated by organics for all air masses
encountered during the summer season (Fig. 2b), but the relative contribution of SO4> slightly increased for FT (14%)
compared to PBLi (9%), as previous reported for JFJ (Bukowiecki et al., 2016; Frohlich et al., 2015). During FT conditions,
VOCs were dominated by halogenated species (34%) and alkanes (30%), while alcohols made up 22% (Fig. 2¢e). On the other
hand, PBLi conditions were characterized by lower contributions of inorganic aerosols, halogenated species and alkanes, and
higher contributions of organic aerosol, methanol and ethanol (40%). The higher relative contributions in the FT of alkanes
and halogenated compounds can be explained by their much longer lifetime in the atmosphere (ethane: 41 days, halogenated
3.6 d-300 yrs; Jobson et al., 1999) than more reactive species such as alcohols and aromatics (toluene: 2 days to methanol
12 days; Atkinson, 2000). The low contribution of alcohols in the FT could also be due to unquantified GC-FID/MS data, in

particular between September 10 and 12.

3.2.2. Wildfires

The highest PM; concentrations recorded during the campaign occurred during the European wildfire event. The wildfire from
North America brought PM; concentrations that were similar to or higher than median PBLi concentrations. Median CTG
concentration were also highest for the European wildfire event, although CTG data are not available for the North Amercian
wildfire plume. This provides an example of the impact that long-range transported wildfire smoke can have on particulate

and gaseous pollution levels far from source.

The relative contribution of OA was substantially lower (58%) for the European wildfire event than the North American
wildfire event (79%). On the other hand, BC and inorganic NR-PM; contributions were higher for the wildfire from Europe
(7.3% and 35%, respectively) compared to the wildfire from NA (5.9% and 15%, respectively). The higher relative OA
contribution during the North American event could be explained by less mixing of the plume with PBLi, as these plumes are
usually transported in the free troposphere (Ortiz-Amezcua et al., 2017), as well the formation of aged and secondary OA
during the longer transport time of the NA than EUR plume, resulting in less absolute OA mass loss compared to inorganic

aerosol (Garofalo et al., 2019).
The gas phase species benzene, which originates from general combustion processes, can serve as a useful indicator for the

detection of wildfire smoke at remote sites like the JFJ. Benzene increased substantially during both wildfire events in this

campaign, with higher values measured in the European than the North American plume (Fig. 2f). This difference can be at
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least partially explained by the reactive loss of benzene during transport, with the NA plume originating from further away

and having a higher plume age.

The longer transport time and higher age of the NA plume relative to the EUR plume was evidenced by the ratios of
toluene/benzene, and aerosol species (organics, inorganics, and BC) to CO displayed in Fig. S11. The toluene/benzene ratio
was higher for the EUR than the NA plume since toluene has a shorter lifetime than benzene (Atkinson, 2000). Similarly, the
ratios of aerosol species to CO were all higher for the EUR than the NA plume, which reflects the longer lifetime of CO relative
to the aerosol species (Yokelson et al., 2009). This difference between the EUR and NA plumes was greater for the inorganics-

to-CO ratio than the organics-to-CO ratio, which is consistent with the relative fractions displayed in Fig. 2b and discussed

above.
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Figure 3: Chemical fingerprints of the organic aerosol (OA) from the two wildfire plumes and PBLi conditions. (a) Whole mass
spectrum (ToF-ACSM) of OA with (b) zoom into fragment ions with m/z above 100.

To further investigate the chemical composition of these plumes compared to PBL1i, the mass spectra obtained for OA from
the ACSM were averaged for PBLi conditions and both wildfire events (Figure 3). The observed degrees of oxidation, as
illustrated by the intensities of f43 (m/z 43 concentration divided by OA concentration) and 44, differed between PBLi and
the two wildfire events, with most aged OA from wildfire from North America (higher f44) and least aged from PBLI, as
expected based on their geographical origins. Figure 3b. presents a zoom into m/z > 100, which shows overall higher levels of
these m/z (e.g., 115, m/z > 135) for the wildfire plumes, especially the one from North America. A similar observation was
made for biomass burning (BB) plumes in the US, where the fraction of ions larger than 100 amu contributed 11% to the
organic signal during BB plumes, compared to 5% during periods of non-BB influence (Zhou et al., 2017). Figure S12, which
shows the contribution of m/z 100 to 200 to the sum of these m/z, further highlights the difference between m/z 100-135, mainly
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dominated by PBLi, and m/z 135-200, dominated by the wildfires. These enhanced high-m/z organic fragments coincided with

lower inferred OA volatility in the wildfire plumes, particularly the North American plume.

3.2.3. Dust

PM; constituted most of PM throughout the measurement campaign, except for a short spike on September 1% and during the
dust event, where it fell below 25%, as PM increased up to 12.5 pg m (Fig. 2¢, Fig. S13). The number and volume size
distributions averaged per air mass type (Fig. S14) showed the presence of larger particles during the dust event. PM; and CTG
concentrations were low during this event. The CTG composition was very similar to free tropospheric conditions, with a
lower contribution of alcohols than for PBLi and wildfire EUR, which could indicate that the station was under free
tropospheric conditions and that the dust plume travelled in the FT. The relative chemical composition of the dust aerosol
could not be reliably measured with the available instruments for two main reasons: i) Dust is refractory, hence the ACSM
cannot measure the tail of the dust mass distribution extending down to fine mode diameters. ii) Dust is weakly light absorbing,
thus incurring a positive measurement artefact in eBC mass concentration when dust mass exceeds BC mass by orders in

magnitude during dust events, so it was omitted on Figure 1b and Figure 2b (Collaud Coen et al., 2026).

3.2.4. Local emissions

The ambient concentrations were affected by local pollution due to the research station being part of the Jungfraujoch facilities
which primarily serve touristic activities (Section 2.7.). The aerosol contamination signal, which quite well-known
(Bukowiecki et al., 2016; Frohlich et al., 2015), has been removed from the aerosol data as described Section 2.7. By contrast,
the Vocus data was used to identify locally emitted VOCs and to investigate their potential impact on the VOC emissions
measured at Jungfraujoch. The Vocus was partially operating during the campaign, so the wildfire plumes were unfortunately
not covered. A clustering approach was chosen to separate locally emitted VOCs from those transported to the site.
Specifically, the time series of Vocus signals, expressed z-scores (see Section 2.4.3), were grouped into 4 different clusters
(Figs. S15 and S16) using partitioning clustering with a shape-based distance, in order to identify similar patterns in their

timeseries.
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Figure 4: Results of the cluster analysis performed on the VOC time series measured by the Vocus PTR-MS. (a) Diurnal plots of
VOC:s clusters 1 and 2 along with organic aerosol (OA) from the ACSM and N90 from the SMPS. Lines represent the median value
and shaded areas represent 25-75" percentile. (b) Two-dimensional density plot of the carbon and oxygen number of the ions
assigned to clusters 1 and 2.

Clusters 1 and 2 contained most of the ions and show distinct variabilities (Fig. S15 and S16). Cluster 3 was very likely an
instrumental artifact which decreased quickly at the start of the campaign (Fig. S16) and contained mainly N-containing species
(Fig. S15). Cluster 4 could originate from a marine source as it peaked together with CHBr3 and CH»Br; (measured by the
Medusa-GC-MS), which have almost no continental source, but its temporal variability is unclear, and we will therefore focus
on clusters 1 & 2. The diel cycle of cluster 1 peaked in the late afternoon (Fig. 4a.) and correlated strongly with N90 (p=0.84;
Fig. S17), which indicated that it could be transported to the site by the PBLi. Cluster 2 peaked around noon (local time) and
increased concurrently with the particle number concentration (Fig. S18), which is affected by local contamination. The diel
cycles of clusters 1 and 2 were similar to the ones obtained by Frohlich et al. (2015) for OA constituents associated with PBLi
and local emissions from touristic activities, respectively. Moreover, cluster 1 contained compounds with lower carbon number
and higher oxygen number than cluster 2 (Fig. 4b.), in line with being chemically altered during atmospheric transport, while
cluster 2 contained long-chain, low oxidized compounds more representative of fresh emissions. In particular cluster 2
contained some short- (acetaldehyde, acrolein) and long-chain aldehydes (heptanal, octanal, nonanal, decenal and undecanal),
that were linked to cooking activities (Coggon et al., 2024; Klein et al., 2016), as well as ethanol, D5-siloxanes and D4-
siloxanes, which are associated with volatile chemical product (VCP) emissions (Coggon et al., 2024). Ethanol measured by
the GC was also observed to increase in intense spikes during the day, often when the CPC also spiked (Fig. S18). Cluster 2
was thus likely not representative for a site in the lower free troposphere with PBL intrusions but rather indicated the influence
of local touristic activities (restaurants, cigarette smoke, personal care products) at the site. This shows that these activities
impact both aerosol and gas phase and makes flagging necessary for data sets intended to represent the chemical composition
of the atmosphere at a remote mountain station. Note however that without quantification and with high uncertainties on these

results, conclusions are limited.
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3.3. Mass closure of total particulate carbon (TC)

Four independent techniques were used to quantify total particulate carbon (TC) and its organic (OC) and elemental (EC)
fractions: (i) thermo-optical analysis of 24 h hi-Vol filters (TOA, referred to here as TCroa), (ii) the TCA instrument (TCrca,
hourly), (iii) the FATCAT analyser (TCratcar, 2h, resampled to 1h), and (iv) the TCacsm+maap representing the sum of OC
measured online by the ACSM (converted to OC with an average OA : OC ratio of 2.40+0.6) and eBC measured by the
MAAP. The time series of daily-average TC values from each of the four techniques are displayed in Figure 5a, and a scatter
plot of TC from each technique against the mean TC of the four techniques is shown in Figure 5b.
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Figure 5: Mass closure of total particulate carbon (TC) for the four different methods (TOA, TCA, FATCAT and ACSM+MAAP).
(a) Temporal variability of TC throughout the campaign for the four methods. (b) TC from each technique versus TC averaged
from the four techniques. The data from online instruments (TCA, FATCAT, ACSM, MAAP) was averaged to match the daily
resolution of the TOA.

Total particulate carbon (TC) concentrations at Jungfraujoch were generally <2 pug m-, with only a few elevated values at the
beginning of the campaign. At such low levels, all measurement techniques operate close to their detection limits and are
therefore susceptible to method-specific artefacts e.g. imperfect background subtraction, filter-blank uncertainties, and limited
signal-to-noise ratios. Consequently, no single approach can be taken as a definitive reference.

The four TC estimates exhibited similar temporal patterns (Fig. 5a), but agreement in absolute concentrations varied between
method pairs. TC from TOA and TCA agreed within a factor of 1.06 (R?> = 0.97), whereas TC from FATCAT and ACSM +
MAAP agreed within a factor of 1.40 (R? = 0.92) although with closer agreement at higher concentration levels. TOA and
TCA generally yielded approximately twice the concentrations obtained by the other two approaches, with larger relative
discrepancies below 0.5 pg C m. Figure 5b shows that each method agrees within £50% with the mean of all methods for the
concentration range > 0.5 ug C m. Because the mean in Fig. 5b includes the method plotted against it, these comparisons are

not independent; pairwise comparisons for 1h-averages measured by the three online-methods are provided in Fig. S19c-e.
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These show that precise measurements at 1h time resolution are possible for atmospheric TC concentrations larger than ~0.5
pg m-, whereas random noise and systematic errors increase for lower concentrations.

To identify the origin of these differences, OC and EC were examined separately (Fig. S19a and b). Offline OC from the
thermo-optical analysis (OCroa) correlated well with ACSM-derived OC but was consistently higher due to an offset between
the two methods (Fig. S19a). EC was estimated from three sources: eBC measured by the filter-based MAAP (and the AE33,
although only MAAP is shown because it is less affected by filter-loading artefacts), refractory BC from the SP2 (rBC), and
ECroa from the TOA protocol. ECron agreed reasonably with the daily-averaged eBC-MAAP, whereas rBC was
systematically lower (Fig. S19b). Because EC represented only ~5 % of TC on average, the observed TC discrepancies were
mainly driven by the methods used to determine TC and OC.

Potential contributors to the mismatches, especially at low concentrations, include but are not limited to: (i) zeroing /
background subtraction and gas-phase artefacts in the total-carbon analysers but also for the filter-based TOA, (ii)
ACSM-related uncertainties such as collection efficiency and the OA : OC conversion factor, together with aerodynamically
limited PM transmission window; and (iii) noise/ stability and linearity issues at low concentrations. The strong correlations
indicate that the methods captured similar temporal variability, but the systematic differences in absolute concentrations
prevent a conclusion of quantitative closure across all four approaches. These results support relative comparisons, while
absolute closure requires further evaluation of method-specific biases and measurement uncertainties in this low-concentration

environment.

3.4. Volatility
3.4.1. Total particulate carbon volatility

In addition to providing total carbon concentrations, the FATCAT also provides thermograms of the carbon release rate as a
function of elapsed heating time (a proxy for filter temperature; Figure 6). Compounds with higher volatility volatilize earlier
than ones with lower volatility. The FATCAT volatility classes defined here — high (<20 s), intermediate (20-35 s), and
low/refractory (>35 s) — are operationally defined boundaries chosen to illustrate the capability of FATCAT thermograms to
discriminate between aerosol sources, rather than representing absolute physicochemical thresholds, which is consistent with
the thermogram interpretation framework discussed in Keller et al. (2023) and Corbin et al. (2024). As a complementary
example, Fig. 6 also includes a local fossil fuel contamination event recorded on 21 August, whose thermogram was dominated
by black carbon which represents the atmospheric carbonaceous component with lowest volatility and highest refractoriness,

and was clearly distinct from all other air mass types which only contain a very minor BC fraction.
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Figure 6: Average FATCAT thermograms: mean normalized carbon release rates (expressed per unit TC) as a function of elapsed
heating time (a proxy for filter temperature, from ambient to ~800 °C) for five air mass categories including the local fossil fuel
contamination event. The shaded regions delimit operationally defined volatility classes based on the temporal evolution of the
carbon release signal: high volatility (0-20 s), intermediate volatility (20-35 s), and low volatility/refractory material (>35 s).

It can be noted that the wildfire plumes showed a lower volatility than PBLi and FT conditions, with carbon release extending
into the intermediate volatility region (20-35 s heating time), beyond the high-volatility peak (<20 s) characteristic of the FT
and PBLi air masses (Fig. 6). This is consistent with the heterogeneous composition of long-range-transported wildfire plumes,
which combine primary biomass-burning emissions with aged organic material, spanning a wider range of thermal stabilities
than either component alone (Keller et al., 2023). The observation of low-volatility and extremely low volatility organic matter
in aged wildfire plumes is also consistent with previous studies (Lee et al., 2016; Paciga et al., 2016) and was observed in SOA
produced from major organic gases emitted by biomass burning (Yu et al., 2016).

The FATCAT thermograms present a promising method for semi-quantitative distinction OC and EC, and for providing
auxiliary data that may carry information on aerosol sources, such as combustion engines without particle filter (main fraction
expected in refractory) versus wood burning (dominant fraction expected in intermediate to low volatility range), when taking

measurements in close proximity of the emissions.
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3.4.2. Volatility distribution of particulate organic carbon
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Figure 7: Volatility and oxidation state of the particulate organic carbon (pOC) overall and for the different air masses (C* calculated
at 298.15 K). (a) Volatility distribution of pOC averaged across the whole campaign period. The area is proportional to the OC
concentration, which is displayed in each bar. (b) This inset presents relative composition in terms of volatility classes indicated in
the legend (c) Average carbon oxidation state (OSc) for the different volatility classes. (d) Relative contribution of the different
volatility classes to OA for the different air mass types. (¢) Carbon oxidation state for pOC for the different air mass types.

The volatility distribution of carbonaceous matter governs its partitioning between gas and particle phase under given
conditions. For this reason, volatility distributions of particulate organic carbon (pOC) were measured by putting a
thermodenuder in front of an ACSM (see Section 2.2.5). Figure 7 presents the volatility distribution of pOC averaged over the
whole campaign, as well as the relative contribution to pOC of the different volatility classes (panels a. and b.). Concentration-
weighted campaign average carbon oxidation state (OSc) for the different volatility classes, calculated from the thermodenuder
temperatures (Section 2.2.5), is given on Fig. 7c. The volatility classes are non-volatile to extremely low volatile OC (NVOC
to ELVOC), ELVOC to low volatile OC (LVOC), LVOC to semi-volatile OC (SVOC), and SVOC. Aging of OA typically
produces more oxidized compounds with reduced volatility due to polar functional groups. However, the volatility also
depends on molecule size, as aging might fragment long-chain compounds, which would increase their volatility. Here, we
observe that lower volatility classes had higher oxidation state. This suggests that OSc might be used as a proxy to have
information on OA volatility when these measurements are not available. Despite the general high oxidation state of pOC,
there was a substantial fraction of pOC in the highest volatility bin (SVOC) which, depending on the ambient conditions, could
partition in the gas phase. It should be noted that this bin has the highest uncertainty as it was derived from a combination of
both ACSMs.

Figure 7d. and e. show, for the different air masses, the relative contribution of the volatility classes to OA and the
concentration-weighed carbon oxidation state, respectively. The volatility of OA is also presented on Fig. S20. As expected,
PBLi OA showed more volatile, less oxidized OA than free troposphere conditions, due to having spent less time in the
atmosphere. The North American wildfire organic aerosol was less volatile and more oxidized than the European plume,
consistent with the longer estimated transport time (approximately 10 versus 1.6 days). However, differences in source
composition, mixing, dilution and removal may also contribute, so the observed contrast cannot be attributed uniquely to

atmospheric age. Both wildfire plumes OA were less volatile and more oxidized than PBLi conditions, on average.
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Interestingly, FT OA was more volatile and less oxidized than the North American wildfire aerosol, potentially related to its

different chemical composition.

3.4.3. Volatility of gaseous and particulate organic carbon
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Figure 8: Carbon oxidation state (OSc) vs volatility (logio C*) for organic carbon measured in both gas and particle phase by the
GCs, the Vocus and the TD-ACSM at 273 K. The data from the GCs and the ACSM are quantitative in terms of OC concentration,
while the Vocus is only qualitative. The names of the 2 VOCs with the highest concentration are indicated, as well as the TD-ACSM
volatility classes. TD-ACSM volatility classes ranges are indicated by green segments. The ambient OA concentration range
measured for this campaign is indicated on the figure.

Solving the phase partitioning of organic carbon between gas and particle phase requires knowledge of the overall volatility
distribution considering both phases. Thus, the volatility of pOC introduced in the previous section was complemented by the
volatility of the organic traces gases (CTGs) to obtain an overview of volatility and oxidation state as presented in Figure 8.
Note the limitations of the data with the quantified CTGs being a subset of all gas-phase organic carbon, and the Vocus data
not being quantitative in terms of carbon concentration. For the TD-ACSM data, the averaged logio C* values are presented as
circles and the range of the volatility classes as error bars. Note that the saturation mass concentrations (logio C* values) were
retrieved from direct measurements for pOC while they were calculated based on the molecular formulas of the compounds or
fragments detected by the Vocus and the GCs, which can lead to discrepancies. The C* values (ug m™) of the CTGs were
calculated initially at 300 K, as per Donahue et al. (2011), then converted to 273 K (see Eq. 7) to be more representative of

ambient temperatures at JFJ. For the TD-ACSM, they were measured at laboratory temperature (~298 K) and converted to
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273.15 K as well (Eq. 7). The graph at measured or calculated temperatures is presented on Fig. S21, where the points are
shifted to higher volatility compared to Figure 8, as expected. Average carbon oxidation states (OSc) were calculated to present
the data in a 2D-volatility basis set (Donahue et al., 2011). They were calculated based on f43 and f44 for the TD-ACSM data
(see Section 2.2.4) and based on the molecular formulas for the Vocus and the GCs. Note that the PTR-MS technique using
H30™ as a reagent ions is limited in terms of capturing compounds with volatilities lower than IVOCs. For such compounds,

other techniques such as Iodide-CIMS would be more suitable.

Despite these limitations, Fig. 8 shows that organic carbon at JFJ covers a wide range of volatilities. The most volatile pOC
and the least volatile VOCs overlap in terms of C*. Such overlap is expected based on Donahue’s equation for equilibrium
phase partitioning (Donahue et al., 2012), which predicts that the transition from 10% to 90% in the gas phase happens across
two orders in magnitude of C*. More so, this overlap of pOC and VOCs ranges occurs around C*-values equal to observed
particulate organic mass concentrations (red shading in Fig. 8), again consistent with Donahue’s equation. This gives
confidence on the volatility distribution quantified with a combination of different methods. The fact that a substantial fraction
of OC, compared to total pOC levels, falls into the semi-volatility range overlapping with observed OA concentrations implies
that the organic aerosol is sensitive to repartitioning between gas and particle phase if conditions change, e.g. change in
temperature, humidity or OA mass concentration. The general relationship of decreasing carbon oxidation state with increasing
volatility was maintained from pOC through to VOCs, and the highest OC concentrations were detected in the gas phase with

OSc smaller than around -2.

Compared to Hunter et al. (2017), the concentrations obtained at JFJ were lower, especially in the gas phase, due to the lack
of measurements of compounds such as acetone and IVOCs in our study, due to the site being remote and because our results
were not corrected for standard conditions. However, thanks to the GC measurements, we extended to lower carbon oxidation
states with alkanes such as ethane, that have relatively high OC concentrations. But despite the different techniques used, the

results are fairly comparable.
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4 Conclusions

This study characterized gas- and particle-phase atmospheric carbon at Jungfraujoch, Switzerland (3580 m a.s.l.), using a
comprehensive suite of instruments deployed from 16 August to 20 September 2022. The PM; concentration was 0.98 pg m™
on average and mostly below 5 pg m™ and was dominated by organic aerosol. Despite experimental issues faced with the gas-
phase measurements, 66 carbonaceous trace gases (CTG) could be quantified using 2 GCs, which presents only a fraction of
total gaseous trace carbon. The total quantified CTG concentration was 2.3 pg C m™ on average but stayed mostly above
1 ngC m because of the long-lived species it includes (halogenated compounds, COS). The two highest compounds were
methanol and ethane.

Particulate OC volatility measurements were performed using a thermo-denuder upstream of the ACSM and resolved four
volatility classes. Combining these measurements with calculated volatilities for gas-phase OC provided an overview of the
total volatility range at JFJ, with the 2D-volatility basis set ranging from oxidation states -3.25 to 3 and volatility (as
log10csr C*) ranging from -22 to 11.1. A substantial fraction of OC was in the semi-volatile range and fell in the volatility
range overlapping with ambient OA concentrations, which implies that it is sensitive to repartitioning between gas and particle
phase, depending on ambient conditions.

During the campaign, JFJ was 23% of the time in free tropospheric (FT) conditions and influenced by planetary boundary
layer intrusions (PBLi), as well as a Saharan dust event and two wildfire episodes. The concentrations of both particulate
matter and carbonaceous trace gases increased for PBLi compared to free tropospheric conditions. The contribution of alcohols
increased for PBLi, while the contribution of halogenated compounds and alkanes increased in free tropospheric conditions,
due to their longer lifetimes. The wildfires also impacted both PM; and CTGs, their concentrations increased during the
wildfire from Europe, and their composition changed for both wildfires, with more organic aerosol (OA) for the one from
North America (79% on average) and more alcohols for the one from Europe (56% on average). The wildfires also changed
the composition of OA, with increased fractions of fragments with high m/z (> 135), and its volatility, with less volatile pOC
during the wildfires, especially the one from North America.

Local emissions from touristic activities, which have previously been reported for particulate matter, were also observed for
volatile organic compounds (VOCs), which were measured, but not quantified, by a Vocus PTR-MS. A fraction of the 403 ions
detected could be attributed to PBLi, while a specific cluster likely originated from touristic activities, in particular cooking
emissions from the local restaurant and volatile chemical products. The total VOC contribution, especially IVOCs, to the
overall gaseous carbon thus remains uncertain and needs further studies.

A complete mass closure for total atmospheric carbon could not be obtained due to the lack of measurements in the gas phase.
Total particulate carbon was obtained by four independent techniques and showed reasonable agreement (R?> = 0.89-0.98,

factor 1.06-2.69).
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The CBC campaign provided the first measurement series in which FATCAT thermograms were systematically examined
across contrasting air mass types, and the results support their semi-quantitative interpretation in terms of aerosol volatility
and refractoriness. These measurements showed a lower volatility for total carbon during the wildfire plumes than FT and PBL
conditions.

This work contributes to a better understanding of free tropospheric carbonaceous compounds, as these are harder to study due
to the local constraints. Such high-altitude remote location is expected to be rather clean. However, in a changing climate and
with an increasing impact of wildfires in the Northern hemisphere, the oxidation state and volatility of aerosol in the high
altitude might be more impacted, with potential effects on the climate. Future work at other high-altitude stations would help

assessing these impacts more globally.
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