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S1 Sample selection strategy and filtering of Saharan dust influenced composite samples
S1.1 Sample selection strategy for 11-year composite filter samples

Daily PM, filters were pooled into composites of four at an interval of four days for chemical analysis (Figure S1). This
sampling strategy was selected as an optimal trade-off between establishing a long-term analyzed time series, maximizing

sample representativeness, and maintaining a practicable level of laboratory analytical workload.

11-Year Composite Sample Time Series (2011-2021)
Sample 1 Sample 2

2011 Jan 1 2 3 4 5 6 7 8 9 10 |11 |12 |13 [ 14| 15| 16 18 | 19 | 20 22 | 23 | 24 26 | 27 | 28 30 | 31
2011Feb | 1 3 4 5 7 8 9 11 | 12 | 13 15 | 16 | 17 19 (20 | 21 23 | 24 | 25 27 | 28

Figure S1. Schematic of filter sample selection and pooling strategy employed for the 11-year composite samples. Filters pooled for each

set of consecutive samples are denoted by a distinct color. For plotting of composite data, always the earliest filter sampling date is used (for

example Jan 1st 2011 for Sample 1 and Jan 17th 2011 for Sample 2).

To assess how well reduced sampling frequencies represent the full daily-resolution time series, the effect of selecting every
second, third or fourth observation from the full dataset was evaluated and its ability to reproduce both short- and medium-term
variability was examined. For this evaluation, daily sulfate mass concentrations, measured by Ion Chromatography (IC), and
gravimetrical PM;, were utilized (both from P M, filters, measured as part of the Swiss National Air Pollution Monitoring
Network (Hueglin et al., 2024)). Because sampling every k days can begin on any of the n possible phase offsets, we evaluated
four offsets corresponding to sampling starting on day 1, 2, 3, or 4 of the full record. For each offset, every k-th value was
extracted to form a subsample, and each subsample value was compared with the corresponding k-day block mean computed
directly from daily concentrations. Representativeness was then quantified using the integral of the spectral power (Venables
and Ripley, 2002) between the subsample strategy and the true block means. An optimal trade-off was found for composites
of four samples at an interval of four days.

To confirm this selection further, we quantified the bias, root-mean-square error (RMSE), correlation, distributional dif-
ferences, and the ratio of standard deviations between our strategy and the true block means. To evaluate potential aliasing
introduced by the reduced sampling interval, we computed the smoothed spectral density of the full daily series and quanti-
fied the proportion of total spectral power lying below the Nyquist frequency (= 1/(2 X dt), where dt = 4days (Infante et al.,
2021)) associated with sample selection every 4 days (0.125 cycles per day). In a second step, we evaluated the performance
of daily sample values mimicking composite sample values. Groups of four consecutive subsample points (spanning 16 days)

were averaged to produce composite values, which were compared against the corresponding 16-day block means from the full
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daily record of sulfate and P M concentrations (cf. Figure S2 for sulfate). The same performance metrics were then applied

to quantify how well the composite measurements reflect the true aggregated signal.

Composite sub-samples and True 16—day mean
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Figure S2. Sulfate mass concentration time series (2011 to February 2019) for 16-day composites sub-samples and true 16-day mean values

of the same periods. The bias, RMSE, R? and ratio of standard deviations are provided.

S1.2 Detection of Saharan dust events at the JFJ by aerosol optical properties

Collaud Coen et al. (2004) introduced a binary method for detection of Saharan dust plumes at the JFJ, based on aerosol optical
characteristics. It utilizes the change of the wavelength dependence (i.e. the Angstrém exponent) of the single scattering albedo
(SSA) during dust events. The larger particle size and different chemical composition of dust particles results in a negative
SSA Angstrém exponent.

Here, this method was applied for identification of dust events for the full time period from 2011 to 2021. The Angstrém
exponent of the SSA was calculated at a time resolution of 1 h from online wavelength-resolved scattering and absorption mea-
surements at the JFJ. Scattering coefficients at three wavelengths (450 nm, 550 nm, 700 nm) were measured by an integrating
nephelometer (3563, TSI, USA). Absorption coefficients at seven wavelengths (370 nm, 470 nm, 520 nm, 590 nm, 660 nm,
880 nm, 950 nm) were obtained from measurements of aethalometers (from 2011 to 2015: AE-31, Magee Scientific, Slovenia;

from 2015 to 2021: AE-33, Magee Scientific, Slovenia). All calculations were carried out as detailed in Collaud Coen et al.

90 (2004).
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S1.3 Filtering of Saharan dust influenced composite samples based on optical flags and elemental ICP-MS data

While the optical flagging based on the Angstrtim exponent of the SSA provides a reliable way to detect Saharan dust influence
at the JFJ, it offers no direct quantification of the event strength. For the pooled composite samples, short and weak episodes
of Saharan dust during one sample day might not lead to a dominant chemical dust fingerprint. In addition, online optical flags
are affected by periods of instrument downtime and detection sensitivity alters with instrument age.

Therefore, for filtering of Saharan dust influenced composite samples, titanium (Ti) ambient concentrations from Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) measurements of filters were utilized in combination with the optical flags as
a more quantitative criterion. Ti was selected based on its largely homogeneous distribution in the Saharan dessert (Scheuvens
et al., 2013), low background concentrations at the JFJ and reliable measurement above limits of quantification of the ICP-MS.
A comparison of our dataset, showing different elements during Saharan dust episodes and reference background conditions,
confirmed that Ti is one of the most reliable indicators for Saharan dust influence at the JFJ (Weng et al., in preparation). A
threshold Ti concentration for filtering Saharan dust dominated composite samples was defined (i.e. 0.002 uygm~3) utilizing
the optical dust flags to find a balance in order to only filter out composite samples with dominating Saharan dust influence.

Figure S3a shows a time series of Ti ambient concentrations and Figure S3b a comparison of Ti and aluminum (Al) ambient
concentrations, both colored by an optical Saharan dust flag criterion. Similar as Ti, Al is a reliable indicator for Saharan dust
influence at the JFJ (while the data coverage above the limit of quantification is slightly lower). A threshold of 0.002 uygm =3
Ti for filtering Saharan dust influenced composite samples was defined. As illustrated in Figure S3a, the threshold assures
that seasonal cycles of regional mineral dust are still retained, while strong long-range transported Saharan dust episodes are

filtered out (cf. also optical flags in Figure S3b).
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Figure S3. (a) Time series of Ti ambient concentrations at the JFJ, colored by optical Saharan dust flags. (b) Ti in comparison to Al
ambient concentrations at the JFJ, colored by optical Saharan dust flags. ’Dust’ (orange) means that composite sample contains at least one
consecutive 12 h period of positive optical flag, "No Data’ (grey) describes periods of optical instrument downtime, i.e. when no optical flags

are available. In both plots, the selected Ti threshold 0.002 ug m~* for filtering samples as Saharan dust dominated is indicated by red dashed

lines.
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S2 Chemical analysis of filter samples

In the following, the chemical analysis and data processing steps for the different measurement techniques are described in
detail. In section S3, measurements results of different independent analysis techniques (and sample preparation procedures)

are compared for validation.
S2.1 Chemical analysis of bulk WSOC as well as non-target Offline-AMS and Offline-EESI-MS WSOA composition
S2.1.1 Sample Preparation

A single water extract of P M filters was used for analysis of water-soluble organic carbon (WSOC) by a total organic carbon
(TOC) analyzer and bulk as well as near-molecular water-soluble organic aerosol (WSOA) composition by Offline-AMS and
Offline-EESI-MS, respectively.

Circular filter punches of 14 mm diameter were submerged in 12 mL of ultrapure water (Milli-Q®, <18.2 M{2cm at 25°C,
total organic carbon < 5 ppb, Merck Millipore, Germany) in extraction glass vials (15 mL Pyrex Boro 3.3 with screw cap,
Corning Incorporated, USA). In order to obtain analyte concentrations within the measurement range of the different instru-
ments, 8 punches were pooled for Non-Dust samples and 4 punches for Dust samples. Extraction glass vials were then sonicated
at 30 °C for 20 min, vortexed for 1 min and filtered through nylon membrane filters (0.45 pm pore size, HPLC syringe filters
YETI, Infochroma AG, Switzerland) into autosampler glass vials (40 mL, GO75W-27/095-H, Infochroma AG, Switzerland).
For filtration, polypropylene syringes (10 mL, single use syringes, Codan, Denmark) were used, after 4x pre-conditioning of
syringes and syringe filters with MilliQ. For each sample, the exact sample volume after extraction was determined gravimet-
ricly by weighing autosampler glass vials with an electronic microbalance (NewClassic MF ML204, Mettler Toledo, Switzer-
land), before and after filling with extracts. This is necessary as some of the original extraction volume remains in syringes and
filter punches, and exact volumes are required for subsequent quantification using an internal standard approach (volume loss
ranged from 1 mL to 2.5mL). After filtration, all samples were spiked with a solution of 180 uL of 200 pgmL " 34S-labeled
ammonium sulfate (purity > 90 %, Sigma-Aldrich, USA) and °N-labeled ammonium nitrate (purity 98.3 %, Sigma-Aldrich,
USA). Besides the application in quantification of organic components, internal standard spiking fulfills additional purposes:
Correction for nebulization instabilities and provision of carrier aerosol to ensure aerosol particle size distributions well in the
efficient size windows of AMS and EESI-MS. Aliquots of 3 mL of the spiked extracts were used for quantification of WSOC,
around 4 mL for analysis by Offline-AMS and Offline-EESI-MS.

S2.1.2 Quantification of WSOC by TOC analyzer

Quantification of WSOC was done by measurement of the water extracts with a TOC analyzer (TOC-L-series, Shimadzu,
Japan). The TOC analyzer was run in its default non-purgeable organic carbon (NPOC) protocol. This protocol ensures removal

of inorganic carbon (IC) constituents by acidification (H Cl, H3 PO,) of water extracts before measurement (Cui et al., 2024).
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S2.1.3 Non-target chemical analysis by Offline-AMS and Offline-EESI-MS

For analysis of water-soluble organic compounds by Offline-AMS and Offline-EESI-MS, a combination of an autosampler
(SC DX, Elemental Scientific, USA) and a nebulizer (APEX QW, Elemental Scientific, USA) was used to re-aerosolize sample
water extracts using synthetic air as carrier gas. After passing through a Nafion® dryer (MD-070, Perma Pure, USA), aerosol
was introduced to the AMS. The AMS combines flash vaporization (~ 600 °C) of aerosols with electron impact (EI) ionization
(Jimenez et al., 2003). This allows for quantitative analysis of all non-refractory aerosol constituents. Yet, the high vaporization
temperature and harsh ionization lead to extensive fragmentation of molecules before detection in the mass analyzer. The AMS
was operated here with a mass resolution of ~ 3000 at m/z 120 and a m/z accuracy of < 3 ppm. Other operating principles and
settings applied for the AMS were described in detail in previous studies (Daellenbach et al., 2016).

Before reaching the EESI-MS, the aerosol flow was additionally diluted 4 x with synthetic air to avoid strong reagent ion
depletion in EESI-MS and therefore non-linear response for more polluted samples. A charcoal denuder was placed ahead
of the EESI-MS for removal of gaseous contaminants, similar as in previous studies (Qi et al., 2020; Cui et al., 2024; Hao
et al., 2025). In the EESI inlet, the aerosol gets extracted into charged electrospray droplets (Lopez-Hilfiker et al., 2019). The
electrospray is generated from atomized reagent ion solution (100 ugmL ™" Nal in MilliQ®) in contact with a high-voltage
power supply. In a heating capillary (270 °C), droplets are vaporized leading to ionization by Coulomb explosions. Ions are
detected with a atmospheric pressure inlet ToF-MS operated in positive ion mode. EESI being a very soft chemical ionization
mechanism, sample molecules are usually detected intact, in the form of sodium adducts [M + Na*]. The EESI-MS was
operated with a resolution of ~ 8000 at m/z 200 and a m/z accuracy of < 2ppm. Other operating principles and settings
applied for the Offline-EESI-MS are identical to previous studies (Qi et al., 2020; Cui et al., 2024; Hao et al., 2025).

For both, AMS and EESI-MS, each extracted sample was measured in the following sequence: 8 min sample, followed by
a 8 min period of MilliQ® water blank, followed by a 8 min period of internal standard spiked MilliQ® water (same spiking
procedure as for samples), followed by a 12 min period of MilliQ® water blank.

S2.1.4 Data processing for Offline-AMS

Offline-AMS raw data was processed with ToF-AMS toolkits SQUIRREL (SeQUential Igor data RetRiEval v. 1.65F; D.
Sueper, University of Colorado, Boulder, CO, USA) and PIKA (Peak Integration and Key Analysis v. 1.25F) for IGOR Pro
(Igor 9, Wavemetrics Inc., USA). High resolution peak fitting was carried out from m/z 12-120, with a peak list consisting of
overall 872 ions (including stable isotopes). The integrated ion signal intensity time series was then further processed using
custom scripts in Python (Python 3.10.9, Python Software Foundation, 2022, https://www.python.org/). In short, the processing

steps included the following:

— Outlier removal based on AMS N, signal (visual thresholding)

— Assignment of sample, spiked water and water blank periods to ion signal time series, based on times recorded by the

autosampler control LabVIEW software (custom written VI, LabVIEW 2018, National Instruments, USA)
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— Outlier filtering based on median absolute deviation approach with > NOJ, applying a 3x deviation criterion

— Normalization of ion signals by internal standard > N signals, that is, sum of 1> NO and 1> N O,; using literature relative

ionization efficiency (RIE) values for '® N-nitrate (RIE = 1) and organics (RIE = 1.4), extract concentrations of ions

1 CONCegtract(i) in Ug mL ! can be quantified by:

CONCeytract(spike) . RIE(spike)

signal(spike) RIE(i) (S

CONCegtract (1) = signal (i) *
with the ion signal intensities for i signal(i), spiked '® N-nitrate mass concentrations concey¢rqct (spike), ion signal
intensities for spiked '® N-nitrate signal(i), and RIEs for the spiked '° N-nitrate RI E(spike), and ions i RIE(4).
Averaging of ion extract concentrations, based on assigned sample, spiked water, and water blank periods

Correction of extract concentrations with the effectively weighed extract volumes after filtration and spiking, in compar-

ison to the theoretical volumes initially used for extraction (12 mL)
For each sample, subtraction of its corresponding spiked water blank ion extract concentration
Pieber correction for C O;‘ and related ions, according to Pieber et al. (2016)

Retrieval of AMS atomic ratios (O/C, N/C, S/C, H/C) and organic matter/organic carbon ratios (OM/OC), following the
procedures of Aiken et al. (2007), and using the calibration factors of Aiken et al. (2008)

Quantification of ambient mass concentrations concampient(i) in ugm=2 for each ion i, using the following relationship:
N CONCegxtract (Z) * ‘/eactraction 1

conc i t) = ; * >
ambzent( ) fT(lCtZOﬂfilter VYsampled wir ( )

with the extract concentrations of ions i concegiract(i) [ mL_l], extraction volumes V. i¢raction [ML], fraction of
Mg

extracted filter area of total filter area fraction fiiter:

punch area * number of punches

iom e — S3
fraction ier ef fectively sampled filter area 5
and sampled air volume Viampied air:

Vsampled air = Sampling time [h] * sampling rate [mgh_l] (S4)

10
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— For each sample, subtraction of fieldblank hypothetical ambient mass concentrations (fieldblanks treated as samples in

data analysis steps before)

For chemical composition analysis and Offline-AMS bulk atomic ratios, Offline-AMS ion filtering was performed on data to
remove noisy ions. Threshold values were determined based on filter statistics, i.e. percentage of ions removed (per each AMS
ion family) and total ion intensity fraction removed by filtering steps. For retrieval of bulk Offline-AMS WSOA, no ion filtering

was performed. The following steps were carried out:

Remove any stable isotope ions

— Remove ions that exhibit a negative intensity/concentration across > 90% of all samples

Remove ions based on their intensity relative to water blank intensity (performed on sample and corresponding water
blank data after averaging and before water blank subtraction): remove if ion not at least in > 40% of samples a factor

of 3 higher in intensity than their corresponding water blanks

— Remove ions based on their intensity relative to fieldblank intensity (performed on sample and corresponding fieldblank
data after water blank subtraction and before fieldblank subtraction): remove if ion not at least in > 90% of samples a

factor of 1 higher in intensity than their corresponding fieldblanks

In this way, excluding stable isotope ions, 98 of in total 398 ions were removed (25%). Overall, around 93% of total ion

concentration was retained.
S2.1.5 Data processing for Offline-EESI-MS

Offline-EESI-MS raw data were processed using the IGOR Pro (Igor 9, Wavemetrics Inc., USA) based software Tofware
v4.0.3 (Tofwerk AG, Thun, Switzerland). A pre-averaging of raw data to 20 s intervals was done. High resolution peak fitting
was carried out from m/z 100-380. The peak list consisted of overall 5001 ions (excluding stable isotopes), of which 3212
were clearly assigned of organic nature (carbon containing). MFAssignR was used to determine the chemical formula of
initially unassigned peaks. The MFAssignR script was run for several samples of different seasonality. All unambiguously
assigned peaks by MFAssignR were compared with the manually assigned peak list, one by one, and cross-checked with
chemical databases. Similar to Offline-AMS data, Tofware exported time series were further processed with custom scripts in
Python (Python 3.10.9, Python Software Foundation, 2022, https://www.python.org/). In short, the processing steps included
the following:

— Outlier removal based on EESI-MS reagent ion related NayI™T signal (visual thresholding)

— Assignment of sample, spiked water and water blank periods to ion signal time series, based on times recorded by the

autosampler control LabVIEW software (custom written VI, LabVIEW 2018, National Instruments, USA)

— Outlier filtering based on median absolute deviation approach with Nas I+ signal, applying a 3x deviation criterion

11
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Normalization of ion signals by primary ion NaoI™" signal

— Normalization of ion signals by sum of 4S-Sulfate internal standard signals Na3[**S]O} and Na,[3*S]0O, I+
— Averaging of ion extract concentrations, based on assigned sample, spiked water, and water blank periods

— Correction of extract concentrations with the effectively weighed extract volumes after filtration and spiking, in compar-

ison to the theoretical volumes initially used for extraction (12 mL)
— For each sample, subtraction of its corresponding spiked water blank ion extract concentration

— ’Semi-Quantification’, i.e. correction of sample signal intensities with sampling and sample preparation parameters
such as sampling rate, punch size, number of punches etc. identical to the quantification step for Offline-AMS (cf.
Equation S2, Equation S3 and Equation S4); other than for Offline-AMS, for Offline-EESI-MS this step does not result
in ion ambient concentrations due to the non-quantitative character of EESI-MS; however, it assures direct comparison of
absolute signal intensities between samples with different sample preparation parameters (e.g. number of filter punches

extracted)
— For each sample, subtraction of fieldblank signal intensities (fieldblanks treated as samples in data analysis steps before)

Calculation of Offline-EESI-MS atomic ratios % (O/C, H/C, N/C) was done based on the ratio of ion signal intensities
Signal; for each organic ion i weighted by the number of corresponding elements X or C numberx o ¢ contained in the

molecular formula of that ion:

X Y,(Signal; x numberx) (S5)
C  Y,(Signal; * numberc)

Similar to Offline-AMS, ion filtering was performed to remove noisy ions. The following steps were carried out:

— Remove all Offline-EESI-MS ions that do not contain at least one carbon atom

— Remove ions based on their intensity relative to water blank intensity (performed on sample and corresponding water
blank data after averaging and before water blank subtraction): remove if ion not at least in > 40% of samples a factor

of 3 higher in intensity than their corresponding water blanks

In this way 719 of in total 3212 assigned organic ions were removed (22%).

S2.2 Analysis of major inorganic cations and anions as well as targeted chemical analysis of molecular organic

tracers: (di-)carboxylic acids, sugars and sugar alcohols

Similar to previously reported standard protocols (Jaffrezo et al., 1998; Waked et al., 2014), a range of carboxylic and di-
carboxylic acids were measured along with major inorganic anions and cations by Ion Chromatography-Mass Spectrometry
(IC-MS). Additionally, a selection of sugars and sugar alcohols were quantified by a recently developed method based on Ultra
High Performance Liquid Chromatography-Tandem Mass Spectrometry (UHPLC-MS/MS) (Bros et al., 2025).

12
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S2.2.1 Sample Preparation for IC-MS and UHPLC-MS/MS

Details about materials and sample preparation procedures are provided in Bros et al. (2025). In short, 4 circular filter punches
(18 mm) per sample were extracted by 6 mL of Milli-Q® and vortex-shaken for 20 min. The extracts were then filtered through
Milli-Q® pre-conditioned Ion Chromatography syringe filters (0.2 um pore size, Acrodisc, Cytiva, USA).

IC-MS analysis was carried out by direct injection of the filtrated aqueous extract. Before analysis with UHPLC-MS/MS,
the filtrate was diluted 1:10 with acetonitrile containing 0.005 % N H4,OH and a mixture of three isotopically labeled internal

standard sugars (8 ng mL™1).
S2.2.2 Analysis by IC-MS

For IC-MS analysis, 1.5 mL of filtered extract was transferred into polypropylene vials. The analysis of organic acids was
carried out using dual ion chromatography coupled to mass spectrometers. Inorganic anions and cations were detected by con-
ductivity. For cations, an ion chromatography setup system (INTEGRION, Thermo Fisher Scientific, USA) was used config-
ured with isocratic methanesulfonic acid (MSA) eluent and CG16-4 pm/CS16-4 um columns (2 mm, Thermo Fisher Scientific,
USA). For anions and organic acids, a coupled IC-MS (INTEGRION and ISQ EC, Thermo Fisher Scientific, USA) system
was used, configured with gradient KO H eluent and AG11HC-4 pm/AS11HC-4 pm columns (2mm, Thermo Fisher Scientific,
USA). The mass spectrometer was run in negative electrospray mode (—2700 V) and SIM mode tuned for each species with
full scan and targeted detection. Procedural and analytical errors were lower than 10% for both methods. Limits of detection

were below the ngmL ™! level in the samples for most of the compounds.
S2.2.3 Analysis by UHPLC-MS/MS

For UHPLC-MS/MS, a ultra-high-performance liquid chromatography setup (ExionLC AD binary pump, Sciex, USA) was
coupled to a tandem mass spectrometer (5500 QTRAP, Sciex, USA). The chromatographic column applied was a Luna Omega
Sugar HPLC column (Phenomenex, France) in combination with its corresponding guard column (SecurityGuard Cartridges,
Phenomenex, France). The tandem mass spectrometer was run in negative electrospray ionization mode. The detailed instru-

ment settings, measurement procedures and data analysis are described in Bros et al. (2025).
S2.3 Analysis of metal elemental composition

Major elements and trace metals were measured by ICP-MS.

S2.3.1 Sample Preparation for ICP-MS

A mild digestion was applied for dissolution of elements for analysis by ICP-MS. Mild mineralization of 6.2 cm® of the quartz
filter samples was carried out with strong ultra-trace metal grade acids without HF (6 mL of 69% H N O3, 3mL of 37% HCI,
10 drops of concentrated H2O-) in a 22 mL pre-washed teflon reactor (Savillex, USA). The reactor was kept sealed for 24 h

on a hot plate at 140 °C. After complete evaporation at 68 °C, samples were dissolved and transferred into metal free tubes
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with 2% H N Q3. Compared to a full mineralization with complete digestion of all elements using H F', the mild digestion
has the advantage of a lower liability towards contaminations from the filter matrix. This is especially relevant for the samples
from JFJ, where low ambient concentrations lead to low actual loadings of filter samples. The lower completeness of the mild
digestion for a range of elements can to some extend be accounted for by comparison with recovery rates of measured reference

materials, assuming similar behavior for the investigated samples.
S2.3.2 Analysis by triple quadrupole ICP-MS

Analysis of about 45 elements was carried out using a triple quadrupole ICP-MS (iCAP TQ ICPMS, Thermo Fisher Scientific,
USA) coupled with an autosampler (SC4 DX, Elemental Scientific, USA) and FAST valve introduction. Analytical mode (SQ,
or TQ-He / TQ-02 / TQ-NH3) for each element was chosen according to Thermo Fisher Scientific library and matrix advice
plus additional tests of interferences. Quantification was made by external calibration and isotopic dilution. Mineralization
yields, analytical reproducibility and accuracy were verified using reference material (ERM-CZ120 fine dust and BCR-723
road dust, European Commission Joint Research Centre, Belgium), in-house mixed standard solutions, and certified solutions
(CMS-5 and IV-STOCKS50, Analab, France), respectively. Procedural and analytical errors were lower than 10% for metal
elemental concentrations. The obtained metal concentrations were corrected for incomplete digestion by the recovery rates in

Table S1.
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Table S1. Recovery rates [%] for metals after mild digestion, obtained from analysis of certified reference materials.

Element Recovery (%)
Na 60
Sc 64
Ti 46
\Y 69
Cr 64
Mn 78
Co 80
Cu 71
Zn 98
Ga 61
As 87
Rb 42
Sr 51
Y 74
Zr 14
Mo 81
Cd 81
Sb 64
Cs 62
Ba 65
La 74
Ce 70
Sm 78
Tb 60
Pb 87
Th 76
U 59
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S3  Cross-validation of chemical analysis results

In order to validate analytical results of the different offline mass spectrometry techniques, a cross-validation was carried
out. For this, ambient concentrations or relative intensities obtained from different instruments for overlapping analytes were

300 compared.
S3.1 Offline-AMS and IC-MS inorganic sulfate

Sulfate was quantified in very good agreement by Offline-AMS and IC-MS. As all steps after the sampling were carried out

independently for the two techniques (including the water extraction), the results also validate the sample preparation process.
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Figure S4. (a) Time series and (b) scatter plot of inorganic sulfate ambient concentrations obtained from Offline-AMS and IC-MS. In the

scatter plot, the results of a linear fit and coefficient of determination (R?) are provided.
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S3.2 Offline-AMS and TOC analyzer WSOA

WSOA values quantified from Offline-AMS and the TOC analyzer (under consideration of Offline-AMS OM/OC-ratios) are
very consistent. The small discrepancy for very low concentrations in some of the years is likely associated to instrument be-
havior, as sample preparation was equivalent for both techniques. Offline-AMS WSOA is more consistent with concentrations
from previous online OA measurements at the JFJ (Frohlich et al., 2015). One explanation for the discrepency of the TOC
analyzer obtained WSOA can be the very low WSOC concentrations for fieldblank and winter samples, which could lie below

the actual detection limits of the technique (e.g. inaccurate fitting of peak signals).
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Figure SS. (a) Time series and (b) scatter plot of WSOA ambient concentrations obtained from Offline-AMS and the TOC analyzer (by
multiplication of WSOC with Offline-AMS OM/OC ratios). In the scatter plot, the results of a linear fit and coefficient of determination R>

are provided.
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S3.3 Offline EESI-MS and IC-MS inorganic sulfate

Similar to Offline-AMS, sulfate was quantified in very good agreement by Offline-EESI-MS and IC-MS. This provides vali-
dation for Offline-EESI-MS as well as IC-MS and once more the sample preparation routines which were independent for the

two techniques. At the same time consistency also between Offline-AMS and Offline-EESI-MS is demonstrated.
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Figure S6. (a) Time series and (b) scatter plot of inorganic sulfate ambient concentrations obtained from Offline-EESI-MS and IC-MS. In

the scatter plot, the results of a linear fit and coefficient of determination R? are provided.
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315 S3.4 Offline-EESI-MS, IC-MS and UHPLC-MS/MS organic markers

Due to its non-target nature and strongly differing analyte sensitivities, the Offline-EESI-MS provides no direct absolute quan-
tification for organic compounds. However, its near-molecular resolution allows comparison of relative signal intensities of sum
formulas with respective quantified molecular resolution organic compounds from IC-MS and UHPLC-MS/MS. The presence
of several isomers for a selected sum formula can complicate direct comparison for some species (especially those with low
320 abundances and weak instrument sensitivities). Nevertheless, good agreements are found for a wide range of analytes from

organic acids like oxalate and 3-MBTCA to sugar alcohols like 2-Methyltetrols.
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Figure S7. (a) Time series and (b) scatter plot of the relative signal intensity of the Cs H120s Na™ ion from Offline-EESI-MS and 3-
methylbutane-1,2,3-tricarboxylic acid (3-MBTCA, Cs H120g) ambient concentration obtained from IC-MS. In the scatter plot, the coeffi-

cient of determination R? is provided.
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S4 Online measurement of PV, and P M, mass concentrations at the JFJ and referencing to gravimetric P M+

Since October 2016, online PM; and P M, mass concentrations were measured by a fine dust monitor (FIDAS 200, PALAS,
Germany) at the JFJ. The FIDAS P M, and P M; concentrations are obtained from single-particle optical scattering measure-
ments which allow estimation of aerosol size distributions (and, with further assumptions, calculation of mass concentrations).
The lower size bin limit lies at 0.18 ym.

The FIDAS provides high time resolution measurements of PM; and P M. The European reference method for determina-
tion of different PM levels is however gravimetric measurement (European Committee for Standardization (CEN), 2023). As
the optical determination of the FIDAS differs conceptually strongly from gravimetric measurements, FIDAS P M, is com-
pared to gravimetric P and corrected for accordingly. There are no gravimetric P M; measurements at the JFJ. Therefore,
correction factors of P M are applied also to P M7, which can lead to higher uncertainties in FIDAS P M levels.

Figure S10a shows a comparison of gravimetric P M;q and FIDAS P M. A very good relative agreement is obtained for the
two independent methods. The mismatch in absolute concentrations originates mostly from the FIDAS raw data being recorded
under normal conditions assuming ambient pressures of 1013 mbar (the air-volume ratio between 653 mbar and 1013 mbar is
approximately 1.55). For correction, the slope of a simple linear regression (1.7 as shown in Figure S10a was applied for both

FIDAS PM; and PM;y.
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slope of (a) as a function of gravimetric P M.
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S5 Online measurement of eBC at the JFJ and comparison to thermal-optical EC

Equivalent black carbon (eBC) concentrations were obtained from online aerosol absorption measurements. For this, a multi-
angle absorption photometer (MAAP, 5012, Thermo Fisher Scientific, USA) was run at the JFJ, measuring aerosol absorption
coefficients at effectively 637 nm. Absorption data were processed according to Miiller et al. (2011) and the multi-site harmo-
nized mass absorption cross-section (MAC) of 10 m?g~"! was applied for conversion to eBC concentrations, in line with the
current eBC L3 Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS) calculation procedure.

Figure S11 shows a comparison of retrieved eBC concentrations and thermal-optical EC for overlapping time periods. The
concentrations follow a clear linear trend above 50 ngm ™2, while higher discrepancies are observed for low concentrations.
This could be explained by values close to the limits of quantification of both methods. As shown by the linear fit results in
Figure S11, there is a factor difference between eBC and EC that corresponds to about 15 % surplus of eBC. Discrepancies
at higher concentrations could be related to a not perfectly adequate site specific MAC value especially under conditions with
high OA concentrations, through lensing effects by organic coatings on black carbon (Zhang et al., 2018; Motos et al., 2020).
As the eBC and EC mass concentration fraction of PM;q is negligibly low at the JFJ and mostly the relative concentrations

are of interest in this work, no correction between the two methods is applied.
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Figure S11. Comparison of thermal-optical EC and optical eBC ambient concentrations at the JEJ. Data is from the periods of August 2013
to September 2014 and March 2019 to November 2019 (daily filter sample EC and eBC averaged accordingly). In the scatter plot, the results

of a linear fit and coefficient of determination R? are provided.
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S6 Online in-situ measurements of different trace gases at the JFJ
S6.1 Measurement of nitrogen oxides NO, NO; and NO,

Nitrogen monoxide (INO) was measured by a chemiluminescence detector (CLD 89p, Eco Physics, Switzerland). The sum
of nitrogen oxides NOx (= NO + NO) was quantified by a Correct Analysis of NOx (CRANOX) system. The CRANOX
systems consists of a photolysis converter (PLC 762, ANNOx, UK) and a chemiluminescence NO monitor (CLD 89p, Eco
Physics, Switzerland). The photolysis converter selectively converts NOs to NO. Cross selectivity towards N H3 and H NOs
are below 0.1 %, for peroxyacetyl nitrate (PAN) below 5 % and for H N O below 20 %. As the reduction of NO to NO in the
converter is not quantitative, a conversion efficiency was regularly determined (3 days) by zero air and calibration gas. Separate

NOs values can subsequently be retrieved by calculation of the difference of NOx and the independently measured NO.
S6.2 Measurement of ozone

Ozone (O3) was measured by a photometric O3 analyzer (until July 2011: 49C, from July 2011: 491, Thermo Fisher Scientific,
USA) based on UV absorption (peak at 254 nm).

S6.3 Measurement of sulfur dioxide

Sulfur dioxide (SO2) was measured by a SO analyzer (until October 2011: 43C TL, from October 2011: 43i TLE, Thermo
Fisher Scientific, USA) based on UV fluorescence.

S7 Semi-continuous online measurement of VOCs by Medusa cold trap gas-chromatography mass spectrometry

Medusa cold trap gas-chromatography mass spectrometry (Medusa GC-MS) was applied for semi-continuous measurement of
arange of non-methane hydrocarbons and halogenated VOCs at the JFJ. Medusa consists of a cold-trap pre-concentration setup
(Miller et al., 2008). In short, 2 L. ambient air samples are pre-concentrated on a cold trap (—165 °C), cryo-distilled and focused
on another cold trap. There, major air constituents No, O2, HoO, C'O- and noble gases are removed, after which the analytes
are transferred to the GC unit for separation and quadrupole MS (Agilent 5973, Agilent Technologies, USA) for detection.
Measurement cycles are 1h, followed each by a 1h calibration run with measurement standards to account for instrumental

drifts.
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S8 Measurement of meteorological parameters and calculation of the humidity ratio w
375 S8.1 Measurement of meteorological parameters at the JFJ

Meteorological measurements at the JFJ were conducted by the federal office of meteorology and climatology (MeteoSwiss)
as part of their SwissMetNet network at a 10 min time resolution (Appenzeller et al., 2008). Temperature and realtive humid-
ity (RH) were measured by a heated weather station with a dew point mirror (Thygan, Meteolabor, Switzerland). Barometric
pressure was recorded by a digital barometer (PTB220, Vaisala, Finland). Global solar radiation was measured by pyranometer

380 (CM21, Kipp & Zonen B.V., Netherlands). For comparison to lower time resolution chemical data, averages of the meteoro-
logical parameters for the composite filter sample periods were calculated.

Figure S12 presents seasonalities of temperature, RH and barometric pressure at the JFJ.
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Figure S12. Seasonal variability of (a) Temperature, (b) RH and (c) barometric pressure. Depicted are averages of high time resolution data
for the same time periods as the composite filter samples analyzed in this study. Seasons are defined as Winter - DJF, Spring - MAM, Summer

- JJA, Autumn - SON.
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S8.2 Calculation of the humidity ratio w and seasonal comparison to other variables impacting OH radical

production

Humidity ratios (w) of the air masses at the JFJ were calculated from temperature, RH and barometric pressure. In a simpli-
fied approach, it was assumed that no metastable thermodynamic states like supercooled liquid water are relevant. First the
saturation vapor pressure of water was estimated using the parameterization introduced by Buck (valid from —80 °C to 50 °C)
(Buck, 1981). As the saturation vapor pressure differs for liquid water and ice, Buck applies two separate equations depending

on temperature (above or below 0 °C):

17.502T
w=6.1121 _oTel S6
¢ *eXp(24o.97+T) (56)
92.452T
= 6.111 il 7
¢ =8 5*eXp<272.55+T) 57)

where T is temperature, e,, and e; are the saturation vapor pressures with respect to liquid water (7" > 0 °C) and ice (T' < 0
°C), respectively.

With the calculated water saturation vapor pressures, the actual water vapor partial pressure e can be calculated using the RH:

e= E * Cqp (S8)
100
RH

€= m *e; (89)

Then, w can then be retrieved using the barometric pressure p:

e

wlg/kg] = 0.622 x * 1000 (S10)

p—e
where the factor 0.622 is the ratio of molecular weights of water vapor to dry air (Wallace and Hobbs, 2006) and 1000 is the
conversion factor of [kg/kg] to [g/kg].

Figure S13 shows the relationship between w, temperature and RH. The impact of temperature on the saturation vapor
pressure overall dominates the magnitude of w, while RH can introduce considerable variability for comparable temperature

regimes.
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Figure S13. w as a function of temperature at the JFJ, colored by RH. Depicted are averages of high time resolution data for the same time

periods as the composite filter samples analyzed in this study.
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- MAM, Summer - JJA, Autumn - SON. Sampling dates dominated by Saharan dust were omitted from all plots.
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S9 Measurement of different PBLi tracers and comparison with the humidity ratio w
S9.1 Online measurement of PBLi tracers

Three independent PBLI tracers were measured online in-situ at the JFJ: i) NO,,/CO [ppb/ppb], the ratio of the sum of reactive
nitrogen species (NO,) and carbon monoxide (CO), ii) 222 Rn, the concentrations of radon-222 and iii) Ngo, the number
concentration of accumulation mode particles above 90 nm. A detailed description of the performances of the different PBLi
tracers, also with respect to independent transport simulations by the Lagrangian transport and dispersion model FLEXPART,
is provided in Herrmann et al. (2015).

The sum of reactive nitrogen species NO, was measured by a NO chemiluminescence detector (CLD 89p, Eco Physics,
Switzerland) after conversion of reactive nitrogen compounds to NO on a heated gold catalyst (300 °C) with 2% CO as
reducing agent (Zellweger et al., 1999, 2000; Pandey Deolal et al., 2012). Due to the transformation to N O in the measurement
setup, N O, is reported as mixing ratios (of measured N O), even though VO, is an integrated parameter over a range of species
(both gas and particle phase). Measurements were discontinued in February 2020. Carbon monoxide CO was measured by
cavity ring down spectroscopy (G2401, Picarro, USA) since 2012. Before 2012, the measurement was based on nondispersive
infrared absorption (APMA 360 and APMA 370, Horiba, Japan).

222 Rn was monitored using a setup based on a two-filter dual flow loop design (Whittlestone and Zahorowski, 1998) in
combination with a 750 L 222 Rn. detection chamber described in detail by Griffiths et al. (2014). Due to local construction
activities and changes in the ventilation system in proximity to the 222 Rn setup, data from January 2013 to October 2015 were
omitted.

Nyo was inferred from aerosol size distributions measured by a scanning mobility particle sizer (SMPS). A custom build
SMPS was used, consisting of a 85 Kr bipolar diffusion charger, a custom modified differential mobility analyzer (DMA, TSI
3071, USA) and a condensation particle counter (CPC, TSI 3775, USA) (Wiedensohler et al., 2012; Herrmann et al., 2015). A
size range of 10 nm to 450 nm was covered.

A time series of the three different PBLi tracers, averaged for the same time periods as the analyzed filter samples, is

presented in Figure S15. The seasonalities of PBLi tracers are depicted in Figure S16.
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Figure S15. Time series of the different PBLi tracers NO, /CO, 222Rn and Ngo measured at the JEJ from 2011 to 2021. Depicted are
averaged data for the same time periods as the composite samples chemically analyzed in this study. Sampling dates dominated by Saharan

dust were omitted from all plots.
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S9.2 Evaluating the relationship of w and PBLi

In order to disentangle the effects of PBLi and atmospheric oxidative capacity histories of air masses, the behavior of w with
respect to PBLI tracers is characterized. Figure S17 shows the relationship of w and the PBLi tracer NO,/CO at the JFJ,
colored by the different PBL associated species 222 Rn, NO,, and N Oy. Analogously, Figure S18 shows the same relationship
with respect to e BC' and tetrachloroethylene (C2Cl4). These species are all strongly associated to originate from emission
sources in the PBL (cf. Griffiths et al. (2014) for 222 Rn, Zellweger et al. (2000) for NO,, and N O,, Baltensperger et al. (1997)
for e BC' and Figure S20 for C2Cly).

On one side, a correlation of w with NO, /CO can be observed, in the sense that high levels of w are almost exclusively
found for moderate or high NO,,/CO. This can be explained by the fact that the atmospheric water vapor originates mainly
from surface evaporation in the PBL (Jin et al., 2024). Therefore elevated w at high altitudes is bound to intrusions of air masses
with recent contact to the earth’s surface (as indicated by high NO,,/CO). On the other side, the scatter plots clearly show that
there is a range of conditions with strong PBLi but only low or moderate w. This is firstly illustrated by the relationship of w
and NO,/CO. Secondly, it is confirmed by all the species associated to PBL origin in Figure S17 and Figure S18. For low
wand NO, /CO, these species show low levels (as PBLi are low). For high NO,,/CO, i.e. strong PBLI, they show generally
increased levels, essentially covering the whole range of w. The purely gas-phase species NO,, and CyCl, additionally feature
a clear trend for depletion under high w. Their mixing ratios are strongly bound to transport from the PBL on the one side and
oxidative degradation on the other, highlighting the role of w for the atmospheric oxidative capacity history of PBLi air masses
at the JFJ.

In the following, a statistical validation of the described relationships is provided in two ways. Central to this analysis is to
quantitatively demonstrate that w exhibits not only substantial variability but in some cases particularly low levels even under
strong PBL.i.

Firstly, Figure S19 shows box plots of the PBL associated species of Figure S17 and Figure S18 for low w under weak and
strong PBLi conditions (as represented by NO, /CO). Threshold values of < 3 gkg ™! for w and < 0.005 for N 0,/CO were
applied. To make this comparison robust, the data in the two categories ' Low NO,,/CO, Low w' and’ High NO,,/CO, Low w’
were re-sampled to a subset with identical median w. The p-values of Mann-Whitney-U-tests (depicted in the plots) show that
all PBL associated species are significantly elevated for the 'High NO,/CO, Low w' case. As data are resampled to equal
median w (so there is no significant difference in w for the two categories), this proves the statements made above.

Another statistical robust validation is provided by a quantile regression for w with the two PBLi tracers NO, /CO and

222 R as predictors. Three different regression models were run:

— A median (q = 0.5) quantile regression:

w = B+ B1NO,/CO + B5?**Rn (S11)
— A lower-tail (q = 0.1) quantile regression:
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wo.1 = fo + 1 NOy /CO + B2 **Rn (S12)

- A lower-tail (q = 0.1) quantile regression including an interaction term of NO,,/CO and *?2Rn..:

wo.1 = Bo+ 1 NOy /CO + B2 ***Rn + S5 (NO, /CO x ***Rn) (S13)

At a median level, w increases with both predictors as indicated by the positive coefficients 3 for NO, /CO (8 = 189.2, at
95 % confidence interval, p < 0.001) and for 2?2 Rn (8 = 0.5, at 95 % confidence interval, p < 0.001). At the 10th percentile,
both predictors remain statistically significant, however their effects are markedly reduced: NO,/CO (8=158.3, at 95%
confidence interval, p < 0.001) and 222 Rn (8 = 0.27, at 95 % confidence interval, p < 0.001). This indicates that their ability
to raise the lower tail of the w distribution is limited. Moreover, the model including the interaction term reveals a significant
negative joint effect (8 = —20.2, at 95 % confidence interval, p = 0.004), while the main effects remain positive. This indicates
that even when both predictors (i.e. PBLi tracers) are large, w can remain low.

In conclusion, the plots and statistical evaluation make clear that high PBLi is conditional for high w. Yet, high w is not
exclusive at high or moderate PBLi, where a broad distribution of w is observed. The broadness of this distribution allows
for an independent investigation of meteorological transport (proxy: NO,,/CO or ?*? Rn) and atmospheric oxidative capacity

(proxy: w) impacts on gas and aerosol loadings observed at the JFJ.
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Figure S17. Comparison of w and the PBLi tracer NO,/CO, colored by the different gaseous and particle phase species: (a) decadic
logarithm of 222 Ry, concentrations [Bqm ™21, (b) decadic logarithm of N O, mixing ratios [ppb] and (c) decadic logarithm of NO, mixing
ratios [ppb]. Data points are daily averages from the periods of 2011 to 2012 and 2016 to 2019 for >*? Rn, and 2011 to 2019 for NO,, and

NO,. Data above NO,/CO = 0.012 are not displayed for clarity of visualization (observations get sparse and trends are consistent).
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0.012 are not displayed for clarity of visualization (observations get sparse and trends are consistent).

36



(b)

Mann-Whitney-U-test: p=3e-45 Mann-Whitney-U-test: p=1e-110
6 = 2
—5 PO .
? : g —1.5 o
Ea4) . g
S — S T
N 5 L
S [Feod 2 ) o
] 0.5 4 o2,
r, d ==
0 g 0 :

Mann-Whitney-U-

Low NOy/CO, Low w High NOy/CO, Low w

test: p=9e-193

Low NOy/CO, Low w High NOy/CO, Low w

Mann-Whitney-U-test: p=8e-41

3 - -
. 0.12 4
2.5 :
b & 01 %
—_ K . i —
a 2 & I €o0.08 % uE
& 1.5 ’-.’;* (e)] ".;.".
s : & 20.06| - 2,‘
= 1 % Qo.04| ‘:h";
9] B PR
== " o o &
L

Low NOy/CO, Low w High NOy/CO, Low w

(e)

Mann-Whitney-U-test: p=5e-67
0.02

—0.015 £

el [

Q -

& .

= 0.01 -

O k]

o

U 0.005 ﬁ

Low NOy/CO, Low w

High NOy/CO, Low w

Low NOy/CO, Low w

High NOy/CO, Low w

Figure S19. For the species displayed in Figure S17 and Figure S18, comparison of the low w fractions (i.e. < 3) for low NO,/CO
(£0.005) and high NO,,/CO (> 0.005) in the form of box plots. Data were resampled for the two categories to have identical w median

values. Above each plot, the p-values of a Mann-Whitney-U-test are provided.
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Figure S20. Tetrachloroethylene (C2Cl4) mixing ratios as a function of the PBLi tracer NO,/CO, colored by w. Data points are daily
averages from the periods 2011 to 2019.
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S9.3 Comparison of the different PBLi tracers and their dependence on w
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Figure S21. Comparison of different PBLI tracers, colored by w. (a) 222 Rn as a function of NO, /CO, (b) Ngg as a function of NO, /CO
and (c) Ngo as a function of 22 Rn. Depicted are averaged data for the same time periods as the composite samples chemically analyzed in

this study. Sampling dates dominated by Saharan dust were omitted from all plots.
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475 S10 Mass reconstruction of P Mg at the JF]J

S10.1 Fine-mode P M, aerosol
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Figure S22. (a) Time series of FIDAS P M, (black, from October 2016) and a sum of the fine-mode aerosol constituent mass concentrations
(grey) including WSOA, sulfate, and ammonium. (b) FIDAS P M, as a function of the mass concentrations of the summed constituents. A

linear fit equation and coefficient of determination R? are provided.
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S10.2 OC/EC ratios

For calculation of OC/EC ratios and display of seasonalities, only samples should be considered with EC concentrations above
the limit of quantification of the SUNSET instrument. To assure this, samples were filtered based on a 3-sigma criterion with

respect to fieldblank EC levels. For this, a threshold EC loading was calculated based on:

mean( fieldblanks) + 3xo(fieldlanks) (S14)

with the mean and standard deviation of fieldblank loadings. Samples below that threshold were not considered in the calcula-

tion.
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Figure S23. (a) Comparison of OC and EC ambient concentrations at the JFJ and (b) seasonal OC/EC ratios. Data are filtered based on a 3
sigma criterion for sample filter EC loadings above fieldblank levels. Data is from the periods of August 2013 to September 2014 and March
2019 to November 2019 (daily filter samples).
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S10.3 WSOC/OC ratios as an indicator for water solubility of OA at the JFJ

485 WSOC/OC can be seen as a good indicator for water solubility of OA. For a quantitative assessment based on OA mass,
the differences in OM/OC ratios between WSOA and OA would also have to be taken into account. As the water-insoluble
part of OA can be expected to have lower OM/OC due its lower polarity (and therefore less relative amount of heteroatoms
that contribute to OM), the actual water solubility of OA lies above the 83 % estimated from a linear fit of OC vs. WSOC
(Figure S24).
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Figure S24. Comparison of OC and WSOC ambient concentrations at the JFEJ. WSOC was obtained from the Offline-AMS quantified WSOA
by division with Offline-AMS OM/OC-ratios. Data is from the periods of August 2013 to September 2014 and March 2019 to November

2019 (composite filter samples). In the scatter plot, a linear fit is plotted and the fit equation and coefficient of determination R? are provided.
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490 S10.4 Coarse-mode P M _1q aerosol
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Figure S25. (a) Mass concentration time series of FIDAS PM;_1¢ (black, from October 2016), the residual of gravimetric P Mo after
subtraction of WSOA, sulfate and ammonium (beige) and the sum of the ions Ca®*, Mg¢?* and KT (purple). Gravimetric PMj residual
as a function of (b) FIDAS PM;_1¢ and (c) the sum of Ca®*, M gz+ and K. A linear fit equation and coefficients of determination R?

are provided.
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S10.5 Mass reconstruction of mineral dust and comparison with coarse-mode aerosol loadings

Mass reconstruction of mineral dust was carried out based on ICP-MS elemental data, following an approach described by
Hueglin et al. (2005). The major elements by abundance Al, Mg, K, Ca and Fe were considered as well as an estimated
concentration of Si (which cannot be quantified from quartz filter samples). For estimating Si, the average ratio of Si and Al
in the earth’s crust was applied: S = 3.41Al. Under the assumption that elements are present in form of their oxides, mineral
dust mass was calculated from element concentrations (mild mineralization recovery corrected, cf. subsection S2.3) using the
factors: 1.89A14+1.66 M g+1.21 K +1.40Ca+1.43Fe+2.145% (Hueglin et al., 2005; Chow et al., 1994). For a more complete
reconstruction of coarse-mode mass, the sum of trace element concentrations was also calculated (including Li, Be, B, Na, Sc,
Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Mo, Cd, Sn, Sb, Cs, Ba, La, Ce, Sm, Tb, Pb, Th, U).

The very low ambient aerosol concentrations at the JFJ (especially under FT-like conditions) and the necessity of applying
a mild mineralization of filter material to minimize matrix effects (cf. subsection S2.3) led to only a small fraction of samples
showing all major elements above limits of quantification (overall 21 samples). Only these samples were considered for recon-
struction of relative elemental composition and comparison to coarse-mode levels. In light of this, the aim of the mineral dust
mass reconstruction done here is primarily to provide a good estimate of coarse-mode composition at the JFJ (in the absence
of Saharan dust) and not to quantitatively describe composition seasonal variability.

In Figure S26, the recovery ratio of coarse-mode aerosol by mineral dust and trace element mass concentrations is shown in

the form of a box plot. It is calculated in the following way (with conc.: mass concentrations):

conc.(mineral dust + trace elements)

(S15)

d tio =
coarse mode recouery ratio P Mo (gravimetric) — conc.(WSOA + sulfate + ammonium)
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Figure S26. Box plot of the coarse-mode recovery ratio, i.e. the ratio of the reconstructed mass of mineral dust and trace elements (from
ICP-MS data) and the gravimetric P Mo fraction after subtraction of fine-mode constituents (WSOA, sulfate and ammonium). Only samples
with a full set of major mineral dust elements (Al, Mg, K, Ca, Fe, estimated Si) above limits of detection were considered. Sampling dates

dominated by Saharan dust were not considered.
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Figure S27. Elemental composition of the coarse-mode aerosol fraction at the JFJ (long-range transported Saharan dust dominated conditions
excluded), composed of mineral dust and trace elements in the form of (a) a pie chart of median values and (b) a box plot showing the mass
fraction of each element to total mass of mineral dust and trace elements. Only samples with a full set of major mineral dust elements (Al,
Mg, K, Ca, Fe, estimated Si) above limits of detection were considered. All major elements are assumed to be present in the form of their

oxides.
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S10.6 Mass concentration seasonalities of selected PN 10 constituents and P M 10 fractions
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Figure S28. Seasonal trends of mass concentrations for the typical coarse-mode metal aerosol constituents (a) lithium and (b) aluminum, as

well as typical fine-mode constituents (c) cadmium and (d) vanadium at the JEJ. All data are from ICP-MS. Seasons are defined as Winter -

DJF, Spring - MAM, Summer - JJA, Autumn - SON. Sampling dates dominated by Saharan dust were not considered.
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Figure S29. Seasonal trends of different bulk aerosol mass concentrations at the JFJ: (a) Gravimetric P Mo, (b) fine-mode aerosol (PM;)
as represented by the sum of the fine-mode aerosol constituent WSOA, sulfate and ammonium, (c) coarse-mode aerosol (PM;_10) as
represented by the residual of gravimetric P Mo after subtraction of WSOA, sulfate and ammonium. Seasons are defined as Winter - DJF,

Spring - MAM, Summer - JJA, Autumn - SON. Sampling dates dominated by Saharan dust were not considered.
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510 S11 The dependence of VOC mixing ratios on NO,/CO and w at the JFJ
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Figure S30. Mixing ratios of (a) iso-Butane, (b) toluene, (c) n-Pentane and (d) trichloroethylene as a function of NO, /CO at the JFJ,

colored by w. Depicted are average data for the same time periods as the composite samples chemically analyzed in this study (data from
2011 to 2020).

49



n-Pentane

0.08

0.06 === n-Pentane

0.04 === n-Butane

0.02 === iso-Butane
0 == Benzene

[ppb]

n-Butane
0.3
L |
g . |J’\p‘\NjA\#J\uJLLjH\J‘kgf l
a
2 0.1 Y
0 . : ; .
iso-Butane
0.15
a
Q0.1 ’
2 0.05 W
0 T T T T T
Benzene
E 0.1
o
Q. 0.05 4\.
0 L] T T T T
2012 2014 2016 2018 2020

Sampling Date

Figure S31. Mixing ratio time series of the NMHCs n-Pentane, n-Butane, iso-Butane and Benzene from 2011 to 2020 at the JFJ.
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S12  Behavior of PM; and eBC with respect to NO,,/CO and w
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Figure S32. The ratio of PM;/eBC at the JFJ as a function of the PBLi tracer NO, /CO, colored by w. The orange vertical line indicates
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FNWDRUTO N

the threshold NO,,/CO = 0.004 used in Figure 5 of the main manuscript. PM; data is from online FIDAS measurements. Data points are
3 h aggregated averages of the whole period between November 2016 and February 2020. Sampling dates dominated by Saharan dust were

omitted based on high-time-resolution optical flags.
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Figure S33. (a) FIDAS PM; as a function of the PBLi transport tracer NO,, /CO, colored by w. (b) The analogous plots of FIDAS P M,
as a function of NO,/CO, binned for different levels of w (as indicated above each sub-plot). (c) Linear regression slopes for the plots
displayed in (b), with the number of data points considered for each regression denoted above each bar. A higher slope represents a stronger
increase with NO,/CO at a certain level of w. Data points are 3 h averages of the whole period between November 2016 and February

2020. Sampling dates dominated by Saharan dust were omitted based on high-time-resolution optical flags.
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Figure S34. (a) eBC as a function of the PBLi transport tracer NO, /CO, colored by w. (b) The analogous plots of eBC as a function of
NO,/CO, binned for different levels of w (as indicated above each sub-plot). (c) Linear regression slopes for the plots displayed in (b),
with the number of data points considered for each regression denoted above each bar. A higher slope represents a stronger increase with
NO,/CO at a certain level of w. Data points are 3 h averages of the whole period between November 2016 and February 2020. Sampling

dates dominated by Saharan dust were omitted based on high-time-resolution optical flags.
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S13 Dependence of aerosol constituent mass concentrations on NO,,/CO and w
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Figure S35. Sulfate ambient concentrations at the JEJ as a function of the PBLi tracer NO,,/CO, colored by (a) w and (b) SO-. Sulfate data

is from IC-MS, SO- from online in-situ measurements.
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Figure S36. (a) Elemental sulfur and (b) selenium ambient concentrations at the JFJ as a function of the PBLi tracer NO, /CO, colored

by w. Data is from ICP-MS. Binned local median trend lines of mass concentrations vs. NO,/CO for low (blue) and high (orange) w are

displayed. For this, data were stratified into five discrete NO, /CO bins, locally segregated by upper/lower half of w observations and the

medians for the low and high w groups were calculated to obtain trend lines. Sampling dates dominated by Saharan dust were omitted from

all plots.
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Figure S38. (a) Fine-mode fraction and (b) P M, Residual of the aerosol at the JFJ as a function of the PBLi tracer NO,/CO, colored by

w. Fine-mode is calculated as the sum of WSOA, sulfate and ammonium. P M Residual is calculated by subtracting fine-mode constituents

from PM;o. Binned local median trend lines of mass concentrations vs. NO,/CO for low (blue) and high (orange) w are displayed. For
this, data were stratified into five discrete NO,/CO bins, locally segregated by upper/lower half of w observations and the medians for the

low and high w groups were calculated to obtain trend lines. Sampling dates dominated by Saharan dust were omitted from all plots.
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S14 Molecular secondary organic aerosol marker reactivity in the light of atmospheric oxidative capacity
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Figure S39. Ratio of 4-methylphthalic acid (4-M-PhA) mass concentrations [ng m 3] and benzene mixing ratio [ppb] at the JFJ as a function
of w, colored by the PBLI tracer NO,,/CO. Binned local median trend lines of the ratio vs. w for low (blue) and high (orange) NO, /CO

4-M-PhA / Benzene

o

are displayed. For this, data were stratified into six discrete w bins, locally segregated by upper/lower half of NO, /CO observations and
the medians for the low and high NO, /CO groups were calculated to obtain trend lines. Sampling dates dominated by Saharan dust were

omitted from the plot.
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Figure S40. Time series of mass concentrations for the three a-pinene derived SOA markers pinic acid, cis-pinonic acid and 3-methylbutane-

1,2,3-tricarboxylic acid (3-MBTCA) at the JFJ and the respective ratios 3-MBTCA/pinic acid and 3-MBTCA/cis-pinonic acid. Missing data

points are due to sample concentrations below limit of quantification.
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Figure S41. Mass concentration [ng m ™3] ratio of the biogenic SOA markers 3-MBTCA and cis-pinonic acid at the JFJ as a function of
w, colored by global radiation intensity (hv). Binned local median trend lines of the ratio vs. w for low (blue) and high (orange) hv are
displayed. For this, data were stratified into six discrete w bins, locally segregated by upper/lower half of hr observations and the medians

for the low and high hr groups were calculated to obtain trend lines. Sampling dates dominated by Saharan dust were omitted from the plot.
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S15 WSOA chemical composition in the light of NO, /CO and w

(a) (b)
g 0.5 g 1.75
. -1 . -1

O : o |wlgkgT] =0 - w [g kg™]
m 0-45 'O'ao. y ° ¢ 6 U.) i ’ ° 6
Z '..03. : .o 5 z 1-65 ..:’.’o ®e . 5
|_I| O 4 ...: Y X ° |—I| 1.6 ° ..~.~o:'.‘.'. ‘.‘ .:.
v PRI by D 155] ° WLl 4
Lll-l 0-35 :0‘§39.:..‘ . ® e 3 Lll.l '1.5 . .. o..:s: ..0:.; .o.' ° 3
g 03] = oo . T a2 145 ¢+ .7 2
& 0.25 . 1 £ 1.4 . 1
© ocooooo © ocoocooo

O O O o O O O O o O

O O © O =~ O O O O ~

N B O @ N B O @

Figure S42. Offline-EESI-MS atomic (a) O/C- and (b) H/C-ratios of the WSOA at JFJ as a function of the PBLi tracer NO,,/CO, colored

by w. Sampling dates dominated by Saharan dust were omitted from the plot. Data is from composite filter samples from 2011 to 2019.
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Figure S43. Offline-AMS atomic (a) O/C- and (b) H/C-ratios of the WSOA at JFJ as a function of the PBLi tracer NO,,/CO, colored by w.

Sampling dates dominated by Saharan dust were omitted from the plot.
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Figure S44. 11-year time series of Offline-AMS bulk atomic O/C-, H/C- and N/C-ratios as well as the OM/OC-ratio at the JFJ. Sampling

dates dominated by Saharan dust were omitted from the plot.
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Table S2. Overview of the online meteorological and aerosol measurement instruments deployed at the JFJ, along with the corresponding derived analytical

parameters utilized in this study. Periods of data coverage are specified, accompanied by additional remarks where necessary.

Analytical parameter

Instrument

Data coverage

Comment

Temperature, realtive humidity

Barometric pressure

Global solar radiation

Aerosol absorption coefficients

Aerosol absorption coefficients, eBC

Aerosol scattering coefficients

Online PM, and PMio

gravimetric P Mo

Weather station with dew point mirror

(Thygan, Meteolabor, Switzerland)

Digital barometer PTB220 (Vaisala,
Finland)

Pyranometer CM21 (Kipp & Zonen
B.V., Netherlands)

AE-31 (Magee Scientific, Slovenia),
AE-33 (Magee Scientific, Slovenia)

MAAP 5012, (Thermo Fisher Scien-
tific, USA)

3563 (TSI, USA)

Fine dust monitor FIDAS 200
(PALAS, Germany)

HiVol filters collection and weighing
before and after collection with high
precision analytical balance XP205

(Mettler Toledo, USA)

2011 to 2021

2011 to 2021

2011 to 2021

2011 to 2021

2011 to 2021

2011 to 2021

October 2016 to 2021

2011 to 2021

used for Saharan dust detection; \ =
370nm, 470 nm, 520nm, 590 nm,
660nm, 880nm, 950nm; AE-31
data usage changed to AE-33 in 2015

used for calculation of eBC; \ = ef-

fectively 637 nm

used for Saharan dust detection; A =

450 nm, 550 nm, 700 nm

Referenced to gravimetric PMio

standard method

filter conditioning at 20 °C and 50 %
RH for 96 h
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Table S3. Overview of the online gas-phase composition measurement instruments deployed at the JFJ, along with the corresponding derived analytical parameters

utilized in this study. Periods of data coverage are specified, accompanied by additional remarks where necessary.

Analytical parameter

Instrument

Data coverage

Comment

co

NO

NO-

SO-

Os

Non-methane hydrocarbons and halogenated VOCs

G2401 (Picarro, USA), APMA
360 and APMA 370 (Horiba,
Japan)

CLD 89p (Eco Physics, Switzer-
land)

CRANOX: PLC 762 (ANNOXx,
UK) + CLD 89p (Eco Physics,

Switzerland)

43C TL and 43i TLE (Thermo
Fisher Scientific, USA)

49C and 49i photometric O3
analyzer (Thermo Fisher Scien-

tific, USA)

Medusa  cold trap  gas-
chromatography mass spectrom-
etry (Medusa GC-MS), custom-
built pre-concentration  unit
and Agilent 5973 quadrupole
mass spectrometer (Agilent

Technologies, USA)

2011 to 2021

2011 to 2021

2011 to 2021

2011 to 2021

2011 to 2021

2011 to 2021

AMPA changed to G2401 in
2012

43C TL changed to 43i TLE in
October 2011

49C changed to 491 in July 2011

semi-continuous on-site at the

JF]
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Table S4. Overview of the online PBLi tracer measurement instruments deployed at the JFJ, along with the corresponding derived analytical parameters utilized in

this study. Periods of data coverage are specified, accompanied by additional remarks where necessary.

Analytical parameter

Instrument

Data coverage

Comment

Noo

NO, (sum of reactive N-species)

222RTL

Scanning mobility particle sizer
(SMPS), custom build from differ-
ential mobility analyzer (DMA, TSI
3071, USA) and condensation particle
counter (CPC, TSI 3775, USA)

Converter + CLD 89p (Eco Physics,

Switzerland)

two-filter dual flow loop design +

750 L 222 Rn detection chamber

2011 to 2021

2011 to 02/2020

2011 to 2012, 2016 to 2021

according to specifications in Wieden-

sohler et al. (2012)

conversion to NO on heated gold sur-

face (300 °C) (Zellweger et al., 2000)

detection principle according to Grif-

fiths et al. (2014)




99

Table S5. Overview of the offline HiVol filter based chemical parameters analyzed in this study, along with deployed instrumentation. Periods of data coverage are

specified, accompanied by additional remarks where necessary.

Analytical parameter

Instrument

Data coverage

Comment

Bulk OC and EC concentration

Bulk WSOC concentration

Bulk WSOA concentration and com-

position, atomic- and OM/OC-ratios

Near-molecular organic composition

Major elements and trace metals

Inorganic anions and cations, Molec-

ular ID (di-)carboxylic acids

Molecular ID sugars and sugar alco-

hols

OC-EC analyzer Model 5 (Sunset
Lab, USA)

TOC-L-series (Shimadzu, Japan)

Aerosol Mass Spectrometer, Long

Time-of-Flight (Aerodyne, USA)

Extractive Electrospray Ionization
Mass Spectrometer, Long Time-of-
Flight (custom-designed inlet, MS
from TOFWERK, Switzerland)

Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) iCAP TQ
(Thermo Fisher Scientific, USA)

Ion Chromatography-Mass Spec-
trometry (IC-MS) with INTEGRION
setup  (Thermo
Fisher Scientific, USA) and INTE-
GRION ISQ EC mass spectrometer

(Thermo Fisher Scientific, USA)

chromatography

Ultra High Performance Liquid
Chromatography-Tandem Mass
(UHPLC-MS/MS)

with ExionLC AD binary pump

Spectrometry

chromatography setup (Sciex, USA)
and 5500 QTRAP tandem mass
spectrometer (Sciex, USA)

August 2013 to September 2014 and
March 2019 to November 2019

2011 to 2021 (4 day composites)

2011 to 2021 (4 day composites)

2011 to 2019 (4 day composites)

2011 to 2021 (4 day composites)

2011 to 2021 (4 day composites)

2011 to 2021 (4 day composites)

OC converted to OA by Offline-AMS
OM/OC-ratios

WSOC converted to WSOA by
Offline-AMS OM/OC-ratios

due to shifts in instrument sensitivity,
the 2019 to 2021 EESI-MS data were

only used for validation purposes

mild digestion of filters
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