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S1 Sample selection strategy and filtering of Saharan dust influenced composite samples55

S1.1 Sample selection strategy for 11-year composite filter samples

Daily PM10 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.

313029282726252423222120191817161514131211109876543212011 Jan

282726252423222120191817161514131211109876543212011 Feb

Sample 1 Sample 2

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

…

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 every60

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 PM10 were utilized (both from PM10 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 was65

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-70

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 � 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)75

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 PM10 concentrations (cf. Figure S2 for sulfate). The same performance metrics were then applied

to quantify how well the composite measurements re�ect the true aggregated signal.

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, R2 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 optical80

characteristics. It utilizes the change of the wavelength dependence (i.e. the Ångström 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 Ångström exponent.

Here, this method was applied for identi�cation of dust events for the full time period from 2011 to 2021. The Ångström

exponent of the SSA was calculated at a time resolution of 1 h from online wavelength-resolved scattering and absorption mea-85

surements at the JFJ. Scattering coef�cients at three wavelengths (450 nm, 550 nm, 700 nm) were measured by an integrating

nephelometer (3563, TSI, USA). Absorption coef�cients 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 Scienti�c, Slovenia;

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

(2004).90
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S1.3 Filtering of Saharan dust in�uenced composite samples based on optical �ags and elemental ICP-MS data

While the optical �agging based on the Ångström exponent of the SSA provides a reliable way to detect Saharan dust in�uence

at the JFJ, it offers no direct quanti�cation 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 �ngerprint. In addition, online optical �ags

are affected by periods of instrument downtime and detection sensitivity alters with instrument age.95

Therefore, for �ltering of Saharan dust in�uenced composite samples, titanium (Ti) ambient concentrations from Inductively

Coupled Plasma Mass Spectrometry (ICP-MS) measurements of �lters were utilized in combination with the optical �ags 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 quanti�cation of the ICP-MS.

A comparison of our dataset, showing different elements during Saharan dust episodes and reference background conditions,100

con�rmed that Ti is one of the most reliable indicators for Saharan dust in�uence at the JFJ (Weng et al., in preparation). A

threshold Ti concentration for �ltering Saharan dust dominated composite samples was de�ned (i.e. 0:002 µgm�3 ) utilizing

the optical dust �ags to �nd a balance in order to only �lter out composite samples with dominating Saharan dust in�uence.

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 �ag criterion. Similar as Ti, Al is a reliable indicator for Saharan dust105

in�uence at the JFJ (while the data coverage above the limit of quanti�cation is slightly lower). A threshold of 0:002 µgm�3

Ti for �ltering Saharan dust in�uenced composite samples was de�ned. 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

�ltered out (cf. also optical �ags in Figure S3b).
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Figure S3. (a) Time series of Ti ambient concentrations at the JFJ, colored by optical Saharan dust �ags. (b) Ti in comparison to Al

ambient concentrations at the JFJ, colored by optical Saharan dust �ags. 'Dust' (orange) means that composite sample contains at least one

consecutive 12 h period of positive optical �ag, 'No Data' (grey) describes periods of optical instrument downtime, i.e. when no optical �ags

are available. In both plots, the selected Ti threshold 0:002 µgm�3 for �ltering samples as Saharan dust dominated is indicated by red dashed

lines.
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S2 Chemical analysis of �lter samples110

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 Of�ine-AMS and Of�ine-EESI-MS WSOA composition

S2.1.1 Sample Preparation115

A single water extract of PM10 �lters 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 Of�ine-AMS and

Of�ine-EESI-MS, respectively.

Circular �lter punches of 14 mm diameter were submerged in 12 mL of ultrapure water (Milli-Q®, <18:2 M
cm at 25� C,

total organic carbon < 5 ppb, Merck Millipore, Germany) in extraction glass vials (15 mL Pyrex Boro 3.3 with screw cap,120

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 �ltered through nylon membrane �lters (0:45 µm pore size, HPLC syringe �lters

YETI, Infochroma AG, Switzerland) into autosampler glass vials (40 mL, G075W-27/095-H, Infochroma AG, Switzerland).

For �ltration, polypropylene syringes (10 mL, single use syringes, Codan, Denmark) were used, after 4� pre-conditioning of125

syringes and syringe �lters 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 �lling with extracts. This is necessary as some of the original extraction volume remains in syringes and

�lter punches, and exact volumes are required for subsequent quanti�cation using an internal standard approach (volume loss

ranged from 1 mL to 2:5 mL). After �ltration, all samples were spiked with a solution of 180 µL of 200 µgmL�1 34S-labeled130

ammonium sulfate (purity � 90 %, Sigma-Aldrich, USA) and15N-labeled ammonium nitrate (purity 98.3 %, Sigma-Aldrich,

USA). Besides the application in quanti�cation of organic components, internal standard spiking ful�lls additional purposes:

Correction for nebulization instabilities and provision of carrier aerosol to ensure aerosol particle size distributions well in the

ef�cient size windows of AMS and EESI-MS. Aliquots of 3 mL of the spiked extracts were used for quanti�cation of WSOC,

around 4 mL for analysis by Of�ine-AMS and Of�ine-EESI-MS.135

S2.1.2 Quanti�cation of WSOC by TOC analyzer

Quanti�cation 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 acidi�cation (HCl, H3PO4) of water extracts before measurement (Cui et al., 2024).
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S2.1.3 Non-target chemical analysis by Of�ine-AMS and Of�ine-EESI-MS140

For analysis of water-soluble organic compounds by Of�ine-AMS and Of�ine-EESI-MS, a combination of an autosampler

(SC DX, Elemental Scienti�c, USA) and a nebulizer (APEX QW, Elemental Scienti�c, USA) was used to re-aerosolize sample

water extracts using synthetic air as carrier gas. After passing through a Na�on® dryer (MD-070, Perma Pure, USA), aerosol

was introduced to the AMS. The AMS combines �ash 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 vaporization145

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 �ow was additionally diluted 4� 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 ahead150

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-Hil�ker et al., 2019). The

electrospray is generated from atomized reagent ion solution (100 µgmL�1 NaI 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 ionization155

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 � 2 ppm. Other operating principles and settings

applied for the Of�ine-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 spiking160

procedure as for samples), followed by a 12 min period of MilliQ® water blank.

S2.1.4 Data processing for Of�ine-AMS

Of�ine-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 �tting was carried out from m/z 12-120, with a peak list consisting of165

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+2 signal (visual thresholding)

– Assignment of sample, spiked water and water blank periods to ion signal time series, based on times recorded by the170

autosampler control LabVIEW software (custom written VI, LabVIEW 2018, National Instruments, USA)
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– Outlier �ltering based on median absolute deviation approach with15NO+
3 , applying a 3� deviation criterion

– Normalization of ion signals by internal standard15N signals, that is, sum of15NO and15NO2; using literature relative

ionization ef�ciency (RIE) values for15N-nitrate (RIE = 1) and organics (RIE = 1:4), extract concentrations of ions

i concextract (i) in µgmL�1 can be quanti�ed by:175

concextract (i) = signal(i) �
concextract (spike)

signal(spike)
�

RIE(spike)
RIE(i)

(S1)

with the ion signal intensities for i signal(i), spiked15N-nitrate mass concentrations concextract (spike), ion signal

intensities for spiked15N-nitrate signal(i), and RIEs for the spiked15N-nitrate RIE(spike), and ions i RIE(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 �ltration and spiking, in compar-180

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 CO+2 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)185

– Quanti�cation of ambient mass concentrations concambient (i) in µgm�3 for each ion i, using the following relationship:

concambient (i) =
concextract (i) � V extraction

f raction f ilter
�

1
Vsampled air

(S2)

with the extract concentrations of ions i concextract (i) [µgmL �1 ], extraction volumes Vextraction [mL], fraction of

extracted �lter area of total �lter area fractionf ilter :

f raction f ilter =
punch area � number of punches
ef fectively sampled f ilter area

(S3)190

and sampled air volume Vsampled air :

Vsampled air = sampling time [h] � sampling rate [m 3h�1 ] (S4)
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– For each sample, subtraction of �eldblank hypothetical ambient mass concentrations (�eldblanks treated as samples in

data analysis steps before)

For chemical composition analysis and Of�ine-AMS bulk atomic ratios, Of�ine-AMS ion �ltering was performed on data to195

remove noisy ions. Threshold values were determined based on �lter statistics, i.e. percentage of ions removed (per each AMS

ion family) and total ion intensity fraction removed by �ltering steps. For retrieval of bulk Of�ine-AMS WSOA, no ion �ltering

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 samples200

– 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 �eldblank intensity (performed on sample and corresponding �eldblank

data after water blank subtraction and before �eldblank subtraction): remove if ion not at least in � 90% of samples a205

factor of 1 higher in intensity than their corresponding �eldblanks

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 Of�ine-EESI-MS

Of�ine-EESI-MS raw data were processed using the IGOR Pro (Igor 9, Wavemetrics Inc., USA) based software Tofware210

v4.0.3 (Tofwerk AG, Thun, Switzerland). A pre-averaging of raw data to 20 s intervals was done. High resolution peak �tting

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 with215

chemical databases. Similar to Of�ine-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 Na2I + signal (visual thresholding)

– Assignment of sample, spiked water and water blank periods to ion signal time series, based on times recorded by the220

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

– Outlier �ltering based on median absolute deviation approach with Na2I + signal, applying a 3� deviation criterion
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– Normalization of ion signals by primary ion Na2I + signal

– Normalization of ion signals by sum of34S-Sulfate internal standard signals Na3[34S]O+
4 and Na4[34S]O4I +

– Averaging of ion extract concentrations, based on assigned sample, spiked water, and water blank periods225

– Correction of extract concentrations with the effectively weighed extract volumes after �ltration 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-Quanti�cation', 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 quanti�cation step for Of�ine-AMS (cf.230

Equation S2, Equation S3 and Equation S4); other than for Of�ine-AMS, for Of�ine-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 �lter punches

extracted)

– For each sample, subtraction of �eldblank signal intensities (�eldblanks treated as samples in data analysis steps before)235

Calculation of Of�ine-EESI-MS atomic ratiosXC (O/C, H/C, N/C) was done based on the ratio of ion signal intensities

Signal i for each organic ion i weighted by the number of corresponding elements X or C numberX or C contained in the

molecular formula of that ion:

X
C

=
P

i (Signal i � number X )
P

i (Signal i � number C )
(S5)

Similar to Of�ine-AMS, ion �ltering was performed to remove noisy ions. The following steps were carried out:240

– Remove all Of�ine-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%).245

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 quanti�ed by a recently developed method based on Ultra250

High Performance Liquid Chromatography-Tandem Mass Spectrometry (UHPLC-MS/MS) (Bros et al., 2025).

12



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 �lter punches

(18 mm) per sample were extracted by 6 mL of Milli-Q® and vortex-shaken for 20 min. The extracts were then �ltered through

Milli-Q® pre-conditioned Ion Chromatography syringe �lters (0:2 µm pore size, Acrodisc, Cytiva, USA).255

IC-MS analysis was carried out by direct injection of the �ltrated aqueous extract. Before analysis with UHPLC-MS/MS,

the �ltrate was diluted 1:10 with acetonitrile containing 0:005 % NH4OH and a mixture of three isotopically labeled internal

standard sugars (8 ngmL�1 ).

S2.2.2 Analysis by IC-MS

For IC-MS analysis, 1:5 mL of �ltered extract was transferred into polypropylene vials. The analysis of organic acids was260

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 Scienti�c, USA) was used con�g-

ured with isocratic methanesulfonic acid (MSA) eluent and CG16-4 µm/CS16-4 µm columns (2 mm, Thermo Fisher Scienti�c,

USA). For anions and organic acids, a coupled IC-MS (INTEGRION and ISQ EC, Thermo Fisher Scienti�c, USA) system

was used, con�gured with gradient KOH eluent and AG11HC-4 µm/AS11HC-4 µm columns (2mm, Thermo Fisher Scienti�c,265

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�1 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) was270

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 composition275

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 cm3 of the quartz

�lter samples was carried out with strong ultra-trace metal grade acids without HF (6 mL of 69% HNO3, 3 mL of 37% HCl,

10 drops of concentrated H2O2) in a 22 mL pre-washed te�on reactor (Savillex, USA). The reactor was kept sealed for 24 h280

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% HNO3. Compared to a full mineralization with complete digestion of all elements using HF , the mild digestion

has the advantage of a lower liability towards contaminations from the �lter matrix. This is especially relevant for the samples

from JFJ, where low ambient concentrations lead to low actual loadings of �lter 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 reference285

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 Scienti�c,

USA) coupled with an autosampler (SC4 DX, Elemental Scienti�c, USA) and FAST valve introduction. Analytical mode (SQ,

or TQ-He / TQ-O2 / TQ-NH3) for each element was chosen according to Thermo Fisher Scienti�c library and matrix advice290

plus additional tests of interferences. Quanti�cation was made by external calibration and isotopic dilution. Mineralization

yields, analytical reproducibility and accuracy were veri�ed using reference material (ERM-CZ120 �ne dust and BCR-723

road dust, European Commission Joint Research Centre, Belgium), in-house mixed standard solutions, and certi�ed solutions

(CMS-5 and IV-STOCK50, 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 in295

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

Element Recovery (%)

Na 60

Sc 64

Ti 46

V 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 of�ine mass spectrometry techniques, a cross-validation was carried

out. For this, ambient concentrations or relative intensities obtained from different instruments for overlapping analytes were

compared.300

S3.1 Of�ine-AMS and IC-MS inorganic sulfate

Sulfate was quanti�ed in very good agreement by Of�ine-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.

Figure S4. (a) Time series and (b) scatter plot of inorganic sulfate ambient concentrations obtained from Of�ine-AMS and IC-MS. In the

scatter plot, the results of a linear �t and coef�cient of determination (R2) are provided.
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S3.2 Of�ine-AMS and TOC analyzer WSOA

WSOA values quanti�ed from Of�ine-AMS and the TOC analyzer (under consideration of Of�ine-AMS OM/OC-ratios) are305

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. Of�ine-AMS WSOA is more consistent with concentrations

from previous online OA measurements at the JFJ (Fröhlich et al., 2015). One explanation for the discrepency of the TOC

analyzer obtained WSOA can be the very low WSOC concentrations for �eldblank and winter samples, which could lie below

the actual detection limits of the technique (e.g. inaccurate �tting of peak signals).310

Figure S5. (a) Time series and (b) scatter plot of WSOA ambient concentrations obtained from Of�ine-AMS and the TOC analyzer (by

multiplication of WSOC with Of�ine-AMS OM/OC ratios). In the scatter plot, the results of a linear �t and coef�cient of determination R2

are provided.
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S3.3 Of�ine EESI-MS and IC-MS inorganic sulfate

Similar to Of�ine-AMS, sulfate was quanti�ed in very good agreement by Of�ine-EESI-MS and IC-MS. This provides vali-

dation for Of�ine-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 Of�ine-AMS and Of�ine-EESI-MS is demonstrated.

Figure S6. (a) Time series and (b) scatter plot of inorganic sulfate ambient concentrations obtained from Of�ine-EESI-MS and IC-MS. In

the scatter plot, the results of a linear �t and coef�cient of determination R2 are provided.
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S3.4 Of�ine-EESI-MS, IC-MS and UHPLC-MS/MS organic markers315

Due to its non-target nature and strongly differing analyte sensitivities, the Of�ine-EESI-MS provides no direct absolute quan-

ti�cation for organic compounds. However, its near-molecular resolution allows comparison of relative signal intensities of sum

formulas with respective quanti�ed 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

abundances and weak instrument sensitivities). Nevertheless, good agreements are found for a wide range of analytes from320

organic acids like oxalate and 3-MBTCA to sugar alcohols like 2-Methyltetrols.

Figure S7. (a) Time series and (b) scatter plot of the relative signal intensity of the C8H 12 O6Na+ ion from Of�ine-EESI-MS and 3-

methylbutane-1,2,3-tricarboxylic acid (3-MBTCA, C8H 12 O6) ambient concentration obtained from IC-MS. In the scatter plot, the coef�-

cient of determination R2 is provided.
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Figure S8. (a) Time series and (b) scatter plot of the relative signal intensity of the C2O4Na3+ ion from Of�ine-EESI-MS and Oxalate

(C2O�
4 ) ambient concentration obtained from IC-MS. In the scatter plot, the coef�cient of determination R2 is provided.
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