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ABSTRACT 
As national air quality networks and international research infrastructures, such as ACTRIS 
(EU) and ASCENT (US), continue to expand, the deployment of online aerosol chemistry 
measurements increases worldwide. These research infrastructures are focused on the ability 
to compare atmospheric properties from one region to another, making it crucial to under
stand instrument operation in various settings. This paper is part of a series of publications 
dedicated to better understanding the operation of these instruments using a series of 
laboratory tests. A particular focus was made on evaluating the organic aerosol (OA) meas
urement performance of six Aerosol Chemical Speciation Monitors (ACSMs) when sampling 
known mixtures of organic and inorganic aerosols and in ambient air. The study focuses on 
assessing the impact of instrument-to-instrument variability on ACSM data processing as 
well as identifying and quantifying the previously identified m/z44/NO3 artifacts that can 
affect the accuracy of the measurements. A high degree of variability was observed in 
instrument measurements of the m/z44/NO3 artifact when compared to results obtained 
two years earlier (e.g., an increase from �0 in 2016 to 0.16 in 2018 or a decrease from 0.12 
in 2016 to 0.05 in 2018), confirming the need for frequent evaluation and quantification 
during calibration. This study underlines that the product between organic aerosol relative 
ionization efficiency and the instrument collection efficiency value is instrument dependent 
and that the variability in these values (1.78 ± 0.35) should be considered when estimating 
the measurement uncertainties. Using a range of specific compounds, an average RIEOA for 
levoglucosan (1.29 ± 0.23) close to the default value commonly used in ACSM was deter
mined, obtaining a value more specific to each instrument. This study provides valuable 
information for the calibration and operation of ACSM instruments, ensuring that future 
studies can build on this work to evaluate and improve instrument performance.
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GRAPHICAL ABSTRACT

1. Introduction

Atmospheric aerosols have a significant influence on 
the radiative budget of the Earth. Their size, as well as 
their chemical composition, can influence the climate 
directly through the scattering (cooling effect) or 
absorbing radiation (heating effect) of the atmosphere 
(IPCC 2021). Aerosol particles, also called particulate 
matter (PM), originate from primary aerosol sources 
in the boundary layer and from new particle forma
tion in the free troposphere. In the lower troposphere, 
they can impact the biogeochemical cycle, atmospheric 
chemistry and reactivity, visibility, and human health. 
These particles are classified according to their size, as 
PM10 (PM less than 10 microns in aerodynamic diam
eter), PM2.5 or PM1. Submicron particles, which con
tribute 50–80% of PM2.5 mass, are those that have the 
highest impact on human health (Johannesson et al. 
2007; Daellenbach et al. 2020). Organic aerosols (OA) 
account for a large proportion of submicron aerosol 
and often contribute more than 70% of the total PM1 
mass (Zhang et al. 2007; Jimenez et al. 2009; Chen 
et al. 2022), underlining the need for knowledge on 
the chemical characterization of PM, especially as OA 
are composed of an overwhelming number of primary 
and secondary compounds.

The atmospheric chemical composition of PM can 
either be determined using offline (e.g., Belis et al. 
2013) or online methods (e.g., Canagaratna et al. 
2007). The principal advantage of using the offline 
methods lies in their ability to provide detailed ana
lysis of a wide range of chemical compounds. In con
trast, online methods, offer a high temporal 
resolution, minimizing the artifacts that can result 
from chemical reactions involving reactive compounds 
or from the evaporation of volatile compounds. 
Advances in aerosol mass spectrometry (AMS) over 

the last two decades have enabled the determination 
of aerosol chemical composition with high time reso
lution, providing information on various chemical 
species and their evolution in the atmosphere. One of 
the most widely used AMS instruments is the Aerosol 
Chemical Speciation Monitor (ACSM), developed for 
long-term autonomous sampling. These instruments 
are optimized for the non-refractory component of 
the particles (organics, chloride, ammonium, sulfate 
and nitrate) and can be operated as PM1 instruments 
or PM2.5 instruments. Other commercially available 
instruments, like online thermo-optical methods are 
used to determine total organic carbon (OC), without 
chemical information about the types of organics, 
while online ion chromatography devices are com
monly used to determine inorganic salts only. Aerosol 
mass spectrometers are currently the only instruments 
available that can derive information simultaneously 
on both inorganic and organic non-refractory com
pounds (Ng et al. 2011; Fr€ohlich et al. 2015). These 
instruments, specifically the ACSM, are operated at 
observatory sites throughout Europe (Bressi et al. 
2021; Chen et al. 2022) within the ACTRIS (Aerosol, 
Clouds, and Trace gases Research Infrastructure) pro
gram (www.actris.eu) and in the United States of 
America within ASCENT (Atmospheric Science and 
mEasurement NeTwork, https://research.gatech.edu/). 
They are additionally deployed as part of air quality 
networks in several countries.

Given the growing interest in ACSM measure
ments, and to ensure the comparability of the data, it 
is necessary to ensure that these instruments provide 
high quality standardized measurements and follow 
recommended calibration procedures (Freney et al. 
2019; Crenn et al. 2015; Fr€ohlich et al. 2015). It is also 
essential to understand the response of these 
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instruments to different atmospheric species. Within 
ACTRIS, the Aerosol Chemical Monitor Calibration 
Centre (ACMCC) (Crenn et al. 2015; https://www.act
ris-ecac.eu/units.html) is responsible for developing 
and implementing these harmonized procedures 
within the different research facilities.

Calibration protocols are designed to establish 
instrument sensitivity to the different species, and to 
convert raw ion signals into ambient mass concentra
tions. For the ACSM, the primary calibration to deter
mine an ionization efficiency (IE) for nitrate species is 
performed with ammonium nitrate particles of known 
size. The sensitivity to other inorganic species is deter
mined relative to nitrate (relative ionization efficiency, 
RIE) using ammonium nitrate (AN) particles or 
ammonium sulfate (AS) particles for RIENH4 and 
RIESO4, respectively. Given the complexity of the OA 
composition, it is difficult to provide a calibration 
procedure for RIEOA that is general enough to repre
sent the range of organic molecule mixtures found in 
the atmosphere. Thus, a default RIEOA value of 1.4 is 
commonly used (Xu et al. 2018; Nault et al. 2023).

Previous studies (Pieber et al. 2016; Freney et al. 
2019) showed that nitrate salts, especially NH4NO3, 
can lead to the formation of non-OA derived CO and 
CO2 ion signals within the ACSM, resulting from the 
reaction of inorganic salts with carbonaceous material 
already deposited on the vaporizer. A high fraction, 
more than 50%, of particulate NO3, especially during 
pollution episodes, may therefore lead to an artificial 
increase in m/z 44 signal (CO2

þ), leading to an over
estimation of oxygenated organic aerosols (OOA) and 
their oxidation properties. Pieber et al. (2016) pro
posed a methodology to correct for the interference in 
the m/z 44 signal using results obtained during instru
ment calibration with pure ammonium nitrate par
ticles to refine OOA measurements. Subsequently, 
Freney et al. (2019) showed that the intensity of the 
m/z 44 artifact depends on the mass fraction of NO3 

in inorganic mixture (AN/AS) calibration particles. As 
a result, when nitrate constitutes only a small fraction 
of total aerosol loading in ambient air, the resulting 
overestimation of organic aerosols in ambient meas
urements is estimated to be no more than a few 
percent.

ACMCC focuses on comparing the responses of 
multiple ACSM instruments to the same input aerosol 
from both controlled lab and field ambient conditions. 
The first and second intercomparisons focused on 
multi-instrument variability for ambient conditions or 
laboratory conditions, but with only inorganic mix
tures (Crenn et al. 2015; Fr€ohlich et al. 2015; Freney 

et al. 2019). Xu et al. (2018) focused on laboratory 
instrument response on organic and inorganic mix
tures, but only for one instrument.

This study extends previous work by measuring 
organic relative ionization efficiencies for pure and 
binary (organic-ammonium nitrate) mixtures and by 
examining the magnitude of the m/z 44 artifact for 
organic-ammonium nitrate mixtures. This was fol
lowed by a two-week intercomparison of six instru
ments sampling ambient air.

2. Methodology

The experiments presented in this work were organ
ized at the ACMCC, located at the SIRTA research 
facility (Site Instrumental de Recherche par 
T�el�ed�etection Atmosph�erique, (48.713�N and 2.208�E, 
about 20 km south of Paris city center, France; Petit 
et al. 2015) during November 2018 to January 2019. 
The work consisted in performing a series of calibra
tions and ambient measurements on six ACSM (Q- 
ACSM) instruments equipped with quadrupole mass 
spectrometers (Q-ACSM).

The ACSM is a robust instrument designed for 
long term field measurements. Best practice suggests a 
weekly check of instrument operation, and (at least) 
biannual calibration (http://www.actris-ecac.eu/pmc- 
non-refractory-organics-and-inorganics.html- accessed 
18 June 2024). The principle of the Q-ACSM (further 
referred to as the ACSM) is based on ambient aerosol 
collection through an aerodynamic inlet and then 
vaporization on a heated surface (600 �C). The result
ing vapor is analyzed using electron impact ionization 
(70 eV) quadrupole mass spectrometry (Canagaratna 
et al. 2007). All ACSM instruments involved in the 
experiment were equipped with a standard vaporizer; 
five out of six instruments had inlets designed for 
submicronic particles (PM1), and one instrument was 
equipped with a PM2.5 inlet (No. 4).

This work is divided into two parts, the first focus
ing on laboratory experiments to better characterize 
instrument-to-instrument variability with controlled 
monodisperse particles of ammonium nitrate, ammo
nium sulfate and a series of organics (glutaric and 
succinic acids and one sugar: levoglucosan), as well as 
mixtures of the organics with varying mass fractions 
of ammonium nitrate. This data yielded information 
on the effective relative ionization efficiency and the 
m/z 44 artifact. The second part involved ambient 
sampling period for all instruments, with a common 
period of two weeks for the multi-instrument inter
comparison. For ambient measurements, the 
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variability of derived chemical species concentrations 
(i.e., organics (Org), nitrate (NO3), sulfate (SO4), 
ammonium (NH4) and chloride (Chl) were investi
gated. Also, the subsequent source apportionment for 
organics derived from each instrument data set was 
evaluated.

2.1. Aerosol chemical speciation monitors

As part of the requirements for instruments operating 
within the ACTRIS infrastructure, all instruments 
were calibrated at the Aerosol Chemical Monitor 
Calibration Center (ACMCC, https://www.actris-ecac. 
eu/19-11-to-23-11–acsm-2018-1-.html, accessed 18 
June 2024).

This calibration was based on recommendations in 
the ACTRIS Standard Operating Procedure (SOP, 
http://www.actris-ecac.eu/pmc-non-refractory-organ
ics-and-inorganics.html- accessed 29 August 2024), 
(Freney et al. 2019). The resulting calibration factors 
are given in Table S1. Note that the IENO3 for the Q- 

ACSM is expressed as a response factor (RF) in units 
of amps/(mg/m3). The calibration report for each 
instrument is available on the ACTRIS ECAC site 
(http://www.actris-ecac.eu/19-11-to-23-11–acsm-2018- 
1-.html, accessed 18 June 2024).

The agreement of each of these instruments with 
the median measurement for a subsequent ambient 
sampling period of two weeks is shown in Figure 1
and illustrates variability between instruments of less 
than ± 30%, which meets the ACTRIS ACMCC 
“calibration standards” (Crenn et al. 2015; Freney 
et al. 2019).

2.2. Laboratory experiments

To quantify the ACSM response to different organic 
species, three different organic compounds were 
chosen: succinic acid (C4H6O4, Sigma-Aldrich, purity 
99%), glutaric acid (C5H8O4, Sigma-Aldrich 99%) and 
levoglucosan (C6H10O5, Sigma-Aldrich 99%). These 
organic acids glutaric and succinic acid and the sugar 

Figure 1. Intercomparison for two weeks of common period used further for SA; Org (green), NO3 (blue), SO4 (red), NH4 (orange) 
concentration for each instrument versus the median concentration from all six instruments. These concentrations were calculated 
using the default RIEs for organics and the values determined during calibration for inorganics, as outlined in Table S1.
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levoglucosan were chosen as they are thought to rep
resent dominant oxygenated organic aerosol and bio
mass burning aerosol in the atmosphere (Kawamura 
and Bikkina 2016). The choice of these oxygenated 
compounds is very relevant to the dominance of sec
ondary organic aerosols (OA) in both urban and rural 
areas, which constitute an average of 71.1% of the 
overall OA content, ranging from 47.3% to 100% 
(Chen et al. 2022).

Previous studies have shown that acids and sugars 
can behave differently, in the presence of nitrate, in 
terms of collection and vaporizing efficiency 
(Huffman et al. 2005; Xu et al. 2018). These com
pounds were first introduced by atomizing a pure 
aqueous solution and then mixed in varying nitrate 
mass fractions by combining with AN (NH4NO3) 
(Table 1). In addition, two inorganic compounds (AN 
and ammonium sulfate- AS) were used as a pure solu
tion and again as mixtures at different nitrate mass 
fractions to assess the instrument responses and m/z 
signal variability. Ultrapure water was used to dissolve 
inorganic salts and organic compounds, which were 
then atomized using N2 gas (99.99% purity). 
Ultrapure water was nebulized for background meas
urements between different solutions. The time reso
lution of the measurements was 1 min and data was 
collected for approximately 30 min at three different 
particle number concentrations (600, 1200, 
1800 cm−3), using a particle diluter.

The six instruments sampled from a common aero
sol source, consisting of an atomizer (Model 3076, 
TSI), a silica gel dryer, a mixing tube, a Differential 
Mobility Analyzer (DMA, Model 3081, TSI) for 
300 nm particle selection, a Condensation Particle 
Counter (CPC, Model 3775, TSI), and a Centrifugal 
Particle Mass Analyzer (CPMA, Model Mk2, 
Cambustion). The CPMA was used for some ammo
nium nitrate and ammonium sulfate measurements to 
remove multiple charged particles from the DMA out
put. The use of CPMA was limited for inorganic 
mixtures due to the unavailability of equipment for 
further measurements.

From the CPMA, the sampling line was split in 
two using Y-shaped connectors. Each sampling line 
was then connected to three instruments (Figure 2). 
Even though one of the instruments had a PM2.5 inlet, 
the generated particles were not large enough to make 
a difference, so no additional setup was necessary.

2.3. Ambient measurements

Following the laboratory experiments, all six ACSMs 
sampled ambient air from December 1st to 8th and 
then again from December 19th to 24th. The ambient 
conditions during these intercomparison periods are 
detailed by Figure S1 in the online supplementary 
information (SI). They were notably characterized by 
positive temperatures (10 �C ± 2 �C), high relative 
humidity with a few rain events, and prevailing west
erly winds with an average intensity of about 4 m/s. 
The experimental setup used for these measurements 
is described in Figure S2. The SIRTA instrument and 
one other ACSM sampled on a separate line, while 
the three other ACSMs equipped with PM1 lens were 
grouped together after a common PM2.5 cyclone. A 
third sampling line was equipped with a PM4 cyclone 
for instrument No. 4 which had a PM2.5 inlet (Zhang 
et al. 2017). Each ACSM was equipped with its own 

Figure 2. Schematic of the laboratory setup for binary mixtures measurements. Continuous lines represent the permanent use of 
equipment. The dashed line represents the occasional use of the CPMA, when needed.

Table 1. NO3 mass fraction in solution for the organics and 
ammonium sulfate mixtures with ammonium nitrate.
Succinic acid Glutaric acid Levoglucosan Ammonium Sulfate

0.67 0.65 0.7 0.77
0.57 0.55 0.63 0.71
0.47 0.45 0.51 0.65
0.39 0.37 0.37 0.53
0.25 0.26 0.26 0.47
– – – 0.37
– – – 0.29
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Nafion dryer, and the measured humidity ranged 
between 20% and 40%. During the ambient sampling, 
one instrument (No. 2) required a filament change 
(between December 9th and 17th, the instrument was 
down). Following this filament change, a second set of 
standard (AN and AS) calibration was performed 
(Table S1). Other interruptions in the data were a 
result of data acquisition software malfunctions.

Each ACSM data set was analyzed separately using 
its specific calibration values (Table S1) using software 
version ACSM Local v1.6.1.1, developed in IGOR pro 
6. During the measurement period, two instruments 
detected negative chloride concentrations. The nega
tive chloride artifact was found to result from a nega
tive signal difference at m/z 35 (Tobler et al. 2020). 
The same author reported this issue for another 
instrument, recommending chloride calibrations using 
ammonium chloride particles. These calibrations could 
not be performed for this experiment and so a differ
ent approach for correcting these negative values was 
tested (Section S.I. S5).

As a result of negative chloride concentrations 
(higher than the detection limit of 0.011 lg/m3, as 
determined by Ng et al. 2011), a constant CE of 0.5 
was used, rather than calculating a composition 
dependent efficiency (CDCE) as described by 
Middlebrook et al. (2012). Furthermore, chloride 
measurements were not utilized. However, for instru
ments that did measure positive chloride, the com
puted ANMF (Ammonium Nitrate Mass Fraction) 
was consistently below 0.3. According to Middlebrook 
et al. (2012), a constant CE value of 0.45 should be 
applied in such cases, which would not affect the sub
sequent results. After treatment of each instrument 
data set, a common time frame was computed by 
interpolating data at the same time points with a 
30 min resolution for all instruments, as described by 
Crenn et al. (2015).

Positive matrix factorization (PMF) (Viana et al. 
2008; Karagulian and Belis 2012) was used to identify 
submicronic organic aerosol sources (Crippa et al. 
2013; Canagaratna et al. 2015). One of the most recent 
and widely used approaches for PMF is the Source 
Finder Tool (SoFi) (Canonaco et al. 2013), based on 
the multi-linear engine (ME-2, Paatero 1999). SoFi is 
used for source apportionment (SA) to identify pri
mary organic aerosol (POA): hydrocarbon-like organic 
aerosol (HOA), cooking organic aerosols (COA), bio
mass burning organic aerosols (BBOA), or secondary 
organic aerosols (SOA): more oxidized oxygenated 
organic aerosols (MO-OOA), less oxidized (LO-OOA) 
(e.g., Canonaco et al. 2013; Crippa et al. 2013; 

Canonaco et al. 2021; M�armureanu et al. 2020). In 
this work, for each ACSM, the organic mass spectra 
were analyzed to identify the best factor solutions 
using SoFi Pro version 6 G, developed in IGOR Pro 
software (https://datalystica.com/sofi-pro/, accessed 
February 2022). A common period of approximately 
two weeks is used for comparison of the PMF results. 
The spectra with m/z signals from 13 to 120 were 
down-weighted based on the signal-to-noise ratio 
using the step function. Typically the Q-ACSM profile 
spectra are truncated at m/z 100 due to uncertainty 
related to large correction for ion transmission, we 
still decide to use spectra with m/z signals up to 120 
to gain as much information as possible. The analysis 
of the PMF solutions follows the protocol proposed 
by Canonaco et al. (2013, 2021) and Chen et al. 
(2022), based on the identification of source-depend
ent markers. Three factor solutions have been chosen, 
using bootstrap and up to 100 runs per factor. To sep
arate the primary factors, organic spectra deconvo
luted in previous studies, obtained for Paris, were 
used to constrain the model based on a-values with a 
0.05 step from 0 to 0.3 for HOA and 0.5 for BBOA 
(Crippa et al. 2013; Fr€ohlich et al. 2015). The follow
ing criteria were used to choose the best solutions: 
explained variation of m/z 60 in the BBOA factor and 
variation of m/z 44 and m/z 60 in the OOA factor.

3. Results and discussions

3.1. Laboratory measurements

3.1.1. Assessing response to organics with different 
calibrants

The mass concentrations reported by Aerodyne aero
sol mass spectrometer (AMS) and ACSM instruments 
depends on the relative ionization for that specific 
compound (Xu et al. 2018). However, without a separ
ate measurement of either RIE or CE, the response of 
the instrument gives a measure of RIE�CE. As dis
cussed by Xu et al. (2018), the RIE�CE can be calcu
lated by comparing the measured instrument signal 
response with the calculated input mass concentration. 
As the CPMA was not used for these experiments, the 
input mass concentrations were derived using assump
tions related to particle density and shape (i.e., density 
for Levoglucosan (1.69), glutaric acid (1.43), succinic 
acid (1.56), and for shape (1)) (https://www.chemspider. 
com/Chemical-Structure.9587432.html - accessed 18 
June 2024). Figure 3 shows a comparison between the 
product of CE and RIE values from Xu et al. (2018), and 
the CE�RIE measured with 6 instruments from the pre
sent work, all having standard vaporizers. RIEOA

�CE 
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values were averaged over a range of particle concentra
tions (i.e., 600, 1200, 1800 cm−3). The results of RIE�CE 
for levoglucosan, varies between 1.3 and 2.2 (with an 
average value of 1.78 ± 0.35) (Figure 3), and are in rea
sonable agreement with previous values reported in the 
literature for a standard vaporizer, assuming CE to be 1 
for pure levoglucosan as described in Xu et al. 2018 (RIE 
¼ 1.4) and in Jimenez et al. 2016 (RIE ¼1.8 ± 0. 2).

In the case of glutaric acid RIE�CE, the measured 
values of instruments 1,2,3, and 6 agree well with 
each other, with Nos. 4 and 5 being much lower than 
the average (Figure 3). Despite these differences, the 
average values (1.55 ± 0.44) obtained across the 5 
instruments are in good agreement with previously 
reported values (1.44, Xu et al. 2018; 0.9, Jimenez 
et al. 2016). In the case of succinic acid, all instru
ments have values between 0.54 (for instrument 4) 
and 1.48 (instrument 6), and only two instruments 
(4,5) are in the range of previous literature values 
(0.56 ± 0.13, Xu et al. 2018; 0.4 ± 0.08, Jimenez et al. 
2016).

Performing these tests on multiple instruments 
under the same conditions allows us to determine 
instrument-to-instrument variability of RIE�CE. It is 
possible that the differences in CE between instru
ments contribute somewhat to this variability.

Xu et al. (2018) introduced the use of simple binary 
aerosol mixtures as a means of deriving organic RIE 
values independent of CE. In this method, calibrations 
are performed with mixtures of known ammonium 
nitrate/organic ratios. The nitrate is used as an 

internal standard for determining the RIE of the 
organic species (RIEOA).

The RIEOA from binary mixtures is calculated 
based on the following equation (Equation (1)).

RIEOA ¼ slope org=NO3
� �

vs MForg=MFNO3
� �

(1) 

where Org, NO3 are the concentrations recorded by 
ACSM, and MForg and MFNO3 are their correspond
ing mass fractions.

The key advantage of this method is that it enables 
measurements of RIE without the need for simultan
eous measurements of CE. While this method has 
been demonstrated by Xu et al. (2018) on a capture 
vaporizer, it has not been evaluated across multiple 
instruments or on standard vaporizers. The RIEOA for 
each instrument using the ratio between organics and 
nitrate is presented in Figure 4.

The average value obtained across all instruments 
for RIE Levo is 1.29 ± 0.23. This value is within the 
range (albeit 8% lower) of the default RIE org value 
of 1.4 that is typically used in ACSM data processing. 
Xu et al. (2018) have shown that RIEOA varies with 
organic oxidation state and that laboratory RIEOA 
measured for oxidized organics is slightly higher than 
the default RIEOA of 1.4 used for AMS/ACSM data 
processing. It was hypothesized to be a result of dis
placement reactions that can take place between the 
organic acids and ammonium nitrate to produce 
organic salts and gaseous HNO3. However, this was 
not observed for the sugar/NO3 mixtures. In this 
work, calculating the RIE independent of CE for this 
study impacted the results of both the sugars and the 

Figure 3. CE�RIE determined for pure org: levoglucosan (average 1.78 ± 0.3), glutaric acid (average 1.55 ± 0.4), and succinic acid 
(average 1 ± 0.3) marked with horizontal grey line. The horizontal dash lines represent the CE� RIEOA results from Xu et al. (2018).
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acid mixtures (Figure 4). This approach provided 
more consistent RIE values of RIE for all organic mix
tures, compared to the pure solution method, which 
showed much lower values for succinic acid (Figure 
3). The RIE values for the sugar (i.e., RIElevo) are 
much closer to the Xu et al. (2018) average value than 
the RIE values observed for the acids (i.e., RIEglu and 
RIEsucc).

The displacement reactions in the binary solutions 
can also be investigated by examining RIENH4 for the 
binary solutions and comparing with values obtained 
from NH4NO3 calibration.

The RIENH4 are calculated based on the approach 
described by Tobler et al. (2020) (Equation (2)).

RIENH4 ¼ slope SignalNH4 � RIENO3 �MWNO3
� �

vs

SignalNO3 �MWNH4
� �

(2) 

where MWNO3 and MWNH4 are the molecular weights 
for NO3 and NH4, respectively.

The ratios of RIENH4 values obtained using 
organic/inorganic mixtures are illustrated in Figure 5, 

Figure 4. RIEOA derived from organic/ nitrate ratios for all organic compounds: levoglucosan (average 1.29 ± 0.2), glutaric acid 
(average 1.29 ± 0.6), and succinic acid (average 0.93 ± 0.13) marked with horizontal grey line. The dashed lines represent RIE values 
calculated from the Xu et al. study.

Figure 5. Ratio of RIENH4 determined from a binary mixture of levoglucosan, succinic, glutaric, and pure ammonium nitrate to 
RIENH4 determined from AN calibration. Grey horizontal shadows represent the 17% limit and the errors bars represent the propa
gated RIE_NH4 determined from organic/inorganic solutions.
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relative to the RIENH4 values calibrated with pure 
ammonium nitrate.

The average RIENH4 ratios determined across these 
different binary mixtures are similar. The mean ratio 
obtained for all organic compounds is 0.97 ± 0.06, 
ranging from 0.89 ± 0.30 for glutaric acid to 
1.05 ± 0.36 for succinic acid. Xu et al. (2018) reported 
higher but more stable RIE values from the acid/NO3 

mixtures compared with those calculated from pure 
NH4NO3 solutions. In this work, the RIE NH4 calcu
lated from mixtures has a variability of a similar range 
of variability as that calculated across all instruments 
during previous calibrations (±17%) (https://www.act
ris-ecac.eu/reports.html). In the organic/inorganic 
mixture experiments using levoglucosan, five out of 
six instruments fall within this 17% range, while 
instrument No. 5, has a higher variability of 30% 
from the mean of all the instruments. Similarly, for 
the glutaric acid binary mixture, it was observed that 
also for five instruments (Nos. 1, 2, 3, 4, 6), RIENH4 

ratio is stable and falls within the ±17% variability. 
For instrument No. 5 we obtained a slightly higher 
value (22%) than the RIE calculated using pure AN. 
For the succinic acid/inorganic mixture, only one 
instrument (No. 3) had a RIE NH4 higher than in the 
expected range of 17% determined from pure AN 
from successive calibrations.

Having a large number of instruments offers the 
opportunity to investigate different approaches for cal
culating organic RIE, and demonstrates the variations 
that can occur across different instruments. The validity 
of these methods is confirmed through cross verifica
tion with the RIE of NH4 in pure solutions. Despite the 
potential concern of acid displacement reactions, no 
clear differences were noted in this study. As suggested 
by Xu et al. (2018), these experiments and tests can be 
easily implemented as part of calibration exercises.

3.1.2. Assessment of m/z 44 artifact in the presence 
of ammonium nitrate and ammonium sulfate 
mixture

Previous studies highlighted the variability in response 
to organic species in different ACSMs under the same 
atmospheric conditions, which is thought to be essen
tially a result of the variability at the signal m/z 44 
(Figure S3) (Crenn et al. 2015). Despite this variabil
ity, the resulting organic factors resolved from source 
apportionment analyses were not impacted (Fr€ohlich 
et al. 2015). Pieber et al. (2016) demonstrated that 
some instruments can generate a non-organic aerosol 
m/z 44 signal, induced by processes like thermal 
decomposition or particle reactions on the vaporizer, 

while sampling inorganic salts (notably ammonium 
nitrate). Thus, Pieber et al. (2016) recommended regu
larly evaluating the relationship between the m/z 44 
signal and relevant salts using pure ammonium nitrate 
salt aerosol.

The Pieber artifact was evaluated by Freney et al. 
(2019) during the 2016 inter-comparison exercise for 
inorganic mixtures with varying nitrate mass fractions. 
Their findings demonstrated that this artifact is chem
istry-dependent and becomes significant in the m/z44 
signal and subsequent in the f44 and O:C interpret
ation, only at high nitrate fractions. During this work, 
five out of six instruments that participated in the 
2016 and 2018 intercomparisons were available, ena
bling the evaluation of this artifact over time. In 
Figure 6, the results obtained in the 2016 and 2018 
inter-comparisons are plotted together. In the 2016 
intercomparison, the measurements were conducted 
on three different NO3 mass fractions (NMF) (0.235, 
0.521, 0.775), while in 2018, six NMF (Table 1) were 
used for the inorganic mixtures.

Similar to Freney et al. (2019), the results from 
2018 show an increase of the artifact above an NMF 
of 0.5, a concentration that is not common for ambi
ent conditions (Zhang et al. 2007; Bressi et al. 2021).

At the highest NMF, i.e., with pure AN, three out 
of the six instruments exhibit a significant (defined as 
m/z 44/NO3 >0.10) Pieber artifact. This artifact differs 
from the previous observations on the same instru
ments in the 2016 intercomparison (Figure 6). In 
2016, the artifact was present in instruments 2 (0.12), 
5 (0.17) and 6 (0.16), while in 2018, it was found in 1 
(0.10), 3 (0.16), and 6 (0.11). Pieber et al. (2016) sug
gested that the vaporization process and interactions 
between oxidants resulting from NH4NO3 decompos
ition and vaporizer residues lead to CO2 production. 
This highlighted how the history of the vaporizer and 
exposure to different aerosols might influence further 
behavior. For example, one of the instruments (No. 
2.) that had an artifact value of 0.12 in 2016 (Freney 
et al. 2019) had a relatively low value of 0.05 in 2018. 
During the two years between inter-calibration cam
paigns, there were no events with major maintenance 
(e.g., change of filament or vaporizer) procedures that 
could induce changes in this artifact. A possible 
explanation could be related to a gradual cleaning 
over time from previous exposures before 2016.

Further investigation into the evolution of this arti
fact is recommended, as no evidence is available to 
explain why the artifact decreases over time. The 
dependence of this artifact on exposure to different 
aerosol compositions is not yet sufficiently understood, 
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and these measurements underscore the need for verifi
cation of the Pieber artifact for each given instrument.

3.1.3. Assessment of m/z 44 artifact in internally 
mixed organic-inorganic (ammonium nitrate) 
aerosol particles

In the following sections, an assessment of how this arti
fact varies with different mixtures of organic/inorganic 
aerosols will be discussed. The impact of this artifact on 
m/z 44 is evaluated through analysis of m/z 44 to NO3 

ratios as well as f44 variability as a function of NMF.
In inorganic/organic mixtures, the presence of the 

m/z44 artifact associated with the NO3 mass fraction 
can be identified if the m/z44 signal from pure 
organic compounds can be isolated and removed 
(Figure S4). The following steps were taken separately 
for each acid or sugar and each instrument:

(a) To determine the m/z44 contribution from each of the 
pure organic solutions, the average m/z44 (from pure 
solution measurements) was calculated for each instru
ment;

m=z44’ ¼ Avg m z44pureð Þ

(b) In the pure organic solutions and in the organic 
mixture solutions, the m/z 44 signal was removed, 
and a new time series for organic mass concentra
tion was created and named Org_no44_pure and 
Org_no44, respectively:

Org no44½ � ¼ org½ �-m=z44 

Org no44 pure½ � ¼ org pure½ �-m=z44’ 

(c) The next step was to estimate an f44 that is repre
sentative of a pure organic solution. This f44’ was 

determined by dividing m/z44’ (from a) by the Org_ 
no44_pure selecting just pure measurements time 
stamp for each instrument (from b).

f44’ ¼ m=z44’=Org no44 pure 

(d) This value, f44’ for pure organic (from c), was 
then multiplied by the total organic time series with
out m/z 44 (Org_no44) for each of the mixtures.

m=z44 for extraction ¼ f44’ �Org no44 

(e) From this, we obtained the expected m/z 44 for 
the pure organic solutions, and from here, it was 
possible to estimate a possible mz44 artifact through 
comparison with the m/z measured in the mixture 
m/z44mix.

m=z44 artifact ¼ m=z44mix-m=z44 for extraction 

(f) Then to calculate the mz44/NO3 ratio for compari
son with previous studies, the m/z 44_artifact (from 
e) was divided by the measured NO3 signal.

The variability in this calculated artifact determined 
during binary mixtures and pure AN is shown in 
Table 2. The artifact for pure AN (Table 2, column 
(2)) shows that instrument No. 3 presents the highest 
artifact value (0.16), followed by instrument No. 6 
(0.11), and then instrument No. 1 (0.10). For instru
ments Nos. 3 and 6, they also had the highest artifacts 
at lower NMF (<0.55) for glutaric and succinic acid. 
Despite these organic mixture artifacts were low (�
0.10), they were still several times higher than those 
measured for inorganic solutions at lower NMF. 
Comparing the values from pure ammonium nitrate 
(in column 2) and organic solutions (columns (4)-lev
oglucosan, (5)-glutaric acid, (6)-succinic acid), we can 
see that this artifact is not consistent for all mixtures. 

Figure 6. m/z44/NO3 artifact as a function of NMF for ACSM instruments during AN-AS inorganic mixtures experiments, data 
obtained in 2016 (open squares Freney et al. 2019) and 2018 (solid circles, present study). A ratio above 0.1 (dotted line) is consid
ered a significant Pieber effect.
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For example, instrument No. 6 shows the highest arti
fact for levoglucosan (0.14) and glutaric acid (0.1), but 
not for succinic acid (0.03).

While the behavior of the acid mixtures resembled 
that of sugar mixtures, the presence of potential acid 
displacement reactions in the acid/NO3 binary solu
tions could likely complicate further interpretation. 
Consequently, the m/z_44 artifact for the acid mix
tures is not investigated further.

Figure 7 shows the m/z44_artifact/NO3 for the levoglu
cosan mixture plotted as a function of NMF to better 
evaluate how the artifact behaves in different instruments.

Two of the instruments (Nos. 3, 6) with Pieber arti
fact during the pure AN (Table 2, column 2) experi
ments, show the highest mz44_artifact signal for the 
mixed solutions. However, according to the m/z44_arti
fact/NO3 ratio instruments 3 and 6 are clearly influ
enced by this artifact at low NMF (between 0.3 and 
0.5), and this artifact persists even at high NMF. These 
observations indicate that these instruments showing 
an artifact in pure NMF solutions also display it in 
organic mixtures. Importantly, the artifact appears at 
lower and more atmospheric relevant mass fractions.

This method of calibrating with internally mixed 
binary solutions with sugars could provide a means of 
identifying instruments with significant Pieber effects 

that need to be corrected for further analyses like SA. 
We recommend testing instruments for an initial m/ 
z44 artifact (using a standard ammonium nitrate cali
bration) followed by more specific tests so to integrate 
a correction into the fragmentation table. In the fol
lowing paragraphs, we explore the different methods 
of correcting for these artifacts based on both labora
tory and ambient measurements.

The factors identified (Table 2, column 4) in the 
current study show small differences compared to 
those identified by the methodologies described in 
Pieber et al. (2016) (Table 2, column 2). Since the dif
ference is small and the purpose of this paper is not 
to propose a new correction methodology, previously 
proposed correction methodologies will be used 
(Pieber et al. 2016; Freney et al. 2019).

To assess and standardize the response of the 
instruments to these binary mixtures, the corrections 
proposed in the literature were applied separately and 
compared using Equation (3)

fragorganic 44½ � ¼ 44, − fragair 44½ �, -b � 1:05

� fragnitrate 30½ �, -b � 1:05

� fragnitrate ½46� (3) 

Table 2. The behavior of m/z44/NO3 in different organic and inorganic mixtures and for pure an.
AN-levoglucosan AN-glutaric acid AN-succinic acid

Instrument number (No.) 
(1)

AN 
Pure 
(2)

AN-AS 
NMF < 0.5 

(3)

NMF 
0.371–0.514 

(4)

NMF 
0.369–0.549 

(5)

NMF 
0.391–0.566 

(6)

1 0.10 0.017 0.08 0.06 0.05
2 0.05 0.027 0.09 0.04 0.03
3 0.16 0.036 0.11 0.07 0.05
4 0.005 0.007 0.04 0 0.01
5 0.02 0.016 0.09 0.07 0.04
6 0.11 0.019 0.14 0.1 0.03

The values for the organic artifact represent the average of m/z44 to NO3 ratio between specific NMF. Bolded numbers represent the 
values above 0.1 threshold used by Pieber et al. (2016).

Figure 7. m/z44_artifact/NO3 as a function of NMF. The dotted line represents the Pieber threshold of 0.1.
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a. For Pieber correction b represent m/z44/NO3 

measured during pure AN calibration
b. For Freney correction, the artifact is compensated 

depending on NO3 MF. For NO3 MF < 0.5, b 
represents the average of the m/z44/NO3 ratio 
calculated at these low MF. For NO3 MF> 0.5, a 
linear fit between the artifact values at MF >0.5, 
and that of pure AN is calculated.

The corrections were applied just for instruments 
1, 3, and 6, for laboratory data, as these instruments 
showed an artifact above 0.1, during pure AN calibra
tion (Table 2).

The instruments that are identified with the Pieber 
artifact have shown in all mixtures constantly higher m/ 
z 44/43, than the rest of the instruments (Figure 8a).

The applied correction results in a more uniform 
distribution of f44 to NMF (Figure 8b) for both 
applied methodologies.

The f44 variation across instruments Nos. 1, 3, and 
6 before applying any correction ranged from 
0.30 ± 0.04 (NMF 0.7) to 0.16 ± 0.04 (NMF 0.256). 

After applying corrections, the values ranged from 
0.17 ± 0.05 (NMF 0.7) to 0.15 ± 0.03 (NMF 0.256) with 
the Freney correction and from 0.17 ± 0.05 (NMF 0.7) 
to 0.14 ± 0.05 (NMF 0.256) with the Pieber correction. 
When compared to the values derived from instru
ments not requiring corrections, which ranged from 
0.17 ± 0.08 (NMF 0.7) to 0.12 ± 0.08 (NMF 0.256), we 
observed comparable results across all instruments.

Given the low level of these artifacts, we propose 
applying the Pieber correction, using a constant artifact 
value. This approach is specific to these data sets where 
the ANMF remained less than 0.5 and the artifacts were 
<0.15. In cases of higher artifact values, or if the ANMF 
exceeds 0.5, it would be necessary to reevaluate this 
procedure. However, considering that in organic mix
tures the m/z44. For the f44 from Nos. 2, 4 and 5, we 
did not apply any correction since the artifact value 
(Table 2, columns 2 and 4) is lower than the threshold 
value (0.1) identified by Freney et al. (2019).

The m/z 44 artifact should be constantly assessed 
since this is reflected in the m/z 44/43 ratio and sub
sequently in f44/f43 interpretations. Triangle plots of 

Figure 8. m/z44/m/z43 ratio as a function of NMF as a response of different binary mixture as follows: (a) levoglucosan-AN, with
out and with Pieber and Freney correction applied; and (b) f44 without and with Pieber and Freney correction applied.
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f44 vs. f43 are usually used to evaluate the oxidized 
organic compound contribution to the total organic 
mass (Ng et al. 2011). Although the previous ACSM 
inter-comparisons show good agreement between 
instruments in mass concentrations (Crenn et al. 
2015), the f44 variability is still significant. Likewise, 
corresponding estimations of O:C values should be 
carefully interpreted. If an instrument is suspected of 
having a Pieber artifact, it is important to exercise 
caution when presenting the O:C ratios. In this work, 
we estimated the O:C ratios (using the method pre
sented in Poulain et al. 2020; Equation (4))

O : C ¼ 0:079þ 4:31 � f 44 (4) 

As shown in Figure 9a, there is considerable vari
ability in the O:C ratio depending on the instrument. 

This variability increases with the NMF. The esti
mated O:C values range from 0.5 up to 1.5, values 
typically used to separate low oxidized OA species 
(BBOA) from highly oxidized species (Canagaratna 
et al. 2015). Applying a standard Pieber correction 
decreased the variability within each NMF, especially 
at the highest NMF (Figure 9b).

The O:C variation across instruments Nos. 1, 3, 
and 6 before applying the Pieber correction ranged 
from 1.37 ± 0.18 for an NMF of 0.7 to 0.78 ± 0.19 for 
an NMF of 0.256. After applying the Pieber correc
tion, the average O:C values were 0.80 ± 0.19 for an 
NMF of 0.7 to 0.66 ± 0.23 for an NMF of 0.256. These 
values are very similar to the averages from instru
ments that did not require correction, which were 
0.80 ± 0.3 (NMF 0.7) and 0.54 ± 0.34 (NMF 0.256).

Figure 9. O:C values as a function of NMF as follows: (a) O:C determined without any correction, and (b) O:C determined after 
Pieber correction applied.
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We recommend here that for artifact values less 
than 0.15, a simple standard Pieber correction can be 
implemented into fragmentation tables. However, 
given the conclusions made by Freney et al. (2019), 
applying a correction to instruments that exhibit a 
high artifact (m/z44/NO3> 0.15), across all concentra
tions (NMF >0.4), may result in an underestimation 
of O:C ratios.

In this context, it is recommended to view the 
presence of the initial m/z 44 artifact as a warning of 
potential influence on the aerosol organic oxidized 
fraction, necessitating a more detailed artifact check in 
organic mixtures.

3.2. Ambient measurements

3.2.1. Ambient concentrations measurements 
intercomparisons

Following the calibrations and laboratory studies with 
the mixed organic solutions, all 6 instruments were 
installed at the SIRTA station for an extended period 
of ambient air measurements (4–5 wk). The objective 
of this exercise was to evaluate how the response of 
these different instruments, observed during labora
tory measurements, influenced the sampled ambient 
mass concentrations.

The sampling location is considered a peri-urban 
location and is not characterized by high local emis
sions (Zhang et al. 2019). The average mass concen
tration of NR-PM1 for the intercomparison period is 
2.73 ± 0.45 mg/m3. Org is the most abundant, at 53% 
followed by NO3 with 21%. SO4 and NH4 have the 
lowest contribution, 15% and 11%, respectively. More 
detailed information about the instrument specific 
mass contribution of the measured species is illus
trated in Figures 10 and S5.

Unfortunately, with atmospheric mass fractions of 
nitrate less than 30%, we do not have optimal condi
tions to test the impact of the artifact on ambient 
concentrations. In this graph, Chl was excluded from 
the analysis because of negative values in two of the 
instruments. The negative values were not comparable 
between the two instruments, and the concentration 
did not follow the same trend. However, after a fila
ment change (from iridium to tungsten filament 
type), one of these two instruments experienced posi
tive Chl, a procedure performed during the ambient 
measurements. Tobler et al. (2020) described how the 
negative chloride is an artifact of the instrument, and 
can be further investigated and corrected through 
ammonium chloride calibrations. However, ammo
nium chloride calibrations were not performed for 
these instruments, either before or during the inter
comparison. Instead, as described in S5 (RIEchl adjust
ment), the fragmentation table for chloride was 
adjusted using the procedure proposed by Tobler 
et al. (2020). The RIE_Chl for instrument 2 (or 3) was 
adjusted from 1.3 (used as default in ACSM data 
processing) until the Chl mass loading agreed best 
with the average of instruments 1, 5, and 6.

The intercomparison between instruments is illus
trated in Figure 1 for Org (without any correction 
applied), NO3, NH4, and SO4. For Org and NO3, 
good correlations are observed (R2 > 0.9), while the 
R2 varied from 0.65 to 0.95 for SO4 and from 0.49 to 
0.85 for NH4. The lower correlation coefficients meas
ured for SO4 and NH4 are a result of the instrument 
detection threshold as previously observed by Crenn 
et al. (2015) and Budisulistiorini et al. (2014). In the 
case of SO4, the average concentration was 
0.3 ± 0.05 mg/m3. Additionally, we noticed that instru
ment No. 4 had the lowest SO4 concentration (0.2 mg/ 
m3), which also happened to have the lowest value of 
R2. For NH4, the average concentration recorded by 
all devices was 0.22 ± 0.06 mg/m3, and we observed a 
similar pattern between the correlation coefficient and 
recorded concentration.

The relative deviation to the median (RDM) 
derived from the slope in each plot is shown in Figure 
1. The RDM for Org is around 30% (the slopes for 
Org ranged from 0.71 to 1.32), comparable with those 
found by Freney et al. (2019) (slopes between 0.63 
and 1.24) and within the uncertainty associated with 
the instrument. The best RDM is obtained for NO3, 
(the slopes ranged from 0.79 to 1.13), which is com
parable with RDM obtained by Freney et al. (2019) 
(slopes between 0.82 and 1.22).

Figure 10. Average aerosol contribution per each instrument 
and for the common periods used in SA (supplementary 
material).
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The highest RDM obtained was for SO4 (33%) in 
case of No. 4 and for NH4, No. 3 (32%) that is linked 
with low concentrations recorded in this period for 
these chemical species and also to instruments detec
tion limits. Similarly low RDMs were reported for 
these species by Freney et al. (2019) and Crenn et al. 
(2015) (around 45% for SO4).

Instrument No. 4, which is equipped with a PM2.5 

lens, underestimated Org, NO3 and SO4 concentra
tions. The slopes obtained are 0.71, 0.79, and 0.67, 
respectively. We hypothesize that this phenomenon 
can be attributed to the fact that PM2.5 particles exit 
the lens at a significantly higher velocity compared to 
PM1. This higher velocity may result in increased par
ticle bounce, particularly for larger particles.

For the subsequent source apportionment ana
lysis (SA), little impact of the artifact correction was 
observed. This is principally a result of the low arti
fact values measured in this study (<0.15), but also 
as the atmospheric ANMF remained low (<0.3) 
throughout the study. For this reason, the SA analy
ses and the subsequent impact of the artifact correc
tion are showed in the SI (Figures S7, S8, source 
apportionment).

4. Conclusions

The primary goal of this work is to provide insights 
into the response of ACSM instruments and to more 
accurately evaluate previously identified artifacts. In 
the long-term, this information can enhance data 
interpretation, and ensure the interoperability of these 
measurements within atmospheric observational net
works and infrastructures. The efforts to understand 
the processes that occur during the operation of aero
sol mass spectrometers and the behavior of certain 
chemical species within the instrument are essential 
given the broad application of these instruments in 
atmospheric observation networks.

In this work, RIEOA
�CE, RIEOA, RIENH4, and 

Pieber artifacts were evaluated under controlled condi
tions of both particle concentration and composition 
for three pure organic compounds as well as mixtures 
of organic compounds with ammonium nitrate.

The measured RIEOA
�CE across multiple instru

ments under the same laboratory conditions for pure 
levoglucosan gives an average value of 1.78± 0.35. 
Since this value is influenced by CE, which is related 
to particle phase and can vary across the sampling 
line, an RIEOA independent of CE was calculated 
using binary organic-ammonium nitrate mixtures 
using nitrate as an internal reference. This work 

illustrated that despite having average RIE values con
sistent with previous work, instrument-to-instrument 
variability occurs and can lead to significant variability 
(RIE ranging from 1 to 1.6) when performing such 
measurements using a single instrument.

Several methodologies were investigated to calculate 
RIE for both pure and mixed organic solutions, build
ing on previous work. Having a large number of 
instruments, we demonstrated the range of instrument 
variability and compared results with previously 
reported values, enabling us to assess expected uncer
tainty ranges.

Another purpose of the study focused on the m/z 
44 artifact. The variability of this artifact over a two- 
year period was assessed, (between the 2016 ACTRIS 
calibration workshop and the present one). A high 
degree of variability in the Pieber-type artifact values 
was observed between both campaigns. Of the five 
instruments participating in both intercomparisons, 
only one maintained a similar Pieber artifact over the 
years, while three instruments (Nos. 1, 3, 6) have 
increased m/z 44 signal in the presence of NO3 frac
tion (m/z 44/NO3� 0.10), and the fifth instrument no 
longer had an artifact. This variability in the Pieber 
artifact suggests the need for frequent evaluation and 
quantification that can be made during standard cali
brations (recommended every 6 months). Testing the 
behavior of instruments for the Pieber artifact using 
the binary organic sugar-ammonium nitrate mixtures 
revealed that those instruments having artifacts at low 
NMF also had artifacts in the organic mixtures. 
However, these artifacts appeared at much lower 
NMF (<0.5) and are therefore more atmospherically 
relevant.

The current work illustrates that these artifacts 
occur across both inorganic and organic mixtures and 
assesses the presence of this artifact for each of the 
participating instruments. The impact of the Pieber 
artifact on the O:C ratio has not previously been dem
onstrated. Our findings illustrate that when Pieber 
artifacts fall in the range of 0.05 to 0.15, an applica
tion of a correction across all ammonium nitrate mass 
fractions (NMF) can result in an improved agreement 
of O:C ratios across instruments. However, for higher 
artifact values (>0.15), further investigations are 
required, as it was demonstrated by Freney et al. 
(2019) that correction for high artifact values across 
all NMF can result in an underestimation of f44.

This study demonstrates that the presence of arti
facts in three instruments does not affect source 
apportionment factor separation of primary and sec
ondary organic species. However, it may influence the 
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interpretation of ambient measurement data and 
source apportionment analysis in polluted environ
ments or during laboratory experiments with high 
NMF. The impact of this artifact in mixtures with less 
oxygenated organic compounds is unknown and 
should be further investigated.

Overall, these findings from laboratory and ambient 
air experiments provide valuable insights for the cali
bration and operation of ACSM instruments, and 
future studies can build on this work to further evalu
ate and improve instrument performances.
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