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Abstract. The apparent volatility of atmospheric organic aerosol (OA) particles is determined by their chemical
composition and environmental conditions (e.g., ambient temperature). A quantitative, experimental assessment
of volatility and the respective importance of these two factors remains challenging, especially in ambient mea-
surements. We present molecular composition and volatility of oxygenated OA (OOA) particles in different rural,
urban, and mountain environments (including Chacaltaya, Bolivia; Alabama, US; Hyytiälä, Finland; Stuttgart
and Karlsruhe, Germany; and Delhi, India) based on deployments of a filter inlet for gases and aerosols cou-
pled to a high-resolution time-of-flight chemical ionization mass spectrometer (FIGAERO-CIMS). We find on
average larger carbon numbers (nC) and lower oxygen-to-carbon (O : C) ratios at the urban sites (nC: 9.8± 0.7;
O : C: 0.76± 0.03; average ±1 standard deviation) compared to the rural (nC: 8.8± 0.6; O : C: 0.80± 0.05) and
mountain stations (nC: 8.1± 0.8; O : C: 0.91± 0.07), indicative of different emission sources and chemistry.
Compounds containing only carbon, hydrogen, and oxygen atoms (CHO) contribute the most to the total OOA
mass at the rural sites (79.9± 5.2 %), in accordance with their proximity to forested areas (66.2± 5.5 % at the
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mountain sites and 72.6± 4.3 % at the urban sites). The largest contribution of nitrogen-containing compounds
(CHON) is found at the urban stations (27.1± 4.3 %), consistent with their higher NOx levels. Moreover, we
parametrize OOA volatility (saturation mass concentrations, Csat) using molecular composition information and
compare it with the bulk apparent volatility derived from thermal desorption of the OOA particles within the FI-
GAERO. We find differences in Csat values of up to∼ 3 orders of magnitude and variation in thermal desorption
profiles (thermograms) across different locations and systems. From our study, we draw the general conclu-
sion that environmental conditions (e.g., ambient temperature) do not directly affect OOA apparent volatility but
rather indirectly by influencing the sources and chemistry of the environment and thus the chemical composition.
The comprehensive dataset provides results that show the complex thermodynamics and chemistry of OOA and
their changes during its lifetime in the atmosphere. We conclude that generally the chemical description of OOA
suffices to predict its apparent volatility, at least qualitatively. Our study thus provides new insights that will help
guide choices of, e.g., descriptions of OOA volatility in different model frameworks such as air quality models
and cloud parcel models.

1 Introduction

Chemical composition and volatility of atmospheric organic
aerosol (OA) particles are interconnected. Functionalization
of organic molecules can modify their vapor pressure by sev-
eral orders of magnitude (Pankow and Asher, 2008; Don-
ahue et al., 2011; Graham et al., 2023; Isaacman-VanWertz
and Aumont, 2021; Kroll and Seinfeld, 2008). Volatility de-
termines whether a compound partitions into or evaporates
from the particle phase and thus influences particulate mass
and lifetime in the atmosphere. Accurate predictions of at-
mospheric organic particle mass thus require a quantitative
understanding of the chemical nature and volatility of its
components. This is of special importance for oxygenated
organic aerosol (OOA), most of which is of secondary origin
(i.e., SOA) (Jimenez et al., 2009) and involves phase transi-
tions and chemical reactions in all phases. Further, the con-
ditions of the atmosphere, e.g., temperature, play a critical
role. A semi-volatile compound may be in the gas phase in
the boundary layer at 25 °C but may condense at an altitude
of∼ 4.5 km where the ambient temperature is∼ 20 °C lower,
and consequently its apparent volatility is lower by up to ∼ 2
orders of magnitude (Bardakov et al., 2021; Donahue et al.,
2011; Epstein et al., 2010; Stolzenburg et al., 2018). The
complex thermodynamics and chemistry of OOA and their
changes during its lifetime in the atmosphere are challenging
to measure and represent in modeling frameworks, resulting
in simplified descriptions of volatility (Nozière et al., 2015;
Hallquist et al., 2009).

The development of the filter inlet for gases and aerosols
coupled to a time-of-flight chemical ionization mass spec-
trometer (FIGAERO-CIMS) has enabled the combined anal-
ysis of molecular composition and volatility of OOA parti-
cles in near-real time (Thornton et al., 2020; Lopez-Hilfiker
et al., 2014). OOA volatility can be derived in two ways from
FIGAERO-CIMS:

1. The molecular information of OOA can be used to
parametrize volatility via calculations of the effective

saturation mass concentrations (Csat) of different or-
ganic compounds (Donahue et al., 2011; Li et al.,
2016; Mohr et al., 2019; Isaacman-VanWertz and Au-
mont, 2021; Graham et al., 2023). There are various
parametrization methods to calculate Csat, based on
different assumptions, training datasets, or structure-
based estimation methods (Isaacman-VanWertz and Au-
mont, 2021). However, calculated Csat from differ-
ent parametrizations may vary: while the modified Li
method (Li et al., 2016; Isaacman-VanWertz and Au-
mont, 2021) tends to estimate higher vapor pressures
than expected for low-volatility species, the Daumit
(Daumit et al., 2013) and Donahue methods (Donahue
et al., 2011) (also the updated Mohr method; Mohr
et al., 2019) are found to estimate lower vapor pres-
sures (Isaacman-VanWertz and Aumont, 2021). The dis-
crepancy in Csat among different parametrizations can
span several orders of magnitude and becomes even
larger for compounds with increasing nitrogen num-
bers, especially for organonitrates with multiple nitrate
groups (Wu et al., 2021; Isaacman-VanWertz and Au-
mont, 2021; Graham et al., 2023). This could induce un-
certainties associated with volatility estimates, particu-
larly for the complex ambient particle matrix (O’Meara
et al., 2014), in addition to the potential divergence from
the sum of individual parametrizedCsat due to non-ideal
intermolecular interactions (Compernolle et al., 2011;
Isaacman-VanWertz and Aumont, 2021).

2. While the particles are thermally desorbed within the
FIGAERO for molecular composition analysis with
CIMS, the instrument also yields a qualitative measure
of particle volatility through the signal evolution as a
function of desorption temperature (i.e., thermograms)
(Lopez-Hilfiker et al., 2014, 2015). A model frame-
work has also been developed to reproduce the shape
of thermograms (Schobesberger et al., 2018). The des-
orption temperature at which a compound exhibits max-
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imum signal (Tmax) correlates with the compound’s en-
thalpy of sublimation and can be used to infer its satu-
ration vapor pressure (Lopez-Hilfiker et al., 2015; Mohr
et al., 2017). Evaporative behavior and hence thermo-
gram shape, Tmax, and inferred volatility of a particle-
bound compound are subject to artifacts from thermal
decomposition (Lopez-Hilfiker et al., 2015; Yang et al.,
2021), the heating rate (Yang et al., 2021; Ylisirniö et
al., 2021; Thornton et al., 2020; Schobesberger et al.,
2018), FIGAERO geometry (Ylisirniö et al., 2021), the
presence of isomers (Thompson et al., 2017; Masoud
and Ruiz, 2021), and particle-phase diffusivity and vis-
cosity (Yli-Juuti et al., 2017; Huang et al., 2018). As
a consequence, thermogram shape and Tmax for an in-
dividual compound can vary among different chamber
studies (D’Ambro et al., 2017; Huang et al., 2018; Wang
and Hildebrandt Ruiz, 2018) and field measurements
(Thompson et al., 2017; Huang et al., 2019b; Gaston et
al., 2016), which could also induce uncertainties associ-
ated with volatility estimates, similar to parametrization
methods.

Overall, the relationship between molecular-composition-
derived volatility and thermal-desorption-derived volatility
is not always straightforward given the rather large uncer-
tainties in both methods (Isaacman-VanWertz and Aumont,
2021; Voliotis et al., 2021; Masoud and Ruiz, 2021; Wu et
al., 2021). Huang et al. (2019b) found consistent results of
bulk volatility for OOA particles measured in Stuttgart, Ger-
many, when using volatility parametrizations and thermo-
grams, indicative of the connection between chemical com-
position and volatility. Wu et al. (2021) found a qualitative
agreement between Tmax and Csat for individual compounds
of SOA particles in their chamber studies but varying results
for the bulk volatility when using different parametrizations
and thermograms. Further comprehensive investigations of
the relationship between the volatility and chemical compo-
sition of OOA particles are warranted, particularly for ambi-
ent measurements.

In this study, we present an overview of the chemi-
cal composition of OOA and OOA volatility derived from
both molecular composition measurements and thermo-
gram analyses for a number of ambient FIGAERO-CIMS
datasets (Chacaltaya, Bolivia; Alabama, US; Hyytiälä, Fin-
land; Stuttgart and Karlsruhe, Germany; Delhi, India). We as-
sess how different environments (e.g., emission sources and
meteorological parameters) influence the particle chemical
composition and volatility derived from these two methods,
and we discuss the reasons for differences and similarities
and the relationship between volatility and chemical compo-
sition for the different locations.

2 Methodology

2.1 Measurement sites

The measurement sites of this study are listed in Ta-
ble 1. The list includes one mountain site (MCC;
16°21′00.0′′ S, 68°07′48.0′′W), located at the Global Atmo-
sphere Watch (GAW) high-altitude research station Chacal-
taya (∼ 5240 m a.s.l.), ∼ 25 km northeast of the city of La
Paz (∼ 3640 m a.s.l.), Bolivia (Bianchi et al., 2022); three
rural sites (the first one located in the Rhine river valley
near Eggenstein-Leopoldshafen, ∼ 12 km north of the city
of Karlsruhe, Germany (REL; 49°6′10.54′′ N, 8°24′26.07′′ E)
(Huang et al., 2019a); the second one in the boreal forest
of Hyytiälä, Finland (RHT; 61°50′47.2′′ N, 24°17′43.3′′ E)
(Mohr et al., 2017, 2019); and the third one located near Cen-
treville, Alabama, US (RAB; 33°10′48.0′′ N, 86°46′48.0′′W)
(Lopez-Hilfiker et al., 2016)); and three urban sites (the first
one located in a park in the city of Stuttgart, Germany (UST;
48°47′55.1′′ N, 9°12′13.5′′ E) (Huang et al., 2019b); the sec-
ond one right next to a road crossing the city center of Karl-
sruhe, Germany (UKA; 49°00′35.0′′ N, 8°25′02.8′′ E); and
the third one on a university campus in the city of Delhi,
India (UDL; 28°32′48.8′′ N, 77°011′26.8′′ E) (Haslett et al.,
2023)). For MCC, UST, and UKA, measurements from dif-
ferent seasons were included to investigate the influence of
seasonal variation in emission sources and/or chemistry on
OOA composition and volatility. The campaign’s average
values for co-located measurements of meteorological pa-
rameters (temperature (T ) and relative humidity (RH)), trace
gases (O3, NO2, and SO2), equivalent black carbon (eBC),
and total non-refractory particulate mass are listed in Ta-
ble S1 in the Supplement.

2.2 Measurements and volatility determination of OOA
particles

2.2.1 Measurements of OOA particles

Particulate oxygenated organic compounds were measured
with a FIGAERO-CIMS (Aerodyne Research Inc. or from
the University of Washington; Lopez-Hilfiker et al., 2014)
using iodide (I−) as the reagent ion. Iodide-CIMS is sensi-
tive to more polar oxygenated organic compounds with three
to eight oxygen atoms (Lee et al., 2014; Riva et al., 2019;
Huang et al., 2019a). Inlet flow, residence time, particle de-
position time, mass loadings on the filter, and instrumental
parameters for the different campaigns are summarized in
Table S2. Differences in instrumental parameters, such as the
ion molecule reaction (IMR) chamber pressure, ion source,
ratio of the sample and ionizer flow, and voltage settings of
the mass spectrometer, can affect the sensitivities of organic
compounds and therefore their measured distribution. Here
we simply use mass fractions of compounds calculated us-
ing assumed or assessed sensitivities for the individual cam-
paigns and instruments, since the focus of this study is not
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Table 1. Overview of the measurement sites included in this study, their locations, and the measurement periods.

Abbreviation Location Measurement period Description

MCC Chacaltaya, Bolivia 9–26 April 2018 (transition season);
7 May–2 June 2018 (dry season)

Mountain site

REL Near Eggenstein-Leopoldshafen,
Germany

18 August–1 September 2016 Rural site

RAB Near Centreville, Alabama, US 4 June–16 July 2013 Rural site

RHT Hyytiälä, Finland 11 April–3 June 2014 Rural site

UST Stuttgart, Germany 5 July–17 August 2017 (summer);
5 February–5 March 2018 (winter)

Urban background site

UKA Karlsruhe, Germany 28 June–29 July 2019 (summer);
22 February–30 March 2020 (winter)

Urban curb site

UDL Delhi, India 11 January–5 February 2019 Urban background site

to report and compare absolute mass concentrations of OOA
at different locations. An in-depth analysis of the differences
in instrumental parameters among different campaigns, and
how they affect the measured OOA composition, is beyond
the scope of this paper. Data were analyzed with the soft-
ware packages tofTools (developed by Junninen et al., 2010)
or Tofware (provided by Tofwerk Ltd.).

For REL, RHT, RAB, MCC, and UDL, aerosol particles
were measured in situ with FIGAERO-CIMS (Huang et al.,
2018; Mohr et al., 2019; Lopez-Hilfiker et al., 2016; Bianchi
et al., 2022). Particle-phase backgrounds were assessed in
regular intervals by placing an additional Teflon (polyte-
trafluoroethylene, PTFE) filter upstream of the normal filter
and using the same deposition procedure as for the ambient
measurements. These data were then used for background
subtraction.

For UST and UKA, aerosol particles were deposited
on Teflon filters and analyzed later in the laboratory with
FIGAERO-CIMS (“offline mode”; see Table S2) (Huang et
al., 2019b; Cai et al., 2023). Filters were kept frozen until
analysis. Deposition times were varied (see Table S2) based
on ambient organic mass concentrations measured by a con-
current high-resolution time-of-flight aerosol mass spectrom-
eter (HR-ToF-AMS; Aerodyne Research Inc.) in order to
achieve similar organic mass loadings on the filter and to
avoid mass loading effects (Huang et al., 2018; Wang and
Hildebrandt Ruiz, 2018). A total of 21 (10) and 29 (23) filter
samples were collected in summer (winter) at UST and UKA,
respectively. Particle-phase backgrounds were assessed by
placing prebaked clean filters in the filter holder at the mea-
surement sites with the deposition flow switched off. These
field blank samples were also analyzed by FIGAERO-CIMS
in the laboratory like the samples and used for background
subtraction.

2.2.2 Volatility determination of OOA particles

OOA volatility was determined for all sites based on
FIGAERO-CIMS thermograms and Csat parametrizations.
Different temperature ramp rates affect Tmax (Schobesberger
et al., 2018; Yang et al., 2021; Ylisirniö et al., 2021; Thorn-
ton et al., 2020). The ramp rates for all measurements shown
here varied between 6.7 and 13.3°C min−1 (see Table S2),
inducing a Tmax difference of up to 5 °C (Schobesberger et
al., 2018; Ylisirniö et al., 2021; Thornton et al., 2020). Since
for most locations no calibrations of the relationship between
Tmax andCsat are available (Wang et al., 2020; Ylisirniö et al.,
2021), here we present and discuss only relative variations in
thermogram shapes and Tmax, including the variations caused
by different ramp rates, and compare them qualitatively to the
variation in Csat determined from parametrization.
Csat (298 K) was calculated using the approach by Li et

al. (2016) as in Eq. (1) for all sites in order to not introduce
more bias:

log10Csat (298K)=
(
n0

C− nC

)
× bC− nO× bO

− 2×
nC× nO

(nC+ nO)
× bCO− nN× bN

− nS× bS, (1)

where nC, nO, nN, and nS are the number of carbon, oxy-
gen, nitrogen, and sulfur atoms in the organic compound,
respectively; n0

C is the reference carbon number; bC, bO,
bN, and bS are the contribution of each atom to log10Csat;
and bCO is the carbon–oxygen non-ideality (Donahue et al.,
2011). Since the empirical approach by Li et al. (2016) was
derived with very few organonitrates, we modified the Csat
(298 K) of CHON compounds by treating all NO3 groups like
OH groups following the approach by Daumit et al. (2013;
Isaacman-VanWertz and Aumont, 2021). However, a recent
study has found that the parametrization of Csat for ni-
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trate groups is highly uncertain (Graham et al., 2023). Even
for different biogenic terpene+NO3 systems, none of the
four parametrizations Graham et al. (2023) investigated per-
formed perfectly for all systems, as parametrizations that are
developed based on different datasets comprising different
compounds with different functionalities can yield differ-
ent results for the same dataset (e.g., Graham et al., 2023).
For example, the Mohr et al. (2019) parametrization method,
which was tuned for –OOH functional groups, was found to
work better for the α-pinene+O3 system, and thus it was
speculated that the α-pinene+O3 system had more –OOH
functional groups. The Daumit et al. (2013) parametrization
method, which assumes all oxygen atoms except those from
–NO3 are from –OH and =O functional groups, was found
to work better for the α-pinene+NO3 system, and thus the
α-pinene+NO3 system is speculated to have more –OH and
=O groups (Graham et al., 2023). These results again un-
derline the complexity (and with that also the limitations) of
assessments of the volatility (especially at the quantitative
level) through parametrizations using molecular composition
as input, as already shown for laboratory measurements (Gra-
ham et al., 2023), and even more so for complex ambient data
from different locations and periods.

We also adjusted the Csat (298 K) to the measured ambi-
ent temperature, Csat (T ), using the approach by Donahue et
al. (2011) and Epstein et al. (2010) as in Eqs. (2) and (3):

log10Csat (T )= log10Csat (298K)

+
1Hvap

R ln (10)
×

(
1

298
−

1
T

)
, (2)

1Hvap

(
kJmol−1

)
=−11× log10Csat (298K)+ 129, (3)

where T is the temperature in kelvin, Csat (298 K) is
the saturation mass concentration at 298 K, 1Hvap is
the vaporization enthalpy, and R is the gas constant
(8.3143 J K−1 mol−1). We have added a comparison of
the results from using the parametrization by Donahue et
al. (2011) (Fig. S1a) if making a simple assumption about
predominant aliphatic/aromatic OOA at urban sites in winter
(i.e., UST-w, UKA-w, and UDL) and predominant isoprene
OOA in MCC-t and RAB (Nie et al., 2022). The log10Csat
(T ) shows a similar trend for both parametrizations; however,
the Csat (T ) using the Donahue et al. (2011) parametriza-
tion is on average 4 to 8 orders of magnitude lower, with
the largest difference for UKA-w and smallest for UDL
(Fig. S1b). The discrepancies seem to be correlated with the
average number of oxygen atoms (nO) in the bulk aerosol
of the different environments (Pearson’s R: 0.85; Fig. S1b),
confirming the influence of different functional groups on
parametrization results. Our discussion of volatility results
in this study is therefore mostly qualitative.

3 Results and discussion

3.1 Bulk molecular composition of OOA particles

3.1.1 Average number of carbon and oxygen atoms and
oxygen-to-carbon ratios

We focus our analysis of the bulk molecular composition
of OOA from the different locations here on the average
number of carbon (nC) and oxygen atoms (nO), as they af-
fect the parametrized Csat and give an indication of poten-
tial precursor sources (Huang et al., 2019a) and oxidation
processes, respectively. Figure 1a shows the average mass-
weighted nO vs. nC for all compounds with the molecular
formula Cx≥1Hy≥1Oz≥1X0−n (CHOX; X represents differ-
ent atoms such as N, S, Cl, or a combination thereof) mea-
sured by FIGAERO-CIMS for each campaign. The markers
are color coded by the average mass-weighted oxygen-to-
carbon (O : C) ratios. The observed average nC and nO range
from 7.7 to 11.2 and from 4.9 to 7.1, respectively. There is an
overall trend of increasing nO with increasing nC (Fig. 1a),
with the springtime OOA at the rural station in Hyytiälä, Fin-
land (RHT), and the wintertime OOA at the urban station in
Delhi, India (UDL), deviating from this general trend (see
discussions below). The overall trend shows the effect of the
length of the carbon backbone on the number of potential
oxygen atoms that can be added to the carbon chain (Huang
et al., 2019a).

Generally, at the urban sites, OOA particles exhibit on
average larger nC (9.8± 0.7; average ±1 standard devia-
tion) compared to the rural (8.8± 0.6) and mountain stations
(8.1± 0.8), indicative of different emission sources and OOA
precursors (Huang et al., 2019b).

At the mountain site in Chacaltaya, Bolivia, OOA has a
relatively longer carbon backbone (nC: 8.4± 0.8) in the tran-
sition season (MCC-t) than in the dry season (MCC-d; nC:
7.7± 0.7). The air masses arriving at Chacaltaya present a
diverse mixture from various sources, which vary signifi-
cantly between the transition and the dry seasons (Aliaga et
al., 2021). While air masses arriving at Chacaltaya during the
dry season are more affected by volcanic SO2 emissions and
anthropogenic compounds such as toluene (also seen in the
slightly higher contributions of C7 compounds in Fig. S2)
(Bianchi et al., 2022; Zha et al., 2023b), air masses reach-
ing Chacaltaya during the transition season have more influ-
ence from, e.g., the Amazon Basin (Aliaga et al., 2021; Zha
et al., 2023b); hence, a higher contribution of monoterpene
(C10H16) and especially isoprene (C5H8) oxidation products
is expected (also reflected in the clear peak of C5 compounds
and the second hump of C8–10 compounds in Fig. S2) (Zha
et al., 2023a).

Rural Alabama in the US (RAB) and rural Hyytiälä in Fin-
land (RHT), which are both forested stations albeit in dif-
ferent biomes, show distinct OOA compositions with an nC
of 8.0± 0.4 at RAB and 9.1± 0.6 at RHT. This is likely
due to the different distributions of terpene emissions with
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Figure 1. (a) The campaign’s average mass-weighted number of oxygen atoms (nO) vs. the number of carbon atoms (nC) at the different
locations and in the different seasons (mountain sites are represented with triangles, rural sites with circles, and urban sites with squares; for a
list of nC and nO values see Table S1), with the markers colored by the corresponding campaign’s average mass-weighted oxygen-to-carbon
(O : C) ratios. (b) The average mass contributions of organic compounds (separated into CHO, CHON, and other compounds) for the different
campaigns (M – mountain sites, R – rural sites, U – urban sites) and seasons (s – summer, w – winter, t – transition, d – dry).

more isoprene at RAB (Lopez-Hilfiker et al., 2016; Lee et
al., 2016) and mostly monoterpenes at RHT (Li et al., 2020;
Huang et al., 2021). It is also seen in the higher contribu-
tions of C8–10 compounds at RHT and comparable contri-
butions of C5 and C8–10 compounds at RAB (Zhang et al.,
2018; Massoli et al., 2018) (Fig. S2). The third rural site,
REL, which is situated at a location with substantial an-
thropogenic and biogenic influence dominated by monoter-
pene emissions (Huang et al., 2019a), has a comparable nC
(9.2± 0.8) to RHT and again shows a relatively higher con-
tribution of C8–10 compounds (Fig. S2).

For the urban sites, the curb site in Karlsruhe, Ger-
many (UKA), has a larger nC (summer: 10.7± 0.8; win-
ter: 11.2± 0.8) compared to the urban background site in
the nearby city of Stuttgart (UST; summer: 8.8± 0.4; win-
ter: 8.7± 0.9). The nC in Delhi, India, in wintertime (UDL;
9.4± 0.4) is between that of UKA and UST. Such differences
are likely due to the UKA and UDL measurement locations
being more directly impacted by traffic emissions (Kumar et
al., 2022), with higher contributions of larger aromatic com-
pounds (Zheng et al., 2017; Lim et al., 1999). This is substan-
tiated by the observed elevated contributions of C11–18 com-
pounds (Fig. S2) and higher double-bond-equivalent (DBE)
values (Table S1). In addition, all three urban sites, despite
their very different locations, show a similar seasonal pat-
tern, with higher contributions of C8–10 compounds in sum-
mer from biogenic emissions and higher contributions of C6
compounds (e.g., levoglucosan, C6H10O5) in winter due to
biomass burning emissions (Fig. S2) (Huang et al., 2019b;
Kumar et al., 2022).

While the nC values may give some indication of OOA
precursor emission sources, the average nO and O : C ratios
are linked to different aging processes and/or varying dis-
tance from the sources (Jimenez et al., 2009). The urban sta-
tions exhibit on average the lowest O : C ratios (0.76± 0.03)

compared to the rural (0.80± 0.05) and mountain stations
(0.91± 0.07).

OOA particles during the transition season at the mountain
site in Chacaltaya, Bolivia (MCC-t), have a relatively larger
nO (6.2± 0.3) but slightly lower O : C ratio (0.89± 0.08)
compared to the dry season (MCC-d; nO: 5.8± 0.3; O : C:
0.94± 0.05). For two of the rural stations (RAB in the south-
eastern US and RHT in Finland), nO is comparable (RAB:
5.7± 0.2; RHT: 5.7± 0.3), but O : C is slightly higher at
RAB (0.81± 0.04; RHT: 0.77± 0.05). This may again be
due to the difference in dominating terpene sources (isoprene
for RAB (Lopez-Hilfiker et al., 2016) and monoterpenes for
RHT (Li et al., 2020), also reflected in Fig. S2). The third
rural site, REL in Germany (during summertime with sub-
stantial anthropogenic and biogenic influence) (Huang et al.,
2019a), has higher nO (6.6± 0.5) and O : C (0.83± 0.06)
compared to RAB and RHT, despite the fairly large nC
(9.2± 0.8). This could be related to more intense photochem-
istry/oxidation with higher temperature and/or solar radiation
at this site (Table S1). Lower temperature and solar radiation
could also be the reason for RHT deviating from the general
trend in nO and nC in Fig. 1a.

The urban sites in Germany (Karlsruhe, UKA, and
Stuttgart, UST) have similar nO in summer and winter (UKA
– summer: 7.0± 0.4; winter: 7.1± 0.4; UST – summer:
6.4± 0.2; winter: 6.7± 0.2). In comparison, nO for the Delhi
site in winter (UDL) is 4.9± 0.1 due to the dominance of
primary OA (Kumar et al., 2022), resulting in its deviation
from the general trend in nO and nC (Fig. 1a). Moreover,
O : C ratios are lower for UKA (summer: 0.73± 0.02; winter:
0.73± 0.04) and UDL (0.66± 0.02) compared to UST (sum-
mer: 0.82± 0.02; winter: 0.89± 0.06), which relates back to
its larger nC (see Fig. 1a) as a result of its high proximity
to traffic emissions (Kumar et al., 2022) with more larger
aromatic compounds (Lim et al., 1999; Zheng et al., 2017)
(see discussions above and Fig. S2). Despite the influence
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of different OOA sources in summer and winter (biogenic
emissions vs. biomass burning contributions) for both Ger-
man urban sites, UKA and UST (Huang et al., 2019b), only
UST exhibits higher O : C ratios in winter than in summer.
This could be due to the complex topography of the city of
Stuttgart, resulting in stronger surface temperature inversions
and consequently a longer aging time of air masses (Huang
et al., 2019b; Baumbach and Vogt, 2003).

3.1.2 Mass contribution of organonitrates

The presence of NOx during the oxidation of volatile organic
compounds (VOCs) can lead to the formation of organoni-
trates, either via reactions with peroxy radicals or formation
of NO3 radicals acting as VOC oxidants, and influence SOA
yields and properties of OOA (D’Ambro et al., 2017; Ng et
al., 2007; Faxon et al., 2018; Wu et al., 2021). Organonitrates
have been found to make up an important fraction of total OA
particle mass globally (Kiendler-Scharr et al., 2016; Huang et
al., 2019a; Lee et al., 2018). Due to their connection to emis-
sions from fossil fuel burning, they can be indicators of the
anthropogenic influence of a particular location. To a lesser
extent, lightning is also a source of atmospheric NOx (Mur-
ray, 2016). Here we simply group all organic compounds
containing at least one nitrogen atom (CHON) and loosely
define them as organonitrates (Lee et al., 2016; Huang et al.,
2019a). Compounds containing only carbon, hydrogen, and
oxygen atoms are grouped as CHO.

The average mass contributions of CHO and CHON for
the different locations are shown in Fig. 1b. Overall, CHO
compounds clearly dominate the OOA mass at all locations
(62.0 %–87.1 %). CHO contributions are on average higher
at the rural sites (79.9± 5.2 %) compared to the moun-
tain (66.2± 5.5 %) and urban sites (72.6± 4.3 %), in accor-
dance with their proximity to forested areas. The nitrogen-
containing compounds (CHON) contribute 18.7 %–31.8 % to
the total OOA mass, except at the rural station in the south-
eastern US (RAB; 5.6± 2.6 %). This low contribution could
be due to the less efficient production rates of CHON and/or
their faster loss rates caused by hydrolysis under the high-
RH conditions there (83.1± 15.2 %; Table S1) (Lee et al.,
2020; Hu et al., 2011; Lee et al., 2016; Pye et al., 2015). At
the mountain site in Chacaltaya, Bolivia, CHON contributes
more (23.9± 4.1 %) in the dry season (MCC-d) than in the
transition season (MCC-t; 18.7± 5.9 %) as a result of en-
hanced transport of anthropogenic pollutants from the nearby
La Paz–El Alto metropolitan area during the daytime in the
dry season (Bianchi et al., 2022; Aliaga et al., 2021; Zha et
al., 2023b). As expected, the largest contributions of CHON
compounds are found at the urban stations (27.1± 4.3 %),
coinciding with their higher NOx levels (15.8± 8.7 ppbv; Ta-
ble S1), but, overall, differences between stations and sea-
sons are small.

The compounds labeled “others” in Fig. 1b are mostly
identified as CHOS or CHONS compounds, making up

Figure 2. The average contribution (%) to total organics of differ-
ent volatility groups resulting from VBS calculations (colored-in
bars) and the average mass-weighted log10Csat (T ) values (in black
markers) for different campaigns with the modified Li et al. (2016)
parametrization method (Daumit et al., 2013; Isaacman-VanWertz
and Aumont, 2021). Compounds more volatile than IVOCs with
Csat (T ) higher than 106.5 µg m−3 (labeled others) contributed neg-
ligibly (0.8 %–2.9 %).

0.1 %–14.1 % of the total OOA mass. Sulfur-containing com-
pounds exhibit non-negligible contributions for MCC, REL,
and RAB. This is likely due to varying sources for these lo-
cations: the mountain site in Bolivia (MCC) was influenced
by volcanic emissions during the campaign (Bianchi et al.,
2022) and the rural sites in central Europe (REL) and the
southeastern US (RAB) by nearby refineries and/or power
plants (Huang et al., 2019a; Fry et al., 2018).

3.2 Volatility of OOA particles

3.2.1 Volatility derived from molecular composition

For each campaign we calculated Csat (T ) for each com-
pound based on its molecular composition (see more details
in Sect. 2.2.2) (Donahue et al., 2011; Isaacman-VanWertz
and Aumont, 2021; Li et al., 2016; Mohr et al., 2019) and
grouped all compounds into a 25-bin volatility basis set
(VBS; Fig. S3) (Donahue et al., 2011, 2012). The 25 volatil-
ity bins were then further aggregated into extremely low-
volatility organic compounds (ELVOCs; Csat (T ) lower than
10−4.5 µg m−3), low-volatility organic compounds (LVOCs;
Csat (T ) between 10−4.5 and 10−0.5 µg m−3), semi-volatile
organic compounds (SVOCs; Csat (T ) between 10−0.5

and 102.5 µg m−3), and intermediate-volatility organic com-
pounds (IVOCs; Csat (T ) between 102.5 and 106.5 µg m−3)
(Donahue et al., 2009). The average contributions of different
volatility groups to total OOA are shown in Fig. 2, together
with the average mass-weighted log10Csat (T ). Note that the
bulk apparent volatility of OOA particles, i.e., the average
mass-weighted log10Csat (T ), which represents the overall
observed log10Csat (T ) of the OOA as a whole (D’Ambro
et al., 2018), is different from the log10Csat (T ) and volatility
of the (pure) compounds detected.
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We find that the more volatile species with Csat (T )
between 100 and 104 µg m−3 make up the biggest mass
contributions at all locations (47.7 %–83.8 %); LVOCs and
ELVOCs contribute substantially (13.4 %–42.1 %; Figs. 2
and S3). In general, the VBS distribution pattern does not
seem to have huge differences across different systems and
environments, despite the fact that a large (though not total)
fraction of OOA can be detected by iodide-CIMS (Riva et
al., 2019; Huang et al., 2021). While LVOCs and ELVOCs
may be important for the early stages of atmospheric new
particle formation, they certainly do not dominate the OOA
mass. Note that thermal decomposition of larger organic
compounds during particle desorption with the FIGAERO
could contribute, in particular, to the IVOC fraction (Huang
et al., 2019b; Lopez-Hilfiker et al., 2016). Resolving and sub-
tracting the thermal decomposition compounds using multi-
peak fitting methods (Lutz et al., 2019) or with the help of
positive matrix factorization (Buchholz et al., 2020) may,
however, introduce uncertainties due to some ambiguity dur-
ing the implementation and interpretation (Graham et al.,
2023; Voliotis et al., 2021). Using the thermal decomposi-
tion estimation approach by Wu et al. (2021), the decom-
position fraction is estimated to be 5.8 %–35.9 % (see more
discussions below), which is close to the thermal fragmenta-
tion contributions (1 %–27 %) for nitrate SOA reported in a
recent chamber study (Graham et al., 2023). This has an in-
significant effect on the bulk molecular composition of OOA
particles and is, e.g., within the corresponding standard devi-
ation range of nC, nO, and O : C ratios. If we remove the frac-
tion of signal from potential decomposition products (which
is still not ideal), the change in Csat is within the uncertain-
ties of the parametrization method (Isaacman-VanWertz and
Aumont, 2021). However, note that the decomposition esti-
mation approach we used in our study was initially used for
controlled laboratory studies by Wu et al. (2021) and thus re-
mains a conservative approach for the ambient particle ma-
trix with complex VOCs.

The mountain site in Bolivia exhibits slightly higher
contributions from the more volatile species (i.e., IVOCs)
in the dry season (MCC-d; 31.2± 3.9 %) compared to
the transition season (MCC-t; 20.0± 5.0 %). Consistently,
the average mass-weighted log10Csat (T ) value is also
higher for MCC-d (0.58± 0.35 µg m−3) than for MCC-t
(−0.18± 0.43 µg m−3). In addition to the higher thermal de-
composition contribution for MCC-d (∼ 34.3 %) compared
to MCC-t (∼ 26.3 %), higher contributions of CHON and
sulfur-containing organic compounds during the dry season
(see also Fig. 1b) could also play a role (Peräkylä et al.,
2020). Even though the addition of a NO3 functional group
is assumed to decrease a compound’s vapor pressure by up
to several orders of magnitude (Donahue et al., 2011; Gra-
ham et al., 2023; Pankow and Asher, 2008), CHON com-
pounds with the same nC and nO as a CHO compound (e.g.,
C10H15NO7 vs. C10H16O7) are expected to have a higher va-
por pressure (Donahue et al., 2011; Lee et al., 2018; Pankow

and Asher, 2008). Different origins of air masses and hence
atmospheric processing time and chemistry may be another
reason for the slight differences in OOA volatility between
the seasons (Aliaga et al., 2021; Bianchi et al., 2022).

Among the rural sites in Germany (REL), Finland
(RHT), and the southeastern US (RAB), RAB shows
the highest volatility (IVOC: 49.2± 4.9 %; ELVOC:
2.4± 1.3 %; log10Csat (T ): 2.0± 0.4 µg m−3) compared to
REL (IVOC: 38.8± 6.3 %; ELVOC: 12.5± 5.4 %; log10Csat
(T ): 0.67± 0.67 µg m−3) and RHT (IVOC: 32.7± 6.1 %;
ELVOC: 5.5± 2.1 %; log10Csat (T ): 1.0± 0.5 µg m−3).
RAB is the southernmost station of all rural sites, with the
highest RH (also temperature; Table S1) and high emissions
of isoprene, and the reactive uptake of isoprene epoxydiol
(IEPOX) in aqueous aerosol is thus likely to be a more
important SOA pathway compared to REL and RHT. This
result again shows that the interpretation of OOA volatility
derived from molecular composition is complex and war-
rants careful consideration of various parameters (Graham et
al., 2023; Voliotis et al., 2021).

The urban site in Delhi, India (UDL), exhibits the
lowest LVOC and ELVOC mass fractions (13.4 % in to-
tal) and the highest IVOC mass fractions (54.5± 3.4 %)
and mass-weighted log10Csat (T ) values (2.3± 0.3 µg m−3;
also consistent with its lowest O : C ratios; see Fig. 1a)
compared to the two urban sites in Germany (UKA –
LVOC+ELVOC: 18.4 %–42.1 %; IVOC: 20.5 %–42.8 %;
log10Csat (T ): −0.37–1.6 µg m−3; UST – LVOC+ELVOC:
27.9 %–41.9 %; IVOC: 23.8 %–32.5 %; log10Csat (T ):
−0.50–0.63 µg m−3). The relatively higher volatility of OOA
in Delhi compared to that in the German cities may likely
be related to the dominance of primary OA with very high
biomass burning (also reflected in the large peak of C6
compounds in Fig. S2) and traffic emissions (Kumar et al.,
2022). The biomass burning vapors have been found to be re-
sponsible for the nighttime particle growth at UDL (Mishra
et al., 2023). As for UKA and UST, higher LVOC and
ELVOC mass fractions (41.9 %–42.1 %) and lower mass-
weighted log10Csat (T ) values (−0.50–0.37 µg m−3) are ob-
served in winter compared to summer (18.4 %–27.9 % and
0.63–1.6 µg m−3, respectively), indicating that the bulk win-
ter OOA is less volatile. Similar results were also observed
in Zurich, Switzerland, based on AMS data (Canonaco et
al., 2015). Higher O : C ratios (Fig. 1a) could be part of
the reason for the less volatile OOA in winter in Stuttgart
(UST) compared to summer (Huang et al., 2019b). For the
Karlsruhe curb site (UKA), the O : C ratios are quite sim-
ilar in winter and summer (Fig. 1a), and therefore other
factors, such as the relatively higher contributions of larger
molecules (nC> 16; Fig. S2) and the reduced volatility of
OOA from biomass burning due to aging processes (Keller
and Burtscher, 2017) (see also the higher O : C ratios in
Fig. 1a compared to UDL with more primary emissions; Ku-
mar et al., 2022), might play a role.
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The mass-weighted log10Csat (T ) shows a qualitatively
similar distribution to the ambient temperature (Pearson’s
R: 0.58; Figs. S4 and S5). This makes sense insofar as, on
the one hand, the log10Csat (T ) calculated using molecular
composition is shifted based on ambient temperature (com-
pare Eq. 2) – the same compound exhibits a higher appar-
ent volatility under warmer conditions and vice versa; on the
other hand, a higher apparent volatility is also expected at
higher ambient temperatures due to higher local emissions
of biogenic precursors. In addition, we find a positive cor-
relation between log10Csat (T ) and humidity (Pearson’s R
for RH and absolute humidity: 0.57 and 0.68, respectively;
Fig. S5), indicating potential hydrolysis effects on OOA par-
ticles (forming smaller and more volatile compounds) caused
by potentially high aerosol liquid water content at higher hu-
midity levels (Lee et al., 2020; Hu et al., 2011; Hinks et al.,
2018). Negative correlations are found between log10Csat (T )
vs. nO (Pearson’s R: −0.72) and the average mass-weighted
molecular weight (MW) of CHOX compounds (Pearson’sR:
−0.56), following the parametrization assumption of the ox-
idation effect on volatility and of lower volatility for larger
and complex molecules (Donahue et al., 2011).

3.2.2 Volatility derived from thermograms

We further investigate the volatility derived from FIGAERO
thermograms qualitatively for the different sites and com-
pare it to the volatility derived from the molecular compo-
sition measurements. It is important to note that, similar to
D’Ambro et al. (2018), the term volatility discussed here
refers to the effective volatility of bulk OOA particles, which
combines the impacts of diffusion limitations and thermal de-
composition of lower-volatility species. Here we focus the
bulk OOA volatility analysis on the shape and distribution
of sum thermograms, which are found to give representative
qualitative volatility estimations as they take into account the
whole signal distribution and reduce potential artifacts from
the thermal decomposition of individual compounds (Volio-
tis et al., 2021).

The campaign’s average sum thermograms of CHOX
compounds (i.e., the sum of the mass spectral signal evo-
lution of all CHOX compounds as a function of desorp-
tion temperature) for the different locations are shown in
Fig. 3, normalized to their maximum values. Sum thermo-
gram shapes vary for different environments, and they ex-
hibit maximum signal at temperatures (sumTmax) ranging
from 80.5 to 146.3 °C (see also Fig. S6). Such differences
of sumTmax of > 60 °C across different systems and environ-
ments are hardly surprising, given the large spread in Tmax
for all compounds in one single mass spectrum (Huang et
al., 2019b; Wang and Hildebrandt Ruiz, 2018), in Tmax cal-
ibrations with different instrumental settings, experimental
procedures, or calibrants (Wang et al., 2020; Ylisirniö et al.,
2021), as well as for one compound with the same molecular
formula between day and night (Thompson et al., 2017; Gas-

Figure 3. Average sum thermograms of CHOX compounds (nor-
malized to their maximum values) for all campaigns, with corre-
sponding sumTmax values labeled in the plot.

ton et al., 2016), between the field and laboratory (Thomp-
son et al., 2017), or over a whole campaign period using
the same instrument and operating conditions (Thompson et
al., 2017) (see an example of C6H10O5, the molecular for-
mula corresponding to levoglucosan, in Fig. S7). However,
Tmax variation due to different instruments or operating con-
ditions is generally smaller than that from the difference in
monomers and dimers (Wu et al., 2021) and other factors like
the presence of isomers (Thompson et al., 2017; Masoud and
Ruiz, 2021) and particle-phase diffusivity, viscosity, and ma-
trix effects (Huang et al., 2018; Ren et al., 2022). Different
FIGAERO geometry was speculated to not induce signifi-
cant Tmax changes (Ylisirniö et al., 2021). The ramp rates for
all measurements shown in the present study varied between
6.7 and 13.3 °C min−1 (see Table S2), inducing a Tmax dif-
ference of a maximum of 5 °C (Schobesberger et al., 2018;
Ylisirniö et al., 2021; Thornton et al., 2020). Correction of
the Tmax values to a filter mass loading of 1 µg following our
approach outlined earlier (Huang et al., 2018) only leads to
a Tmax change of < 5 °C. It is also worth noting that ther-
mal decomposition of larger organic compounds during par-
ticle desorption with the FIGAERO could form products with
lower masses and lower Tmax values and hence higher effec-
tive volatility. Although the calculated decomposition frac-
tion has a minor effect on the molecular composition of OOA
particles (see more details in Sect. 3.2.1), the contribution of
fragments to their parent compounds and the impact on the
“original” volatility should not be ignored.

The mountain site in Bolivia in the transition season
(MCC-t) exhibits some of the lowest sumTmax values of all
stations (81.7 °C), indicating relatively higher bulk volatil-
ity. In contrast, during the dry season, the bulk OOA ap-
pears less volatile (MCC-d sumTmax: 107.7 °C). This trend
is in disagreement with log10Csat (T ), which is higher for
MCC-d (i.e., higher volatility) than for MCC-t. The dis-
crepancy could be due to thermal fragmentation of larger
oligomeric molecules, which biases the Csat results and, to
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a lesser extent, the sum thermogram shape towards higher
volatilities due to the dominance of monomer species (i.e.,
ending up with a “tail”). Compared to MCC-t (∼ 26.6 %),
MCC-d exhibits a higher contribution of thermal fragmenta-
tion (∼ 35.9 %; also reflected in the higher IVOC fractions
in Fig. 2a), with multi-mode thermograms showing elevated
signals at high desorption temperatures (∼ 150 °C), i.e., long
tails (see also Fig. S6a–b).

The rural sites in Germany (REL) and the southeastern US
(RAB) have similar sumTmax values of ∼ 100 °C. Both also
show contributions (up to 21 %) from thermal fragmentation
through multi-mode thermograms or long tails at high des-
orption temperatures (∼ 150 °C; see also Fig. S6c–d; similar
to the dry season for the mountain site MCC-d). The lowest
sumTmax value (94.5 °C) at RAB is consistent with its high-
est average log10Csat (T ) value (2.0± 0.4 µg m−3) among
the rural stations. The rural site in Finland (RHT) exhibits a
high sumTmax value of 146.3 °C, with the thermogram shape
reaching a plateau after 120 °C and the signal only starting
to decrease at a desorption temperature > 180 °C (see also
Fig. S6e). This might be related to an older age (D’Ambro
et al., 2018) and/or a more viscous phase state of the OOA
particles at RHT, caused by its lowest temperature and RH
among all rural stations (Table S1) (Shiraiwa et al., 2011),
affecting the evaporative behavior and inferred volatility of
the particle-bound compounds (Yli-Juuti et al., 2017; Huang
et al., 2018).

The urban sites in Germany (UKA and UST) exhibit sim-
ilar trends in sumTmax, with relatively higher values in win-
ter (106.1–112.5 °C) compared to summer (80.5–102.0 °C).
Such a seasonal trend is mirrored in their average log10Csat
(T ) values. The differences in sumTmax between summer and
winter are found to be larger for Stuttgart (UST; ∼ 32 °C)
than for Karlsruhe (UKA; ∼ 4 °C). This could be due to the
differences in measurement environments and topography.
The topography at UST prevents dispersion (Huang et al.,
2019b; Baumbach and Vogt, 2003), and the formation of
more oxygenated molecules in winter at UST can thus be
expected due to the longer residence time of the air masses
(Buchholz et al., 2019) (also reflected in the higher O : C ra-
tios; see Fig. 1a). The UKA site is a curb site with more in-
fluence from direct traffic emissions (Kumar et al., 2022), in-
cluding larger aromatic compounds (Lim et al., 1999; Zheng
et al., 2017) (see abovementioned discussions and Fig. S2),
and smaller differences for summer vs. winter are therefore
expected. During winter, the Delhi site in India (UDL) ex-
hibits a similar sumTmax value (113.0 °C) to UST and UKA
(106.1–112.5 °C). All three urban locations show an indica-
tion of a substantial contribution (up to 14 %) of thermal frag-
mentation in their thermograms (see also Fig. S6f–j), which
might also be the reason for the highest sumTmax value not
corresponding to the lowest log10Csat (T ) value, similar to
MCC.

As shown in earlier publications (Huang et al., 2018;
Ylisirniö et al., 2021), the connection between Tmax and

volatility is complex, and direct relationships between Tmax
and vapor pressure can only be established for solutions of
pure or a few compounds (Wang et al., 2020; Ylisirniö et al.,
2021; Ren et al., 2022). For the complex ambient particle ma-
trix, factors other than the pure compounds’ vapor pressures
come into play, such as the presence of isomers with different
vapor pressures (Thompson et al., 2017), thermal decomposi-
tion contributions of larger molecules (Lopez-Hilfiker et al.,
2015), and matrix effects and viscosity (Huang et al., 2018;
D’Ambro et al., 2017; Wang and Hildebrandt Ruiz, 2018),
even for the same compounds in solutions mixed with differ-
ent species (Ren et al., 2022). This is exemplified here, with
varying Tmax values for compounds with the same molec-
ular formula across different campaigns (with an average
Tmax difference of 55.0± 24.3 °C), such as C5H12O4 (molec-
ular formula corresponding to 2-methyltetrol, a tracer of iso-
prene oxidation products; D’Ambro et al., 2019), C6H10O5
(molecular formula corresponding to levoglucosan, a tracer
of biomass burning; Saarnio et al., 2010), C8H10O5 (iden-
tified in the laboratory as a monoterpene oxidation product;
Hammes et al., 2019), C8H12O5 (molecular formula corre-
sponding to 2-hydroxyterpenylic acid identified in α-pinene
SOA; Claeys et al., 2009), C10H15NO7 (identified in the lab-
oratory as a monoterpene oxidation product; Boyd et al.,
2015; Faxon et al., 2018), and C17H24O6 (identified in the
laboratory as a monoterpene oxidation product; Kenseth et
al., 2020; Fig. S8). Such variation may be due to actual
changes in effective volatilities of the observed OOA com-
ponents, experimental factors, or both. However, as we dis-
cussed earlier, Tmax variation due to different instruments or
operating conditions is generally smaller compared to that
due to changes in physicochemical properties. Therefore, the
relative variations in thermogram shapes and Tmax we present
and discuss in our study are dominated by the presence of
isomers (Thompson et al., 2017; Masoud and Ruiz, 2021)
and particle-phase diffusivity, viscosity, and matrix effects
(Huang et al., 2018; Ren et al., 2022). Due to unavailable cal-
ibrations of the relationship between Tmax and Csat (Wang et
al., 2020; Ylisirniöet al., 2021) for most locations, the analy-
sis and interpretation of OOA volatility based on FIGAERO-
CIMS thermograms are challenging and, in the absence of
additional constraints on OOA composition and thermal be-
havior, currently remain at the qualitative level (Graham et
al., 2023; Voliotis et al., 2021), especially for complex field
data.

Similar to log10Csat (T ), we also compare the sumTmax
with various environmental and measurement parameters
(Fig. S9). Correlations of sumTmax values with other param-
eters (e.g., meteorology, trace gases) are weak (Pearson’s R
within ±0.3). These results further show the complexity of
assessing the effective volatility derived from thermogram
behavior and Tmax, especially for a diverse set of field data.
Contributing to the lack of clear correlations in this analysis
may be potential effects of experimental parameters on the
FIGAERO thermograms (Table S2) (Thornton et al., 2020),
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as well as open questions regarding their interpretation, as
noted above.

3.3 Relationship between thermal-desorption-derived
volatility and molecular-composition-derived
volatility

In order to investigate whether there is consistency in the
bulk OOA volatility derived from molecular composition
and thermograms, we compare the average log10Csat (i.e.,
molecular-composition-derived volatility) with the sumTmax
(i.e., thermal-desorption-derived volatility) in Figs. 4 and
S10. The gray area covers the previously reported calibra-
tion fit curves of log10Csat (298 K) vs. calibrant Tmax values
in colored dashed lines. As we can see from Fig. 4, over-
all the log10Csat (298 K) values from different locations are
close to the range given by the calibration curves. However,
it is important to note that this does not suggest Tmax cali-
brations are not needed for field measurements (unavailable
for our datasets). Although we cannot find a correlation be-
tween log10Csat (298 K) and sumTmax with all data points
included, such a correlation might be improved to some ex-
tent with laboratory Tmax calibrations. This again underlines
the complexity of assessments of the volatility through ei-
ther method, as already shown for laboratory measurements
(Graham et al., 2023), but even more so for comparisons of
complex ambient data from different locations and periods
and with different instrument versions (see Table S2).

If we only focus on the datasets collected with the
same FIGAERO setup (REL, UST-s, UST-w, UKA-s, and
UKA-w), assuming similar calibration factors, a nega-
tive correlation (Pearson’s R: −0.54) is observed between
log10Csat (298 K) and sumTmax. And the correlation still
holds between ambient-temperature-corrected log10Csat and
sumTmax (Pearson’s R: −0.92). Although Csat values can be
biased by orders of magnitude using different parametriza-
tion methods (Graham et al., 2023), the general slope and
trend are similar to the calibration curves or to those us-
ing other parametrization methods such as the Donahue et
al. (2011) method (Fig. S1). Hence, the results provide an
overall broad qualitative agreement between bulk volatility
derived from thermograms and composition.

Other than the effects of different FIGAERO geometries
(Ylisirniö et al., 2021), parameters affecting the correla-
tion between log10Csat and sumTmax are manifold, and the
correlation is subject to uncertainties and artifacts for both
methods. On the one hand, molecular-composition-derived
volatility is limited by its incapability to differentiate iso-
mers with different vapor pressures since it is solely based on
molecular formula (Graham et al., 2023), and the bulk OOA
volatility for the complex ambient particle matrix may also
diverge from the sum of individual parametrized Csat due
to non-ideal intermolecular interactions (Compernolle et al.,
2011; Isaacman-VanWertz and Aumont, 2021), in addition
to the highly uncertain parametrization of Csat for organon-

itrates with multiple nitrate groups (Graham et al., 2023).
On the other hand, thermal-desorption-derived volatility can
suffer from artifacts of oligomer content, viscosity, and pos-
sible mutual interactions between them (i.e., oligomer con-
tent vs. viscosity) (Huang et al., 2018; D’Ambro et al., 2017;
Wang and Hildebrandt Ruiz, 2018). Thermal decomposition
of larger oligomeric molecules can bias the Csat and, to a
lesser extent, the sum thermogram shape and sumTmax to-
wards higher volatilities due to the dominance of monomer
species (i.e., ending up with a longer tail). There have been
attempts to separate the thermal decomposition contribution
for individual thermograms (Lutz et al., 2019; D’Ambro et
al., 2018; Buchholz et al., 2020; Wu et al., 2021), but this
poses the threat of introducing new uncertainties due to the
difficulty in, e.g., differentiating isomers from thermal de-
composition products and monomers from dimers in ambi-
ent samples with complex VOC precursors (Graham et al.,
2023; Voliotis et al., 2021). Overall, however, for a limited
number of our datasets from the exact same instrument, the
lower apparent volatility (i.e., higher sumTmax) agrees qual-
itatively with the lower log10Csat values, corroborating po-
tential relationships and interconnections between volatility
and chemical composition across different environments and
systems despite the large uncertainties and artifacts of both
methods.

4 Conclusions and atmospheric implications

In this paper, the molecular composition and volatility
of OOA particles in different rural, urban, and mountain
environments were investigated with the deployments of
FIGAERO-CIMS. We find distinct molecular composition
for different environments: OOA particles exhibit on aver-
age larger nC and lower O : C ratios at the urban sites (nC:
9.8± 0.7; O : C: 0.76± 0.03), followed by the rural (nC:
8.8± 0.6; O : C: 0.80± 0.05) and mountain stations (nC:
8.1± 0.8; O : C: 0.91± 0.07), indicative of different emis-
sion sources and chemistry. While the CHO contributions are
on average higher (79.9± 5.2 %) compared to the mountain
(66.2± 5.5 %) and urban sites (72.6± 4.3 %), in accordance
with their proximity to forested areas, the largest contribu-
tions of CHON compounds are found at the urban stations
(27.1± 4.3 %), consistent with their higher NOx levels.

Moreover, the bulk OOA volatility differences are found
in Csat values of up to ∼ 3 orders of magnitude and in ther-
mogram shapes with average sumTmax values of up to 60 °C
across different locations and systems. Despite the uncertain-
ties/limitations for volatility derived from both sumTmax and
molecular formula as well as the translated uncertainties in
the relationship between them, sumTmax is found to exhibit
an overall negative correlation with molecular-formula-based
Csat, suggesting a potential relationship/interlink between the
volatility and chemical composition for the different loca-
tions and systems.
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Figure 4. Comparison of the campaign’s average mass-weighted log10Csat and sumTmax values for different locations and seasons (mountain
sites are represented with triangles, rural sites with circles, and urban sites with squares), with mass-weighted log10Csat (298 K) in red and
mass-weighted log10Csat (T ) in purple. The solid red line is the fit line for the solid red markers only, the data of which are from the same
FIGAERO setup. The gray area covers the previously reported calibrations of log10Csat (298 K) vs. calibrant Tmax values with colored
dashed lines. The wide spread of these calibration lines is believed to result from variations in instrument designs, experimental procedures,
and the ranges of calibration compounds used (Ylisirniö et al., 2021).

Here, using FIGAERO-CIMS measurements of OOA par-
ticles from various locations, we achieve a comprehen-
sive picture of the relationship/interconnection between the
volatility and chemical composition of OOA particles in dif-
ferent rural, urban, and mountain environments, which are
characterized by different ambient meteorological parame-
ters, trace gas levels, emission sources/chemistry, and re-
sulting distinct OOA molecular composition and volatility.
Our study shows a connection between chemical compo-
sition and thermal desorption behavior but also the limita-
tions of using measurements of either for the assessment of
volatility. Thermal decomposition is a well-known issue for
FIGAERO-CIMS measurements; however, the effects on the
bulk molecular composition and sum thermograms of all de-
tected OOA compounds for most sites studied here are not
significant as these thermally unstable oligomers do not dom-
inate the OOA mass. For some locations with multi-mode
thermograms dominated by the second mode (e.g., MCC-d,
RHT, and UDL; see Fig. S6), the effects would be larger.
Still, alternative approaches need to be developed for more
quantitative estimations of volatility from FIGAERO-CIMS
measurements.

Overall we find that it is clearly the chemical composi-
tion of OOA that determines its apparent volatility and that

environmental conditions (e.g., ambient temperature) play a
lesser, secondary role through their influence on the sources
and chemistry of a particular environment, such as seasonal
patterns of biogenic emissions and human behavior (e.g., res-
idential heating). For example, summer OOA particles tend
to be more volatile than winter OOA particles due to higher
ambient temperatures in summer and consequently higher
local emissions of biogenic precursors and higher reaction
rates. In winter, OOA particles are subject to higher biomass
burning emissions and/or traffic emissions from human ac-
tivities. Therefore, the importance of the chemical compo-
sition and environmental conditions (e.g., ambient tempera-
ture) for the apparent volatility of OOA particles is differ-
ent, with the chemical composition (i.e., sources and chem-
istry) being a more direct and important factor than the envi-
ronmental conditions. The comprehensive dataset from our
results shows the complex thermodynamics and chemistry
of OOA and their changes during its lifetime in the atmo-
sphere and that the chemical description of OOA generally
suffices to predict its apparent volatility, at least qualitatively.
Considering the major contribution of OA to total aerosol
mass concentrations and implications for both human health
and climate change (Jimenez et al., 2009; Nel, 2005; IPCC,
2021), our study provides new insights that will help guide
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choices of, e.g., descriptions of OOA volatility in different
model frameworks. For example, with a better constraint on
the volatility of condensable vapors and the associated par-
ticles using, e.g., the up-to-date CIMS measurements, the
study could contribute to understanding the underlying ox-
idative chemistry and a better OA representation in air qual-
ity models. The potential contribution of co-condensation of
organic vapors to aerosol forcing or to future cloud radia-
tive effects could also be better accounted for in cloud par-
cel models (Heikkinen et al., 2023). A better understanding
of the chemical nature and volatility of OA components can
thus ultimately improve predictions of atmospheric organic
particle mass and climate effects of atmospheric OA.
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