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Abstract

Aerosols have a profound influence on climate and human health, but new particle formation in the atmosphere has remained
a scientific conundrum. In particular, the growth rates of atmospheric nanoparticles are often smaller and less dependent on
condensable vapor concentration than expected. Here, we take a new integrative approach to analyze observational data from
field measurements and chamber experiments, which were previously unexplained and appeared inconsistent with theory and
model predictions. We show that the observed growth rates can be predicted when the temperature dependence and multiphase
kinetics of gas-particle partitioning are resolved. Slow surface-to-bulk transport limits the rates of vapor uptake by semi-solid
particles with low diffusivity, whereas shifts in the volatility distribution following the Clausius-Clapeyron equation enhance
growth rates at low temperature and concentration levels. These antagonistic effects lead to an effective buffering of the organic
vapor concentration dependence of nanoparticle growth in secondary organic aerosols. Our study reveals how counteracting
temperature dependencies of organic vapor oxidation, volatility and diffusivity can explain the convergence of growth rates

around a few nanometers per hour under widely varying atmospheric conditions.

1 Introduction

Atmospheric aerosols consisting of airborne particles in the nanometer to micrometer size range have a strong influence on
air quality, public health, and climate (IPCC, 2023; WHO, 2023). Large fractions of airborne fine particulate matter consist
of secondary organic aerosols (SOA) formed by gas-to-particle conversion of organic precursor molecules in the atmosphere
(Jimenez et al., 2009; Hallquist et al., 2009; Riipinen et al., 2011; Shrivastava et al., 2017). Over the past decades, numerous
studies have investigated atmospheric new particle formation and growth (Kulmala et al., 2004, 2014; Stolzenburg et al., 2023).
The rates of nanoparticle growth, however, have remained enigmatic and constitute a gap in the scientific understanding and
assessment of atmospheric aerosols and their effects on health and climate (Bianchi et al., 2016; Gordon et al., 2017; Kulmala
et al., 2022). In particular, the growth rates of atmospheric SOA particles observed in field measurements are fairly uniform

around 1-10 nm h~! and exhibit a relatively weak dependence on measured organic vapor concentrations that vary by multiple
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orders of magnitude (Stolzenburg et al., 2018; Yli-Juuti et al., 2020; Stolzenburg et al., 2025). Computational models utilizing
volatility basis sets (VBS; Donahue et al., 2006, 2011; Bhattacharyya et al., 2025) were found to reproduce observations under
a variety of conditions, while under- or over-predicting nanoparticle growth rates measured in other instances (Stolzenburg
et al., 2018; Mohr et al., 2019; Qiao et al., 2021; Stolzenburg et al., 2022; Dada et al., 2023; Cai et al., 2026).

Under atmospheric conditions, organic aerosol particles are expected to exist in highly viscous or semi-solid phase states and
may even exhibit an amorphous solid (glassy) state depending on chemical composition, temperature, and humidity (Zobrist
et al., 2008; Mikhailov et al., 2009; Virtanen et al., 2010; Koop et al., 2011; Renbaum-Wolff et al., 2013; Shiraiwa et al.,
2017; Reid et al., 2018). Accordingly, the molecular diffusivity in SOA particles can vary over a wide range from more than
10710 cm? s~! (liquid) to less than 10~2! cm? s=! (glassy), which influences the kinetics of mass transport, gas uptake,
and partitioning (Shiraiwa et al., 2011; Berkemeier et al., 2013; Shiraiwa et al., 2014; Zaveri et al., 2018; Li et al., 2026).
Earlier studies have shown that diffusivity-limitations can affect the water uptake, heterogeneous chemical transformation,
evaporation, and size distribution of organic aerosol particles (Pfrang et al., 2011; Zhou et al., 2013; Arangio et al., 2015;
Berkemeier et al., 2014, 2016; Mu et al., 2018; Zaveri et al., 2020; Berkemeier et al., 2020; Schervish et al., 2026; Kang et al.,
2026).

Here, we re-analyze observational data of nanoparticle growth from field measurements in the boreal forest (Hyytiél4, Fin-
land) and from sophisticated laboratory experiments (CERN CLOUD), utilizing a new kinetic multilayer model of multiphase
chemistry (KM3C) that resolves the reactivity, diffusivity, and concentration gradients of different chemical species across the
gas phase, condensed phase, and the interface between them. We demonstrate that SOA nanoparticle growth can be accurately
predicted when the relevant thermodynamic and kinetic aspects of aerosol properties, processes, and temperature dependencies

are taken into account in an integrative approach of data analysis and numerical modeling.

2 Results and Discussion

Figure 1 illustrates how the elucidation of condensed-phase diffusivity and concentration profiles inside SOA particles resolves
previously unexplained discrepancies between field measurements and model predictions of condensable organic vapor con-
centrations and nanoparticle growth rates. As shown in Fig. 1a and reported by Stolzenburg et al. (2025), nanoparticle growth
rates observed in the boreal forest summer (blue markers) were substantially lower than those predicted with a two-film model
(Zaveri et al., 2014) assuming quasi-liquid particles with high diffusivity (>107® cm? s~!, solid brown line and shading).
In their modeling approach, Stolzenburg et al. (2025) considered uncertainties and variations related to condensable vapor
concentration measurements, activity coefficients, decomposition reactions, and reduced diffusivity (10~ cm? s~!, dashed
brown line), but they did not reach agreement with the measurement results and highlighted incomplete mass closure.

In contrast, our kinetic multilayer model KM3C is able to reproduce the observed growth rates assuming a diffusivity char-
acteristic for highly viscous, nearly glassy semi-solid substances (10720 cm? s~') and otherwise identical model parameters
such as the time-dependent concentrations of condensable organic vapors, their enthalpies of vaporization, and the treatment

of the Kelvin effect (Supplementary Information, Sects. S1, S2). Using the same diffusivity in the two-film model published by
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Stolzenburg et al. (2025), we obtain closure for larger particles sizes, but not below 3 nm (brown dotted line), which indicates
that details of interfacial mass transport, molecular diffusion, and differential concentration gradients as resolved in KM3C are
relevant for the kinetics of atmospheric nanoparticle growth.

Figure 1c illustrates how low diffusivity leads to the development of differential concentration gradients inside the nanopar-
ticle as described in KM3C, where the outer layers contain higher fractions of relatively more volatile compounds (low-volatile
organic compounds, LVOC) compared to the inner layers, which in turn show higher fractions of relatively less volatile com-
pounds (ultra low-volatile organic compounds, ULVOC). This is consistent with the role of ULVOC in new particle formation
and nucleation, respectively (Dada et al., 2023; Donahue et al., 2026). The low diffusivity leads to an enrichment of relatively
more volatile compounds at the surface, decelerates their uptake into the particle bulk (surface-to-bulk transport), and delays the
equilibration of gas-particle partitioning. These effects keep the particle growth rate lower than expected under the assumption
of a well-mixed and thus rapidly equilibrating particle phase (Figs. S1, S2).

As illustrated in Fig. 1b, nanoparticle growth observed in the boreal forest spring was well captured by both the two-film
model of Stolzenburg et al. (2025) as well as our multilayer model with higher diffusivity (1071 cm? s~1, solid blue line and
shading). Under these conditions, the multilayer model shows a well-mixed particle bulk without differential concentration
gradients (Fig. 1d), indicating that the growth rates observed and simulated under these conditions are not limited by molecular
diffusivity. We find that the sensitivity to particle phase state and diffusivity is less pronounced in the springtime scenario (Fig.
S3), and KM3C captures the spring data within experimental errors also at a diffusivity of 1078 cm? s~! (dashed blue line).

The diffusion properties of complex SOA mixtures have not yet been constrained with high precision, but the occurrence of
different phase states and diffusivities of SOA nanoparticles in the investigated growth events is consistent with earlier studies
(Virtanen et al., 2010; Saukko et al., 2012; Renbaum-Wolff et al., 2013; Bateman et al., 2016; Shiraiwa et al., 2017; Slade
et al., 2019; Kiland et al., 2019; Artaxo et al., 2022; Zhang et al., 2024; Antossian et al., 2026; Golay et al., 2026). To obtain
quantitative estimates, we performed model calculations with semi-empirical parameterizations that relate glass transition
temperatures, viscosities and self-diffusion coefficients to the volatilities of organic compounds, including particle-size and
plasticizer effects (Mikhailov et al., 2013; Cheng et al., 2015; Dette and Koop, 2015; Li et al., 2020; Mahant et al., 2024; Kang
etal., 2026). As detailed in the online supplement (Sects. S8, S9), these model calculations support that nanoparticle formation
and growth by condensation of low-volatile organic vapors yield particles with very high viscosity and low diffusivity in the
range of 10720 to 1078 cm? s~!. Due to higher fractions of ULVOC, the diffusivity of newly formed particles in boreal forest
air can indeed be lower in summer than in spring (Fig. S5). Despite remaining uncertainties in predicting these properties, our
model results demonstrate that kinetic limitations related to particle-phase diffusivity of condensable organic vapors offer a
plausible, coherent, and quantitative explanation for previously unexplained observations.

Figure 2 shows nanoparticle growth rates measured under very well defined conditions in the CERN CLOUD chamber
(Stolzenburg et al., 2018). For particles in the diameter range of 1.5 to 3 nm (Fig. 2a), the growth rates observed at 5°C are near
the kinetic limit derived by Stolzenburg et al. (2025) from the concentration of oxidized organic molecules (OOMs) measured
by nitrate chemical ionization mass spectrometry (NO3-CIMS). The rates observed at -25°C and 25°C, however, are well above

and below the kinetic limit (OOMs) line, respectively, and were not captured by this modeling approach (Stolzenburg et al.,
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2025). In the particle size range of 3 to 7 nm (Fig. 2b), the observed growth rates are close to the reported kinetic limit at 5°C
and 25°C, but again much higher at -25°C.

When considering only the OOMs measured by NO3-CIMS (Fig. S7), our kinetic multilayer model was not able to repro-
duce the observed growth rates. Thus, we included organic vapors measured by proton-transfer reaction time-of-flight mass
spectrometry (PTR3; Stolzenburg et al., 2018) and integrated the Clausius-Clapeyron equation in KM3C to describe the
temperature-dependent volatility distribution of organic vapors (Supplementary Information, Sect. S1). This approach captures
both the concentration dependence and the temperature dependence of the measured nanoparticle growth rates as illustrated in
Figs. 2a,b. In accordance with the VBS modeling approach of Stolzenburg et al. (2022), our kinetic model calculations confirm
that comprehensive measurement techniques and data are needed to cover the full range and variability of condensable organic
vapors. This includes semi-volatile organic compounds (SVOC) that can substantially contribute to nanoparticle growth at
-25°C even if their contribution is negligible at +25°C (Fig. S8). As shown by Riva et al. (2019); Mohr et al. (2019); Dada
et al. (2023), full coverage of condensable organic vapors by mass spectrometry requires suitable instrumentation and ioniza-
tion techniques as the sensitivity towards compounds with different degrees of oxygenation can vary strongly. The molecular
composition of SOA particles formed by dark ozonolysis of a-pinene (CERN CLOUD) is likely not the same as for parti-
cles formed in summertime boreal forest air (Hyytiéld), which may be influenced by other volatile precursors (monoterpenes,
sesquiterpenes; Hellén et al., 2018) and photo-oxidants including OH radicals (Baboomian et al., 2022). These differences in
aerosol composition and chemical aging can plausibly lead to differences in particle-phase diffusivity (Sect. S5).

Figure 3 shows a wide range of atmospheric nanoparticle growth rates plotted against organic vapor concentrations as ob-
served in the Asian megacity of Beijing (China, Qiao et al., 2021), at the Europe rural background site San Pietro di Capofiume
(Italy, Cai et al., 2024), and at the boreal forest site Hyytidld (Finland, Gonzalez Carracedo et al., 2022) alongside the CERN
CLOUD chamber data as presented by Stolzenburg et al. (2025). Similar to the chamber experiments (circular markers), the
field measurement data (diamond markers) exhibit a pronounced increase of OOMs concentrations with increasing temper-
ature (color coding), which can be attributed to general trends of temperature-related enhancements in emissions of volatile
organic compounds (VOC) as SOA precursors and photochemical reactivity leading to higher OOMs production rates in the
atmosphere (Seinfeld and Pandis, 2016; Paasonen et al., 2018; Bianchi et al., 2019). While the OOMs concentrations vary by
three orders of magnitude, the nanoparticle growth rates observed in the atmosphere remain rather uniformly confined to a
narrow range around 1 to 10 nm h~1.

The field measurement data points and their weak dependence on ambient temperature and measured OOMs concentration
do not follow the kinetic-limit line (black dashed) to which they had been related in the recent study of Stolzenburg et al.
(2025) highlighting incomplete mass closure of atmospheric nanoparticle growth. In contrast, the solid black fit line to our
model results illustrates the weak apparent dependence on OOMs concentration which we obtain using KM3C to predict
SOA nanoparticle growth rates as a function of temperature and organic vapor concentration assuming the same volatility
distributions as observed in the CERN CLOUD experiments (square markers). The grey shaded areas in Fig. 3 illustrate that
most of the growth rates observed in the field measurements and laboratory experiments reported by Stolzenburg et al. (2025)

fall within a factor of three relative to this line.
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The tilt and flattening of the high OOMs concentration dependence by kinetic-limit lines introduced in earlier studies
(Stolzenburg et al., 2018, 2025) towards the weak OOMs concentration dependence indicated by KM3C can be attributed
to the following key factors: (I) at low temperature and concentration levels, organic vapors that would have relatively high
volatility at room temperature can also contribute to nanoparticle growth (upward shift indicated by the arrow on the left
side of Figs. 3a,b); and (I) at high temperature and concentration levels, enhanced volatility, low diffusivity, slow surface-to-
bulk transport, and differential concentration gradients decelerate the uptake of organic vapors and delay the equilibration of
gas-particle partitioning (downward shift indicated by the arrow on the right side of Figs. 3a,b).

Overall, the variability and temperature dependencies of condensable organic vapor (OOMs) production by VOC oxidation,
volatility, and diffusivity are partly offsetting and balancing each other. This balancing leads to an effective buffering of the
vapor concentration dependence of atmospheric nanoparticle growth rates around 1 to 10 nm h™! as observed and reported in
earlier studies (Kulmala et al., 2004; Kulmala and Kerminen, 2008; Stolzenburg et al., 2023, 2025).

3 Conclusions and Outlook

This study provides an answer to the long-standing and enigmatic scientific question why atmospheric nanoparticle growth
rates are fairly uniform under widely different ambient conditions and exhibit a low dependence on organic vapor concentra-
tion (OOMs). We have developed and applied a new kinetic multilayer model of multiphase chemistry (KM3C) to explain and
reconcile discrepancies between field observations, laboratory experiments, theoretical considerations, and earlier model pre-
dictions by resolving the interplay and counteracting effects of temperature-dependent multiphase chemical reactivity, volatil-
ity, and diffusivity.

As illustrated in Fig. 4, we identified key factors that lead to an effective buffering and convergence of atmospheric nanopar-
ticle growth rates around 1-10 nm h™! in spite of highly variable ambient conditions, including temperature and organic
vapor concentrations. The emission and oxidation of organic compounds that serve as SOA precursors, and the production and
concentration of potentially condensable organic vapors in the atmosphere generally tend to increase with increasing temper-
ature. At the same time, however, increasing temperature enhances the volatility and equilibrium vapor pressure of organic
compounds, thus reducing the proportions of organic compounds that are actually available to condense under equilibrium
conditions in accordance with the Clausius-Clapeyron equation (left side of Fig. 4). On the other hand, increasing propor-
tions of molecules with lower intrinsic volatility can increase the viscosity and reduce the diffusivity of organic aerosols. Low
diffusivity in highly viscous, semi-solid or solid particles can decelerate and kinetically limit the uptake and surface-to-bulk
transport of organic vapor molecules, generate differential concentration gradients of compounds with different volatilities in
the particle, and delay the equilibration of gas-particle partitioning (right side of Fig. 4).

The combination and interplay of these effects can buffer the kinetics of gas-particle partitioning and explain the observation
of similar nanoparticle growth rates at vastly differing organic vapor concentrations as observed in well-defined laboratory
experiments and ambient air around the world. To reproduce the measurement results, we did not have to invoke chemi-

cal reactions in the condensed phase or at the surface of the particles as suggested in related earlier studies (Heitto et al.,
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2022; Stolzenburg et al., 2025). Nevertheless, such multiphase chemical reactions - in particular the formation of dimers and
oligomers - may also influence the volatility distribution and particle diffusivity, and can be flexibly included in KM3C (Mehra
et al., 2020; Berkemeier et al., 2020; Maben and Ziemann, 2023; Kenseth et al., 2023; Schervish et al., 2026; Kang et al., 2026).
This also applies for the effects of coagulation and air mass history (Sect. S1; Hussein et al. 2009; Cai et al. 2021; Hakala et al.
2022; Nguyen et al. 2026; Cai et al. 2026).

To further constrain key parameters and enhance the mechanistic understanding and predictability of nanoparticle growth
under varying atmospheric conditions, we suggest performing further laboratory experiments and field observations in which
nanoparticle composition and phase state are determined alongside condensable vapor concentrations. Future work should
quantify the distribution and gradients of organic compounds between and within aerosol particles across the relevant size
range. For example, it may be possible to detect or infer radial concentration gradients in highly viscous particles (Huisman
et al., 2025; Kang et al., 2026; Schervish et al., 2026) or detect deviations from the composition expected for the uninhibited
growth of well-mixed, quasi-liquid particles (Lopez et al., 2025; Bhattacharyya et al., 2025). Kinetic process models, machine
learning tools, and targeted uncertainty analysis can help identify the experimental conditions that promise the largest gain of

mechanistic understanding (Kriiger et al., 2024).

Code and data availability. The measurement data were adopted from Stolzenburg et al. (2018) and Stolzenburg et al. (2025). The KM3C
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Figure 1. Atmospheric nanoparticle growth observed in field measurements. Blue diamond markers and error bars represent arithmetic
mean values and standard deviations of growth rates measured in (a) summer and (b) spring at a boreal forest site (Hyytidld, Finland;
Gonzalez Carracedo et al. (2022)). Lines and shadings represent model predictions and uncertainty ranges obtained with a traditional two-
film model in brown color (Stolzenburg et al., 2025) and with the new multilayer model KM3C in blue color (Sect. S4). KM3C captures the
observations assuming low diffusivity (1072° cm? s~ ") in summer (a) and high diffusivity (10™'° cm? s~ ') in spring (b). With the high and
intermediate diffusivities assumed by Stolzenburg et al. (2025), the two-film model matches the observations in spring but not in summer
(>107*% cm? 571, solid brown line; 10~ *® cm? s~!, dashed brown line). Inserting the same low diffusivity as in KM3C (10~2° cm? s~ 1), the
two-film model can also match the summertime observations data for particles larger than 4 nm (dotted line). Note that all diffusivities listed
for KM3C represent values at 298 K that are adjusted for temperature with F, 4if = 40 kJ mol ! in the model, while diffusivities in the two-
film model are kept at their nominal values. Radial concentration profiles of sulfuric acid (H2SO4) and organic compounds with different
volatilities (ULVOC, ELVOC, LVOC, SVOC) calculated by KM3C show that the growing particles (7 nm) are well-mixed and contain
larger proportions of more volatile compounds (LVOC/SVOC) in spring (d). In summer (c), however, the growing particles contain larger
proportions of less volatile compounds (ULVOC/ELVOC) and exhibit differential concentration gradients, which reflect kinetic limitations

of mass transport.
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Figure 2. Secondary organic aerosol nanoparticle growth observed in laboratory experiments. Circular markers represent growth rates mea-
sured at different temperatures in the CERN CLOUD chamber (Stolzenburg et al., 2018, 2025) for particle size ranges of 1.5-3 nm (a) and
3-7 nm (b). The dependence on temperature and concentration of oxygenated organic molecules (OOMs) determined by nitrate chemical
ionization mass spectrometry (NO3-CIMS) was not captured by the modeling approach of Stolzenburg et al. (2025) (dashed line, "kinetic
limit (OOMs)"). Considering also more volatile organic compounds detected by proton-transfer reaction time-of-flight mass spectrometry
(PTR3, Stolzenburg et al. (2018)), volatility shifts according to the Clausius-Clapeyron equation, as well as variable particle-phase diffusiv-

ity, KM3C can reproduce both the temperature and concentration dependence (colored bands). The width of the colored bands corresponds

OOMs concentration [cm'3]

10°

(b)

Growth rate [nm h'1]

Particle size: 3-7 nm
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to the same range of diffusivities as assumed in Fig. 1 (1072° = 10715 cm? s 71, Sect. S5).
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Figure 3. Range and buffering of observed and predicted atmospheric nanoparticle growth rates. Measurement data points color-coded by

temperature represent growth rates as presented and discussed by Stolzenburg et al. (2025) for particles with diameters in the ranges of (a)

1.5-3 nm and (b) 3-7 nm, respectively. The data are plotted against the concentration of oxygenated organic molecules (OOMs) measured by

NO3-CIMS during laboratory experiments in the CERN CLOUD chamber (circles, Stolzenburg et al., 2018) and during field measurements

(diamonds) in Hyytidld, Finland (Gonzalez Carracedo et al., 2022), Beijing, China (Qiao et al., 2021), and San Pietro di Capofiume, Italy

(Cai et al., 2024). The two cases studied in Fig. 1 are highlighted with star-shaped markers. Square markers represent growth rates predicted

by KM3C at the temperatures, median organic vapor concentrations and volatility distributions reported for the CERN CLOUD chamber

experiments, and the solid black lines are linear fits to the model results. As indicated by the grey shaded areas, most of the growth rates

observed in the field measurements and laboratory experiments fall within a factor of three relative to this line. The dashed black line is

the kinetic limit reported by Stolzenburg et al. (2025), and the black arrows indicate the effective buffering of the organic vapor (OOMs)

concentration dependence by temperature-related shifts in volatility and diffusivity.
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Figure 4. Key factors in the buffering of atmospheric nanoparticle growth rates. Ambient temperature influences the production and volatility
distribution of condensable vapors in the atmosphere. An increase in temperature tends to enhance the production and concentration of organic
vapors, but it also enhances their volatility (equilibrium vapor pressure) following the Clausius-Clapeyron equation and shifts the gas-particle
partitioning towards the gas phase. These competing effects buffer the amount of vapors that are available to condense and drive particle
growth. In addition, particle composition and phase state are influencing the molecular diffusivity, which tends to increase with increasing
intrinsic volatility of the condensed organic compounds. At elevated temperatures, primarily very low volatile compounds (ULVOC, ELVOC)
tend to condense and form (semi-)solid phases with kinetic limitations of diffusivity and surface-to-bulk transport, leading to differential
concentration gradients and surface enrichment of more volatile compounds. At low temperatures, also more volatile compounds (SVOC,
LVOC) tend to condense and favor the formation of quasi-liquid phases and well-mixed particles that are not subject to kinetic limitations by

slow diffusion.
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