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New particle formation of liquid or solid nanoparticles from gas-phase precursors is a decisive process
in Earth’s atmosphere and is considered one of the largest uncertainties in climate change predictions.
Key for the climate relevance of new particle formation is the growth of freshly formed molecular
clusters, as it determines the survival of these particles to cloud condensation nuclei sizes, where they
can contribute to the aerosol-indirect effect. This review lays out the fundamental definitions of
nanoparticle growth and addresses the rapidly emerging field of new particle formation studies with a
focus on the diverse processes contributing to nanoparticle growth, explicitly comparing the latest
experimental findings and their implementation in large-scale models. Atmospheric nanoparticle
growth is a complex phenomenon including condensational and reactive vapor uptake, aerosol
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coagulation, and sink processes. It is linked to thermodynamics, cluster- and phase-transition physics.
Nanoparticle growth rates measured from the evolution of the particle-size distribution describe
growth as a collective phenomenon, while models often interpret them on a single-particle level and
incorporate it into highly simplified size-distribution representations. Recent atmospheric observa-
tions show that sulfuric acid together with ammonia and amines, iodic acid, and oxidized organic
species can contribute to nanoparticle growth, whereas most models describe the growth effects from
a limited subset of this variety of condensable vapors. Atmospheric simulation chamber experiments
have clarified the role of ions, intermolecular forces, the interplay of acids and bases, and the
contribution of different types of organic vapors. Especially in the complex thermodynamics
of organic vapor condensation, the field has had noteworthy advances over the last decade.
While the experimental field has achieved significant progress in methodology and process level
understanding, this has not led to a similar improvement in the description of the climate impact of
nanoparticle formation in large-scale models. This review sets the basis to better align experimental
and modeling studies on nanoparticle growth, giving specific guidance for future studies aiming to
resolve the questions as to why the climate response in large-scale models seems to be buffered
against high survival probabilities and why the global growth observations herein show surprisingly

low variation.
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I. INTRODUCTION

Aerosols, defined as a two-phase system of liquid or solid
particles suspended in a carrier gas, are ubiquitous in Earth’s
atmosphere. Aerosol particles influence the global climate
(Masson-Delmotte ef al., 2023) and impact human health
(Lelieveld et al., 2015; Apte et al., 2018). In fact, they are
recognized as a major source of uncertainty in climate change
predictions (Boucher et al., 2013). Aerosols can alter Earth’s
radiation budget directly by scattering or absorbing incoming
solar radiation (Charlson ef al., 1992; Haywood and Shine,
1995; Myhre, 2009), and indirectly by affecting cloud proper-
ties (Twomey, 1974; Albrecht, 1989).

The emission of volatile gases into the atmosphere from a
variety of sources from the biosphere and anthroposphere
[such as SO,, NHj;, or volatile organic compounds (VOCs)]
can result in the formation of low volatile trace vapors through
atmospheric oxidation, which are able to form a new aerosol
phase. This phase-transition process, called new particle
formation (NPF), includes both the formation of stable
molecular clusters, a process commonly referred to as nucle-
ation, and the subsequent growth of the newly formed
particles to larger sizes (Kulmala, 2003). For most parts of
the troposphere, the dominant source with respect to aerosol
number concentration is NPF (Yu and Luo, 2009; Spracklen
et al., 2010; Gordon et al., 2017). These newly formed
particles can even grow to sizes where they can be efficiently
activated by water and become cloud droplets (Andreae
and Rosenfeld, 2008); i.e., they act as cloud condensation
nuclei (CCN), thereby influencing the properties of clouds
(Ackerman et al., 2000; Mauritsen et al., 2011; Bellouin et al.,
2020; Quaas et al., 2020), and hence the global climate
(Boucher et al., 2013). In addition, NPF can contribute to
severe air pollution with high mass concentrations of particu-
late matter (Guo et al., 2014; Kulmala et al., 2021) and can
influence human health through higher abundances of ultra-
fine particles (< 100 nm), which are able to penetrate deep
into the human lung (Pedata et al., 2015; Kwon, Ryu, and
Carlsten, 2020). Figure 1 illustrates that connection between
vapor emissions and their severe impact on climate and human
health via NPF. NPF occurs frequently at many locations
around the globe (Kerminen et al., 2018; Nieminen et al.,
2018). It is often observed in the daytime and hence is
associated with enhanced photochemical activity in the
atmosphere (Kulmala et al., 2013). The direct observation
of molecular cluster formation has greatly improved our

understanding of the most important atmospheric nucleation
mechanisms (Sipild et al., 2010, 2016; Bianchi ef al., 2016;
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FIG. 1. Link between vapor emissions, their atmospheric
processing (oxidation) into low-volatility trace vapors (H,SOy,
NHj;, and oxidized organics are shown), and subsequent cluster-
ing and growth that can lead to severe impacts on the climate
system and human health via both air pollution from particulate
matter (PM) and the ultrafine (< 100 nm) aerosol burden.

Yao et al.,2018; Beck et al., 2021; Yan et al., 2021). However,
the newly formed small particles are highly diffusive and
quickly get removed from the number budget by coagulation
with larger preexisting aerosol particles, and they therefore
need to grow fast in order to avoid that scavenging (Pierce and
Adams, 2007). The characteristic scavenging time is deter-
mined by the background aerosol concentration and the
collision rate coefficient of the growing particles with that
background population. Since the collision rate coefficient
decreases significantly with increases in particle size, by the
time the particle reaches the Aitken mode (> 25 nm in particle
diameter), the characteristic scavenging time typically
becomes longer than the time it takes for the particle to
grow to sizes relevant for climate and air quality. Thus, their
survival probability will be greatly enhanced (McMurry and
Friedlander, 1979; McMurry, 1983; Kerminen and Kulmala,
2002; Kuang et al., 2010). Large-scale model simulations
suggest that atmospheric NPF via growth of the formed
particles to larger sizes is the main contributor to the global
CCN budget (Merikanto et al., 2009; Pierce and Adams, 2009;
Makkonen et al., 2012a; Gordon et al., 2017). Observations
made in continental boundary layers confirm the important
contribution of atmospheric NPF to the CCN population in
different environments ranging from forested regions to
moderately polluted rural areas even to polluted urban
locations (Kuang, McMurry, and McCormick, 2009; Sihto
et al., 2011; Kerminen et al., 2012; Peng et al., 2014; Yu
et al., 2014; Zheng et al., 2020). In addition, it was shown
that NPF at high altitudes can also lead to increased CCN
numbers (Williamson et al., 2019). Therefore, the contribu-
tion of NPF to the global budget of CCN establishes a crucial
link between particle nucleation and the radiative balance of
the atmosphere (Boucher et al., 2013; Carslaw et al., 2013),
where fast aerosol growth processes might be of even larger
importance than the nucleation mechanism responsible for
cluster formation. In the same way, enhanced aerosol
survival potentially via fast growth processes is also crucial
for the contribution of NPF to air pollution, as the character-
istic scavenging time under polluted conditions with a high
preexisting sink is even longer (Kulmala ez al., 2017, 2021,
Kulmala, Cai et al., 2022).

In this review, we focus on the sub-25-nm range when
discussing atmospheric nanoparticle growth, as this is the
crucial range determining particle survival. The growth of
sub-25-nm aerosol particles is a highly complex physico-
chemical process including the phase transition through
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FIG.2. Overview of the physicochemical processes involved in atmospheric nanoparticle growth, the related experimental approaches
in assessing contributing vapors, and the particle-size-distribution dynamics illustrating their limitations. Together with common model
simplifications this translates into a major source of uncertainty for climate forcing predictions. The background shows a typical new
particle formation event recorded in the Finnish boreal forest at Hyytiild, with the color code representing the number concentration of a
certain particle size (vertical axis) and time instant (horizontal axis).

vapor condensation, molecular interaction kinetics, coagu-
lation, and chemically induced reactive uptake (Kulmala,
Laakso et al., 2004; Wang et al., 2010; Vehkamiki and
Riipinen, 2012; Zhang et al., 2012), which is illustrated
in Fig. 2.

Owing to this complexity, there is no unambiguous defi-
nition of atmospheric nanoparticle growth rates (GRs), which
are measured from the evolution of the particle number size
distribution (PNSD) as a collective phenomenon (Kulmala
etal.,2012), whereas models interpret them on a single-particle
level (Stolzenburg et al., 2005) and, as shown in Fig. 2, have
simplified representations of aerosol dynamics to calculate
particle survival (Kuang, McMurry, and McCormick, 2009).
However, the descriptions of growth need to be aligned in order
to reduce the significant bias in model and experimental CCN
number predictions (Westervelt et al., 2013; Fanourgakis et al.,
2019). This in turn relies on a better theoretical understanding
of the involved dynamics ranging from the molecular collision
rates to cluster-cluster coagulation to the contribution of
different vapors. A variety of approaches to analyze exper-
imental data exist (Kulmala et al., 2012; Dada et al., 2020b),
and some recent developments start to disentangle different
growth processes including the contribution of cluster coagu-
lation (Kuang, Chen, Zhao et al., 2012; Pichelstorfer et al.,
2018). As shown in Fig. 2, this relies on accurate aerosol size-
distribution measurements, but the methodology used for
quantifying nanoparticle growth in experiments is still limited.

The decisive size range for the survival of newly formed
particles, < 10 nm in diameter, is difficult to measure
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accurately (Kangasluoma et al., 2020) and, despite significant
advances in the available instrumentation, large uncertainties
remain (Kangasluoma and Kontkanen, 2017). In addition, as
shown in Fig. 2, it is challenging to cover the wide variety of
low volatile trace vapors with individual experimental tech-
niques, and knowledge about the sub-10-nm particle compo-
sition remains sparse (Smith ez al., 2021). Nevertheless, recent
atmospheric observations were able to show that sulfuric acid
together with ammonia and amines (Smith ez al., 2010; Chen
et al., 2012; Kulmala et al., 2013; Yao et al., 2018; Brean
et al., 2021; M. Cai et al., 2021; Yan et al., 2021), iodic acid
(Sipild et al., 2016; Baccarini et al., 2020; Beck et al., 2021),
and oxidized organic species formed through atmospheric
oxidation of VOCs released by both the anthroposphere and
the biosphere (Kulmala ef al., 1998, 2013; Bianchi et al.,
2016) can contribute to nanoparticle growth, whereas most
models need to describe the growth using a limited subset of
condensable vapors (Fanourgakis ef al., 2019), as shown in
Fig. 2. Moreover, laboratory studies and field measurements
have greatly enhanced our understanding of the involved
physicochemical processes in the last decade, for instance,
the role of ions (Yli-Juuti et al., 2011; Gonser et al., 2014,
Svensmark et al., 2017; Wagner et al., 2017), intermolecular
forces (Stolzenburg et al., 2020), the interplay between acids
and bases (Yli-Juuti et al., 2013; Lehtipalo et al., 2016; Wang
et al., 2020b), and the contribution of different types of
organic vapors (Trostl ef al., 2016a; McFiggans et al., 2019;
Mohr et al., 2019). Large-scale atmospheric models have
recently started to implement more complex schemes for
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Contrasting definitions of nanoparticle growth. Left diagram: single-particle growth definition that focuses on the mass balance

between the gas and particle phases and defines growth as the net gain in particle mass through vapor addition, including solution and
curvature effects that influence the vapor pressure above the investigated growing particle. This definition takes a Lagrangian
perspective following the size-time trajectory of an individual particle. Right diagram: the definition of growth from a Eulerian
perspective tracking the change of particle concentration vs size. The growth rate is defined as the flux through a given size. As a result,
growth can also occur through diffusion in particle-size space. This is induced by gradients in the “number concentration-evaporation”
space (evaporation rates can be defined to also include curvature and solution effects), where some particles might grow faster than their
expected value due to stochastics, leading to the fact that an original monodisperse particle population will not remain monodisperse

over time.

organic growth (Gordon et al., 2016; Patoulias and Pandis,
2022) and have improved the description of their sub-25-nm
dynamics (Blichner et al., 2021) but still do not reproduce the
variety of potential growth mechanisms, which results in
significant uncertainties on the role of NPF in the climate
system, as illustrated in Fig. 2.

II. DEFINITION: GROWTH IN MODELS AND
EXPERIMENTS

Since the postulation of the aerosol growth laws (Brock,
1972) and their extension to all particle growth mechanisms
by Kerminen and Wexler (1995), the GR is widely used to
characterize atmospheric nanoparticle growth. However, the
meaning of GR varies with its usage: the GR retrieved from
experiments or observations often differs from the GR used in
an aerosol dynamics model. Here we lay out the various
definitions of growth and clarify their differences.

A. Collective phenomenon and single-particle approximation

The GR refers to the rate of increase in particle size as a
function of time; its expression is given as

GR—Adp
N

(1)
where Ad), is the increase of particle diameter (in nanometers)
during a given time period Az (in hours). Assuming a certain
particle geometry such as a sphere, Eq. (1) can be readily related
to the growth with respect to the particle volume, which was
used in earlier definitions (Heisler and Friedlander, 1977).
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Although Eq. (1) seems to be straightforward, it does not
provide an unambiguous definition of GR. Are we interested
in the rate at which a single aerosol particle grows? But what
happens if that particle collides with another, with both
gaining in size, but where the total number concentration is
reduced? And how do we obtain this rate of growth when we
cannot track an individual particle in our measurements or
when we need to calculate the gain in size from known vapor
and particle concentrations?

We see that the exact meaning of GR varies with the scope of
the studied system and the method to calculate Ad,. The GR
may characterize either a collective phenomenon of a shifting
particle-size distribution, the contributions to growth from
certain mechanisms and vapors, or the growth of a single particle
within the population. The difference in scope will cause a
discrepancy when the GR is compared or used while taking the
wrong perspective. Figure 3 summarizes the two most popular
definitions of nanoparticle growth, the single-particle and
population perspectives, which are explained in the following.

1. The growth of a single particle

In the microscopic scale, the association of a condensable
vapor molecule to a given particle results in an increase in both
the size and mass of the particle. The GR contributed by the
association of vapors is determined by the association rate and
increase in particle size by the added vapor molecular mass.
In addition to association, volatile vapors may dissociate from
a particle. The net GR is therefore determined by the
competition between association and dissociation, which is
correspondingly characterized by the vapor concentration
and the equilibrium vapor concentration, respectively. With
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a spherical particle assumption, the formula for the expected
value of the net GR for a single particle is

EICR waldy)] = S ({03 + 0 -4,
X [Ni _Neq.i(dp)}? (2)

where GRoq(d),) is the net condensational GR of particles
with diameter d,. E represents the expected value, and it
emphasizes that vapor association and dissociation are sto-
chastic processes. Hence, GR gq(d),) is a random variable
rather than a constant. N; and d; are the number concentration
and diameter of vapor i, respectively. (i, p) is the association
coefficient between the particle p with size d,, and vapor i.
N¢q i is the equilibrium concentration of vapor i for the given
particle with size d,,. The dissociation rate is assumed to be
given by the equilibrium concentration; i.e., the expected
value of the dissociation rate of molecules from a given
particle is equal to the association rate of vapor molecules
within the corresponding equilibrium. This assumption of
detailed balance is based on the logic that the vapor disso-
ciation rate in equilibrium is the same as the dissociation rate
outside equilibrium.

Owing to the Kelvin effect, the equilibrium concentration
above a curved surface,for instance, a single-component
particle, is usually higher than the saturation concentration
of the substance, which is defined as the equilibrium con-
centration Nego Over a flat surface,

4O-iMi
Vo) =Moo (). @

In Eq. (3) o, is the surface tension, M, is the molecular mass,
and p; is the density of the substance i. The expression d;, =
46;M;/RTp; in the exponent has the dimension of a diameter,
and is hence often referred to as the Kelvin diameter, i.e., the
size scale at which the curvature effect for a specific vapor i
becomes important.

In addition, the presence of multiple vapors in the particle
phase can also affect the equilibrium vapor concentration via
the solution or the Raoult effect (Raoult, 1886). Assuming a
solution of the different condensable vapors in the particle
phase, their equilibrium vapor pressure is reduced by the mole
fraction of the particles within the particle phase,

N;
Neqqi(dp) = Neq,O.i Vact,i N_ s (4)
tot

where N, is the number concentration of the condensable
vapor i in the particle phase and N is the total particle-
phase number concentration of all solution constituents,
including the condensable vapor of interest i (both quantities
are often expressed in amounts of substance, i.e., in moles).
Yacti 1 the so-called activity coefficient of substance i in the
particle phase accounting for nonideal solutions and is set to
unity for ideal solutions. In practice, the Raoult effect is
known to facilitate the activation of aerosol particles to CCN
and it can also be important on the nanometer scale, where
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it could enhance the condensation of vapors, which would
otherwise not overcome the Kelvin barrier (Kulmala,
Kerminen et al., 2004).

The condensational GR usually refers to the net condensa-
tional GR in Eq. (2) including Kelvin and Raoult effects,
although there are sometimes ambiguities in the definitions of
condensation rate and evaporation rate. The condensation rate
may refer to a positive net condensation rate (Trostl et al.,
2016a) or the association rate only (Li and Cai, 2020).
Similarly, the evaporation rate may refer to the dissociation
rate (Ortega ef al., 2012) or a negative net condensation rate
(Wang, McGraw, and Kuang, 2013). In this review, if not
otherwise specified, condensation is referred to as net con-
densation and evaporation is referred to as vapor dissociation.

GR ona(d)) is characterized by its expected values in
Eq. (2) because the association and dissociation of a molecule
are stochastic processes. That is, for a nanoparticle containing
only a handful of molecules, the observed GR,o(d,) and
GRonq(d,) may deviate from their expected values, i.e., there
is a probability that a particle grows despite a negative
expected value. Owing to the Kelvin effect, the equilibrium
vapor concentration with respect to a particle decreases with
its diameter. Therefore, the stochastic nature of growth might
overcome an initial negative E[GRonq(d,)], growing a par-
ticle by fluctuations up to the diameter d, at which the
ambient vapor concentration is equal to the saturation vapor
concentration [Nyq,(d,) = N;]. Particles at this critical dia-
meter become semistable from a net condensation point of
view (E[GRgyna(d,)] = 0). In the case of a single vapor,
reaching the critical diameter is called homogeneous homo-
molecular nucleation (Seinfeld and Pandis, 2016). If the
evaporation rates are negligible for all sizes, E[GR qq(d),)]
is always non-negative; i.e., that barrier does not exist, and the
nucleation is a condensation process from the monomer
onward. In atmospheric NPF studies (in both experiments
and models), nucleation and growth are usually treated as two
separate processes. The previous discussion indicates that this
separation is a reasonable convention, although nucleation and
condensation growth of a single particle are governed by the
same equation [Eq. (2)].

Separating condensation growth from nucleation usually
facilitates NPF studies because the formulas for GR,,4 can
be further simplified with reasonable assumptions for sizes
well beyond typical critical diameters. The increment in
particle size due to the association of a single vapor molecule
can be simplified using the first-order term of its Taylor
series (R. Cai et al., 2021a) when d, > d; in Eq. (2). The
simplified formula is

3

EGRwnald,)] = Y40, p) 1 N, = Negs ()] (5

Equation (5) is the most common way to describe con-
densation growth, as the underlying continuity assumption
for the size distribution is generally preferred due to its
reduced complexity (Seinfeld and Pandis, 2016). The errors
introduced by the simplification in Eq. (5) decrease
with increasing particle diameter. For instance, assuming
vapor species of a diameter d; = 0.7 nm, the errors for
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E[GRcond(l nm)]’ E[GRcond(?’ nm)]? and E[GRcond(lo nm)]
in Eq. (2) are 10%, 0.4%, and 0.01%, respectively. Moreover,
the potential fluctuation in GRgonq(d,) due to stochastic
effects decreases with particle size, as for a large particle it is
reasonable to assume that there are large amounts of
molecules associating and dissociating during a short Atz.
And, as with every stochastic process, for large numbers of
association and dissociation reactions GR,nq(d,) hence
converges to its expected value.

In addition to growth by condensation, a particle may also
grow by coagulating with clusters of vapor molecules and
other small particles. Conventionally coagulation refers to the
coalescence of two particles upon collision, whereas con-
densation refers to the uptake of vapors by a large surface.
Using the Fuchs-Sutugin correction (Fuchs and Sutugin,
1965) that covers the free-molecular, transition, and continu-
ous regimes, coagulation and condensation can be unified.
The association coefficient for vapor molecules is then
described using the coagulation coefficient, assuming spheri-
cal particles and vapor molecules and simple collision
kinetics. Therefore, Eq. (2) can be generalized to characterize
the overall GR contributed by both the condensation of vapors
and the coagulation of clusters and particles:

E[GRu(d,)] = > {ﬂ(i, p) ({/ dy +d} - dp)

di<d,
<IN, —Neq.xd,,)]}, ©)

where d; is the diameter of condensable vapors, clusters, and
particles. The most widely applied convention is that the
coagulation between a small particle and a large particle is
considered the loss of the small particle and growth of the
large one, not vice versa. Therefore, the criterion d; < dp is
used in Eq. (6) to distinguish coagulation growth from
coagulation loss. However, unlike vapor association, coagu-
lation is usually considered to be an irreversible process.
Correspondingly, the equilibrium concentration N, ;(d,,) for
a cluster in Eq. (6) is usually assumed to be zero (Stolzenburg
et al., 2005; R. Cai et al., 2021a).

2. The growth of a population of particles

Atmospheric NPF studies usually focus on the growth of a
large number of new particles. Correspondingly, GR is used to
characterize the growth of an aerosol population rather than a
single particle. According to the law of large numbers, the
average GR of particles with the same size converges to its
expected value (Olenius ez al., 2014). Hence, E[GR q(d),)]
for a single particle is replaced with GR,4(d),) for an aerosol
population and Ad|, and Az in Eq. (1) can be replaced by their
corresponding infinitesimal values dd,, and dt.

The evolution of a population of particles can be charac-
terized by population balance equations for each particle size
or size interval. The population balance equation for the vapor
association, vapor dissociation, and coagulation processes is
named the aerosol general dynamic equation (GDE) (Gelbard
and Seinfeld, 1979). Some (Goodrich, 1964; Wyslouzil and
Wilemski, 1995; McGrath et al., 2012) have also referred to
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the population balance equations as birth-death equations
since vapor association, vapor dissociation, and coagulation
can be considered Markov processes. An example of a
population balance equation for the homomolecular growth
of single-component particles in the discrete form is

dN
— =B k=N\Niey = 1Ny = 1L KN N,

+ Vi1 Nyy1 + CoagSre, — CoagS; Ny, (7)

where N; and N are the concentrations of particles contain-
ing k molecules and the vapor monomer, respectively. y; and
Yx+1 are the evaporation (dissociation) rates of particles with k
and k + 1 molecules, respectively. By setting Eq. (2) to zero,
the equilibrium vapor concentration can be related to y; with
Yk = P(i, k)Neg . CoagSrc, and CoagS;N, are the sums of
sources and sinks (Kuang, Chen, Zhao er al., 2012) for
particles k, with CoagSrc, accounting for all coagulation that
forms particles k and Coags$; accounting for all coagulation
between a particle £ and any other cluster or particle. As
previously, the fission of clusters and particles are usually
assumed to be negligible, and hence they are not accounted for
in Eq. (7). The first four terms on the right-hand side of Eq. (7)
characterize the formation of particles k& due to vapor
association, the dissociation of vapor molecules from particles
k, the growth particles k into particles k+ 1 via vapor
association, and the evaporation (vapor dissociation) of
particles k 4 1 into particles k, respectively.

The GR of an aerosol population is usually defined by the
net flux through a given particle size, i.e., the net change in the
number concentration of particles into larger sizes per unit
time (Olenius er al, 2014; Li and McMurry, 2018).
Accordingly, GR(d,,) can be expressed as follows:

GRtot(dp) = GRcond(dp) + GRcoag (dp)v (8)

3

&
GRansldy) =Y e AN =1 ()

2
i p

Np+i

N,

a3
= Z3é§ W(lvp)Ni _}’i(dp)]
GRyrife

&
+Z3d%N_p[Np7i(dp)_Np+i7i(dp+i)]v (9)

GRgiffusion

GResldy) = 341 ({3 + 6 -4, ). (10

di<d,

where d,,.; = {/d5 + d; is the diameter of the particle after

the condensation of vapor i and N, ; is the corresponding
number concentration. y;(d,,) and y,(d ;) are the evaporation
rate of vapor i from particles at sizes d,, and d,;, respectively.
The contributions of condensation and coagulation to
GRy(d,) are correspondingly separated into GR ,n4(d,)
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and GR o, (d),) in Eq. (8). The coagulation process is again
assumed to be irreversible in Eq. (10).

Contrasting Eq. (9) for an aerosol population with Eq. (5)
for a single particle shows that the first summation term on the
right-hand side of Eq. (9) is equal to E[GR,,4(d),)] in Eq. (5),
yet there is a second summation term in Eq. (9) characterizing
the gradient between the evaporation rates and particle
concentrations for d,, and d,, ;. This is because GR(d,) for
an aerosol population is defined based on the flux between
two different particle sizes rather than the mass balance of
particles at a given size. These first and second terms are
called the drift-driven (or sometimes deterministic) term and
diffusion-driven (or sometimes stochastic) term, as their
corresponding expressions for the change of particle concen-
tration in the continuous form are analogous to the formulas
for particle drift and diffusion in a flow field (Goodrich, 1964;
Clement, Lehtinen, and Kulmala, 2004; Wang, McGraw, and
Kuang, 2013; Olenius et al., 2018).

Using the same analogy, the methods to characterize the
growth of aerosols can be classified into Eulerian methods and
Lagrangian methods (Olenius et al, 2014; R. Cai et al.,
2021a). Lagrangian methods track the change of particle
diameter as a function of time. In contrast, a Eulerian method
focuses on the particle-size space and tracks the change of
particle concentration at each size bin. In the Eulerian
specification, the evolution of particle concentration for each
size or size interval is calculated using the GDE in Eq. (7) or
its continuous form,

on(v) _
ot

%Avﬂ(v —q,q)n(v—q)n(q)dq
~n0) [ pla. mta)da
-2 ()], (1)

which is expressed in terms of the number volume distribution
n(v) = dN/dv, and the first two terms now correspond to
CoagSrc(v) and CoagS(v)N(v) for the particle volume of
interest v. The third term incorporates the net number flux out
of that volume due to net condensation growth with a volume
GR I(v) = (n/2d5)GR.

The aerosol dynamics models corresponding to the discrete
and continuous forms of the GDE are called discrete and
sectional models, respectively (Gelbard, Tambour, and
Seinfeld, 1980; Li and Cai, 2020). Both the drift-driven
and diffusion-driven growth terms are accounted for in a
discrete model. A sectional model is not naturally compatible
with growth driven by diffusion in the particle-size space
because y;(d,;) and N, in Eq. (9) converge to y;(d,,) and
N, respectively, as d,,; — d, approaches 0. Therefore, the
continuous GDE given in Eq. (11) often does not include the
higher-order fluxes (Olenius et al., 2018), even if this
diffusion term for the stochastic growth can be incorporated
into the GDE, resulting into the so-called Fokker-Planck
equation (Goodrich, 1964).

The diffusion-driven term often remains difficult to esti-
mate, as the evaporation rates and particle concentrations for
each cluster are difficult to access experimentally. As a result,
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drift-driven GR_gq(d,) is favored for its simplicity for
calculation and low expenses for aerosol dynamics modeling,
especially as it implies that any monodisperse subpopulation
remains monodisperse during their growth or evaporation.
However, neglecting it may introduce significant error. The
most extreme example is for particles smaller than the critical
diameter [i.e., with N; < Ny ,(d,)]. Here the usage of only
the drift term leads to the wrong conclusion that these particles
are unable to grow large (Holten and Van Dongen, 2009),
whereas GRonq(d),) can be positive due to the contribution
of growth driven by diffusion in the particle-size space
(Olenius et al., 2018). To avoid such bias, Olenius et al.
(2018) applied a metric on the PNSD to estimate at least the
magnitude of this term. Generally for large particles sizes well
beyond the critical diameter (for instance, ~5 nm > d,, . for
low-volatility vapors), the drift-driven GR gq(d),) is suffi-
ciently accurate to characterize particle growth (Holten and
Van Dongen, 2009; Wang, McGraw, and Kuang, 2013;
Olenius et al., 2018).

B. Definitions with respect to the relevance of nanoparticle
growth in the climate system

NPF affects climate by contributing to the global CCN
budget through its influence on the average aerosol number
size distribution. A population of new particles at the critical
diameter need to grow efficiently so that a proportion of them
can reach sizes where typical atmospheric water super-
saturation is sufficient to activate these particles, thus see-
ding cloud droplets (McFiggans et al., 2006). Depending on
the chemical composition, the availability of additional
soluble vapors (Kulmala et al., 1997), the overall aerosol
size distribution, and the maximum water supersaturation,
particles typically need to reach the accumulation or Aitken-
mode sizes in order to become CCNs (Petters and
Kreidenweis, 2007; Lowe et al., 2019; Bulatovic et al.,
2021). However, depending on the atmospheric conditions,
some portion of the growing particles will be scavenged by
larger aerosols during the growth process (Pierce and Adams,
2007). The survival probability is hence the key parameter and
characterizes the fraction of new particles scavenged during a
growth process, indicating their influences on the aerosol
PNSD at the relevant CCN sizes. It is defined as the
probability of a single particle with size d,,; growing up to
d ,, without being scavenged by larger particles. Equivalently,
as shown in Eq. (12), the survival probability is equal to the
fraction of a large population of particles with size d,, that
survive to d,

N(dPZs t2>

P(d R
( N(dy1.11)

1~ dp) = (12)

p

where P(d,; — d,,) is the survival probability of particles
during the growth process from d,; to d,,. N(d. 1) is the
initial number concentration of the growing particle mode
with size d,,; at t; and N(d,.t,) is the remaining number
concentration of this mode when grown to d,, at 5.

The survival probability of a particle can be derived from
known growth and scavenging rates as a function of d,. For
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atmospheric NPF events, the scavenging losses of new
particles is usually dominated by Brownian coagulation
losses. The coagulation loss is characterized by the coagula-
tion sink CoagS(d,), which accounts for the loss rate of
particles of size d, due to the Brownian coagulation with
larger particles (Kulmala er al., 2001, 2012). Tracking the
probability of a particle growing against the coagulation loss
at any particle diameter from d,,; to d,,, yields the formula for
P(d,; — d,,), as given by (McMurry and Friedlander, 1979;
Weber, Marti, and McMurry, 1997; Kerminen and Kulmala,
2002; Lehtinen et al., 2007; Kuang et al., 2010)

dp  CoagS(d,)
P fr— —_— 1
(dys = dya) = exp ( / ) 1

The integration in the exponent can be simplified by assuming
a certain diameter dependence of the sink and using an
average GR that results in

P(dp1—>d )
s g (LB~ )

GR i ([d)1, dpz}))
-l

1CoagS(d,
d,,])GRm&[dpl,d,,z])} (for m =2).

(14)
InEq. (14) m s the slope of CoagS(d,,) vs d,,. m is theoretically
a function of d, defined by m=—dInCoagS(d,)/dInd,,. It is
practically approximated as a constant value in the range of 1.5
to 2, depending on the size distribution (Kerminen and
Kulmala, 2002; Lehtinen et al., 2007), further simplifying
Eq. (14) together with the approximation of the size-dependent
GR(d,,) by the average GR([d ;. d,]) in the size range of
concern. By definition, the average GR([d,;.d,»]) is the
harmonic mean of the size-segregated GR. The corresponding
formula in the continuous size space is given by

dp —dy

GR o ([d ,
[ (1/GR o (d,)]dd,

dpl) = (15)

pl»

where d,,; and d,, are the lower and upper size limits of
the particle-size range of concern and GRy([d ;. d,y]) is the
average total GR for this size range. The advantage of the
average GR is that this quantity is often directly retrieved with
the most widely applied methodology. However, note that the
particle population is assumed to maintain monodispersity in
the derivations of P(d,; — d,,), as indicated by ~ in Eq. (14),
and hence the GRy([d.d,,]) here is correspondingly the
drift-driven GR only, which is in turn often not disentangled
from the diffusion-driven GR in the GR retrieval methods used;
see Sec. III.

Korhonen et al. (2014) derived an analytical solution
similar to Eq. (14) for the case of typical size-dependent
GRs. The simplified Eq. (14) is known as the Kerminen-
Kulmala equation (Kerminen and Kulmala, 2002), in which
the dﬁlCoagS (d,) term is usually replaced by an equivalent
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condensation sink (CS) term for gas-phase sulfuric acid
molecules. Hence, the CS in the Kerminen-Kulmala equation
characterizes the coagulation scavenging of new particles
rather than the condensation of the vapor, and it should always
be calculated for sulfuric acid regardless of the condensing
vapor driving particle growth.

The usage of the concept of particle survival as laid
out in Eq. (14) and its various derivatives (Lehtinen et al.,
2007) is often used within large-scale models due to its
simplicity. It allows one to scale the nucleation rate derived
from a parametrization or theoretical concept toward
larger sizes at low computational burden with the use of
a GR that is derived from vapor concentrations and applied
in the sense of Eq. (5). We see in Sec. III that this is in
contrast to the methodology used for experimental GR
determination.

III. MEASURING NANOPARTICLE GROWTH:
METHODOLOGY

A. Instrumentation for the measurement of atmospheric
nanoparticle growth

The most common approach for the estimation of
nanoparticle GRs is the analysis of the collective phenome-
non of a shifting PNSD due to growth discussed in Sec. II.
Hence, the precise measurement of the PNSD is the most
important prerequisite for a solid estimate of the GR. The
instrumentation used for the nanoparticle growth measure-
ments are mostly limited to electrical mobility spectrometers
and size-dependent particle activation due to the Kelvin
effect via a controlled vapor supersaturation. Detailed
instrumental aspects for PNSD measurements in the
nucleation mode size range were given by Kangasluoma
et al. (2020).

1. Electrical mobility analysis

Electrical mobility analysis generally refers to type of
instruments in which sampled particles are brought to a
supposedly known steady-state charge distribution using an
aerosol charger, sizing of the charged particles is conducted
using one or more differential mobility analyzers (DMAs),
and particle counting is done with an electrometer or a
condensation particle counter (CPC). The PNSD is obtained
by scanning the particle size given by the DMA, and
continuous observation of the particle population reveals
the particle dynamics. Three different types of electrical
mobility spectrometers have been used to obtain particle
GRs in the sub-25-nm size range.

Scanning mobility particle sizer (SMPS) and differential
mobility particle sizer (DMPS) spectrometers are the most
established instruments for measuring the evolution of
nucleation mode particle-size distributions (Wang and
Flagan, 1990), and they both consist of a bipolar charger,
a DMA, and a CPC. The first variants of SMPS focusing on
the ultrafine particle range were limited to ~3 nm due to the
lowest detectable diameter of the CPC and low counting
statistics from large diffusion and charging losses in the
system (Covert et al., 1996; Aalto et al., 2001). During the
last two decades, improvements in the CPC detection
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(Vanhanen et al., 2011; Kuang, Chen, McMurry, and Wang
et al., 2012; Wimmer et al., 2013), advances in particle
sampling (Kangasluoma et al., 2016; Fu et al., 2019), DMA
technology (Cai et al., 2017; Cai, Attoui et al., 2018), and
configuration optimizations (Stolzenburg, Steiner, and
Winkler, 2017; Cai et al., 2019) extended the size-distribu-
tion measurements with the SMPS down to sizes approach-
ing 1 nm (Jiang, Chen et al., 2011; Kuang, Chen, Zhao et al.,
2012; Kangasluoma et al., 2018; Kong et al., 2021). Low
signals due to low charging efficiency and inefficient particle
detection with the CPC and overlap of charger ions typically
limit the measurements with the SMPS in the lower size end
to 1 to 2 nm.

A variant of the electrical mobility spectrometer to reach
high time resolution for more accurate GR measurements is
the so-called DMA train (Flagan er al., 1991; Stolzenburg,
Steiner, and Winkler, 2017), in which size classification
is conducted using several pairs of DMAs and CPCs in
parallel that monitor only a single particle size. The DMA
train also reaches lower detection limits than traditional
SMPS systems because of the long averaging time and
higher counting statistics at each measured particle size (Cai
et al., 2019).

The neutral cluster and air ion spectrometer (NAIS) (Mirme
et al., 2007; Manninen et al., 2009) includes two unipolar
corona needle chargers and two DMA columns in which a
series of electrometers have been placed at the inner surface.
The design is based on a large inlet flow rate to overcome the
electrical noise in the electrometers. The measurement cycle
of the NAIS allows GR measurements of the total particle
populations in the size range of 2—40 nm. The lower limit at
~2 nm is caused by the size of the largest charger ions of the
used unipolar corona chargers. Kangasluoma et al. (2020)
showed that the NAIS particle mode often overestimates
aerosol number concentrations compared to other mobility
spectrometers. However, the NAIS is often used in ion mode
as an air ion spectrometer (AIS), where the corona chargers
are switched off and the ambient ion size distribution is
measured, yielding a lower limit of detection of 0.8 nm. Ion
GRs have been inferred using the NAIS in many studies
(Hirsikko et al., 2005; Manninen et al., 2010). Like the NAIS
without the chargers, the balanced scanning mobility analyzer
(Tammet, 2006) is an air ion spectrometer based on a parallel
plate DMA design, which has also been used for studying the
growth of atmospheric ions (Yli-Juuti et al., 2011).

2. Condensation particle counters

CPCs detect particles by growing them through vapor
condensation and subsequent optical detection. The Kelvin
effect determines the smallest particle onto which a vapor can
condense at a given supersaturation, and this threshold
particle size decreases with increasing supersaturation. By
continuously scanning the supersaturation in a single CPC,
the particle-size magnifier (PSM) is capable of measuring the
PNSDs in the size range of 1-3 nm, from which the GRs can
be inferred (Vanhanen ef al, 2011). The particle-size
magnifier does not suffer from low signals but requires
relatively stable aerosol populations and accurate calibration
for reliable measurements. GR measurements with high time
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resolution could be realized with a battery of CPCs
(Kangasluoma et al., 2014; Williamson et al., 2018), but
this approach has not been widely adopted for growth
measurements (Trostl et al., 2016a). However, it should in
principle provide good sensitivity and time resolution
(Kangasluoma er al., 2020).

3. Measurement of trace vapors, particle-phase composition,
hygroscopicity, and volatility

Besides the measurement of the PNSD, chemical informa-
tion on condensable vapors and nucleation mode particle
composition are essential for relating growth measurements to
the possible gaseous precursors. Complementary measure-
ments of particle- and gas-phase chemical composition are
therefore crucial, especially for model input. Moreover, some
studies have shown that, with continuous particle composition
measurements during new particle formation, the amount of
condensed vapors and hence the GR attributed to them can be
estimated (Bzdek et al., 2012, 2014; Mohr et al., 2019; Zheng
et al., 2020).

The trace vapor and cluster composition are measured
mainly using the atmospheric interface time-of-flight (APi-
TOF) mass spectrometer (Junninen et al, 2010), which
measures the mass-to-charge ratio of charged ions. Naturally
charged vapors and clusters can be directly measured with
sizes up to around 1 to 2 nm (Sipild et al., 2016; Jokinen et al.,
2018), which is limited mostly by the mass spectrometer
transmission. Neutral vapor molecules contributing to new
particle growth need to be charged by chemical ionization (CI)
before entering the mass spectrometer. Nitrates and their
clusters are widely used as reagent ions in laboratory and
ambient conditions for their good selectivity of extremely low-
volatility vapors such as sulfuric acid and highly oxygenated
organics (Jokinen et al., 2012; Ehn et al., 2014). Other
reagent ions such as iodides (Lee er al., 2014), bromides
(Rissanen et al., 2019), aminium ions (Berndt et al., 2018),
and water clusters (Yuan et al., 2017; Krechmer et al., 2018)
are also used, with each ionization chemistry optimized for
specific types of vapors (Riva et al., 2019). A combination of
different ionization chemistry is preferred to cover the broad
volatility range of vapors that contribute to particle growth,
but such a combination is still rare, especially for ambient
studies (Huang ef al., 2021). In addition to the CI-APi-TOF
one, the CI-Orbitrap mass spectrometer, which has a higher
mass resolution than the CI-APi-TOF spectrometer, has
recently proved to be a promising tool to measure neutral
vapors and clusters (Riva, Ehn et al., 2019; Riva et al., 2020;
Cai, Huang et al., 2022).

Instruments to directly measure nucleation mode particle
composition are limited and are mainly scientific instruments
used by individual research groups. A more extensive review
of these instruments was recently given by Smith et al. (2021).
Generally, direct and indirect methods to measure the nucle-
ation mode particle chemical composition are scarce, and
additional efforts in instrument development would be valu-
able. In thermal desorption (TD) methods particles are
collected on a filter or a filament, from which thermally
evaporated species are detected using a mass spectrometer
(Smith er al., 2004). In favorable conditions TD methods are
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effective down to 10 nm or less (Smith et al., 2004; Lawler
etal.,2018; Wagner et al., 2018; Perraud et al., 2020; Li et al.,
2021, 2022), while they are in many environments limited by
the available particle mass. The nanoaerosol mass spectrom-
eter (Pennington and Johnston, 2012) is similar to the TD
methods but uses laser desorption to vaporize the particles and
reconstructs the particle composition from the detected
elements. Recently a new online TD method was proposed
to heat particles in the sampling flow without collecting them
on a filter or filament, yet it requires a more detailed
characterization of the TD process (Hikkinen er al., 2023;
Zhao et al., 2023).

Indirect composition information from the particles can be
obtained from their interactions with specific vapors or change
with temperature. In a tandem differential mobility analyzer
the size classified particles are exposed to either heat or water
vapor and based on the change in size indirect information on
the composition can be inferred (Sakurai et al., 2005; Biskos
et al., 2006; Biskos, Buseck, and Martin, 2009; Lei et al.,
2020). Condensation particle counters with different working
fluids have been also used to infer information about the
composition of nucleation mode particles (Kulmala et al.,
2007; Kangasluoma et al., 2014).

4. Instrumental limitations in measuring nanoparticle growth

To measure particle growth, instruments should be able to
track the evolution of PNSD with sufficient temporal reso-
lution, size resolution, and low measurement uncertainties.
From the perspective of nanoparticle growth measurements,
current PNSD measurement techniques are critically chal-
lenged in the size range of 1-5 nm and for rapidly changing
particle populations. At sizes larger than 5 nm, fluctuations of
ambient air masses and the methodology used for GR
estimates are the dominating uncertainties. However, below
5 nm diffusional sampling losses, particle detection, and, in
the case of mobility spectrometers, particle charging become
highly challenging. This results in low measured number
concentrations and hence high relative errors of the raw data
(counting error) used for the size-distribution inversion and, at
the same time, high systematic uncertainty related to unknown
charging and detection (Kangasluoma and Kontkanen, 2017;
Kangasluoma e al., 2020). Cai et al. (2019) demonstrated that
the sensitivity of mobility spectrometers with respect to good
coverage of the PNSD strongly depends on the overall
detection efficiency, detector flow rates, measurement cycles,
and DMA resolution. For the sub-10-nm size range
Kangasluoma et al. (2020) found deviations in the inverted
PNSD between different instruments of a factor of up to 10,
concluding that these discrepancies are highest when one
of the instruments is operating close to its limit of detection in
terms of the measured number concentration. A combina-
tion of different instruments could lower the uncertainties but
is not widely applied (Stolzenburg, Ozon et al., 2022).
Kangasluoma and Kontkanen (2017) showed that achieving
a lower than 5% counting error in mobility spectrometers
would require high particle concentrations (> 10° cm™).
Stolzenburg et al. (2023) demonstrated that higher detection
flow rates and hence increased counting statistics in a DMPS
system could indeed improve the retrieved GRs. In addition,
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there are also systematic uncertainties, and the discrepancies
between instruments could also originate from particle charg-
ing for mobility spectrometers and unknown cutoffs due to an
unknown particle composition and charging state for con-
densation particle counters. This could potentially result in
uncertainties up to 5000% for the PSM and 50%-500% for
mobility spectrometers (Kangasluoma and Kontkanen, 2017;
Kangasluoma et al., 2020). Overall, we conclude that proper
uncertainty propagation in PNSD measurements (Sipkens
et al., 2023) is often omitted.

Other systematic biases could be, for instance, the role of
water in PNSD measurements. Most instruments taking
measurements in the size range of 1-10 nm do not dry the
sample to maximize the number of counted particles.
Therefore, there may be some discrepancies in the measured
PNSD between these instruments and, for example, SMPS
systems following the Aerosol, Clouds and Trace Gases
Research Infrastructure guidelines, in which the relative
humidity of the sample flow is regulated to below 40%
(Wiedensohler et al., 2012). The drying procedure is applied
mainly to avoid aerosol hygroscopic growth during sampling
as PNSD measurements at high relative humidity could be
problematic due to enhanced water uptake or even condensa-
tion on sampling lines.

Overall, specific studies estimating the impact of errors in
PNSD measurements on GR estimates are currently missing
and need to be evaluated with respect to the GR retrieval
method; see Sec. III.B. However, the fact that most instru-
mentation for PNSD measurements below 5 nm has limits of
detection of 10>~10° cm™ (Kangasluoma et al., 2020) also
prevents nanoparticle growth events with such low number
concentrations to be detected accurately. These events are
likely to be characterized by low GRs (below 1 nmh™"), as
this induces a low survival probability and hence low number
concentrations. In contrast, the time resolution of most
devices used for PNSD measurements is ranging between
1 and 5 min. If we assume that GR should be resolved down
to the scale of 1 nm, this induces an upper limit for GR
estimates of 12-60 nmh~! for 1-5 min time resolution if we
assume that the GR estimate follows the simple definition
of Eq. (1).

Besides uncertainties in PNSD, the measurements of
condensable vapors also have high systematic uncertainties,
which induces uncertainties when vapor concentration derived
and measured GRs are compared. There are difficulties to
calibrate the charging efficiency of chemical-ionization tech-
niques for the variety of atmospheric compounds. But even if
calibration methods exist, they are estimated to have at least
33% systematic uncertainties as in the case of sulfuric acid
(Kiirten et al., 2012), and these uncertainties are expected to
be higher for long-term field measurements. Mass-dependent
transmission efficiencies of mass spectrometers might com-
plicate the quantification of condensable vapors over a wide
mass range, but methods for determining these transmission
losses exist (Heinritzi ef al., 2016). In addition, fragmentation
of molecules may also influence the measurements
(Passananti et al., 2019). Another problem arises from the
selective sensitivity of many chemical-ionization techniques
toward certain condensable vapors, for instance, organic
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molecules with a high or low oxidation state (Riva et al.,
2019). This can cause a significant underestimation of low-
volatility compounds important for nanoparticle growth
(Trostl et al., 2016a; Stolzenburg et al., 2018). Similar
uncertainties occur in mass-spectrometer-based particle-phase
measurements, where even more complex effects such as the
influence of thermal desorption often need to be considered.

As mentioned, measuring nucleation mode particle com-
position is challenging. Besides the uncertainties associated
with particle collection, evaporation or thermal desorption,
ionization, and detection, a major limitation is that the
collected nucleation mode particle mass has to exceed the
instrumental detection limit. Temporal resolution and size
resolution are usually sacrificed to gain sufficient mass in
atmospheric measurements (Smith et al, 2010; Li er al.,
2021), yet measuring sub-5-nm particles still demands more
effort in instrument development (Smith ez al., 2021).

B. Analysis methods applied to estimating nanoparticle
growth rates

For a measured NPF event, GR as a function of particle size
and time can be estimated from the evolution of the PNSD. In
the macroscopic scale, the growth of new particles is reflected
by the collective phenomenon of the aerosol size distribution
gradually shifting toward a larger size as a function of time.
The microscopic information, such as all possible particle and
vapor concentrations and the size-dependent evaporation rates
of all condensable vapors, is usually unknown, especially for
atmospheric observations of NPF. It is furthermore impossible
to track the growth trajectory of a single particle from the
measured particle-size distribution in the Lagrangian sense.
Therefore, GR is usually estimated based on the shift of PNSD
toward a large diameter. Alternatively, GR can be retrieved by
solving the change of a size-segregated particle number
concentration as a function of time. The former approaches
to estimate GR are referred to as collective approaches, and
the latter are referred to as dynamic approaches.

1. Collective approaches: Mode fitting, maximum concentration,
and appearance time

The collective approaches calculate the GR from the
evolution of the measured PNSD of an aerosol population
using Ad,, /At in Eq. (1). Because of the difficulty in tracking
a single particle, either a representative d, or a representative ¢
has to be used for a collective approach (representative
diameter and representative time approaches, respectively).
However, a shifting size distribution can also be caused by
other processes, such as coagulation in addition to condensa-
tion growth. That is, the representative Ad,, is not necessarily
the increase of particle-size due to condensation growth and
the representative At is not necessarily the duration of particle
growth. As a result, even if the collective approaches use the
same formula to calculate the GR as Eq. (1), these approaches
directly reflect neither the single-particle GR defined by
Eq. (2) nor the GR defined in Eq. (9).

a. Mode-fitting method

The mode-fitting method (Hussein er al., 2008) is a
representative diameter approach using the temporal evolution
of a mode peak. Since an atmospheric aerosol size distribution
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is usually characterized by several modes (Whitby, 1978), one
to four log-normal distributions are fitted to the entire measured
size distribution (Kulmala et al., 2012) and the shift of the peak
diameter of the nucleation mode is used to represent the growth
of new particles. Some criteria, such as temporal and diameter
differences between consecutive peaks, can be applied to
automatically validating the fitting results (Paasonen et al.,
2018). Alternatively, the peak diameter can be determined
simply according to the maximum dN/dlog d,, for the nucle-
ation mode if it can be clearly distinguished from other modes.
With Ad), as the increase of the peak diameter during Az, with ¢
the time for each measured aerosol number size distribution,
the value of GR is then retrieved by a linear fit to the d,, vs t data,
resulting in a GR,,.4. according to Eq. (1).

The mode-fitting method characterizes particle growth in
the Lagrangian specification. GR 4. approximates GRy,
which is contributed by the condensational and coagulation
growth of new particles as in Eq. (2), as the coagulation
growth of new particles also increases the peak diameter of the
mode (Leppa et al., 2011). The coagulation between two new
particles is conventionally named self-coagulation (Lehtinen
et al., 2007; Kerminen et al., 2018) or intramodal coagulation
(Stolzenburg et al., 2005), neither of which necessarily refer to
coagulation of a monodisperse new particle mode but which
can include the coagulation of particles of distinct sizes
within the same mode. In that sense, self-coagulation is
part of the definition of GR according to Eq. (6). The not-
able contribution of self-coagulation originates from the
larger diameter increment per collision compared to vapor-
particle association [see Eq. (6)], which scales faster with
increasing size than the simultaneous decrease of the
association coefficient. Therefore, the effect of self-coagu-
lation increases with particle size (Leppi et al., 2011; Zhao,
Li er al., 2018) but is counterbalanced by the typically
slowly diminishing number concentration of the growing
mode with increasing particle size.

Extramodal coagulation (Stolzenburg et al., 2005), i.e.,
coagulation scavenging of new particles to preexisiting
particles of a different mode (sometimes also called inter-
modal coagulation), is not included in the definition of Eq. (6)
but also causes a shift in the peak diameter. This is due to the
size dependency of CoagS(d,,), as smaller particles have a
larger CoagS(d,,) than larger particles, which leads to a net
shift of the peak diameter toward larger sizes. Although not
associated with particle growth in the sense of Eq. (6), this
extramodal coagulation phenomenon increases the measured
apparent Ad,/At and hence introduces a systematic bias to
the analysis method. Like the extramodal coagulation, a
possible size dependency of condensation also leads to a
shift in the peak diameter.

The influence of self-coagulation and extramodal coagu-
lation on the peak diameter can theoretically be calculated and
corrected, which was recommended by Kulmala et al. (2012).
For each measured aerosol number size distribution at # and a
given At, where Ar is the time interval between two
measurements, the theoretical peak diameter at 7 + A¢ under
the influence of only self-coagulation and extramodal coagu-
lation can be calculated using an approximate analytical
method (Stolzenburg et al., 2005; Leppi et al., 2011) or by
solving the GDE equation [Eq. (7) or (11)]. In the method

045002-12



Dominik Stolzenburg e al.: Atmospheric nanoparticle growth

proposed by Stolzenburg et al. (2005), the evolution of PNSD
during a time bin (usually 3-5 min, determined by the
temporal resolution of the instrument) due to self-coagulation
and extramodal coagulation is calculated analytically after
log-normal mode fitting. The increasing rate of the mode
diameter during this time bin is taken as the contribution from
self-coagulation and the influence of extramodal coagulation.
Subtracting the influence of extramodal coagulation from the
measured GR,,,q4. yields the measured GR,,. Further sub-
tracting the contribution of self-coagulation yields the mea-
sured GR,,q. This analytical method based on log-normal
mode fitting can be further generalized such that the increase
of the peak diameter is calculated numerically. We clarify that
this correction method assumes a complete deconvolution
between the evolution of PNSD due to coagulation and
condensation during each time step, which may introduce
uncertainties to the corrected GR, especially for NPF in
polluted environments.

The mode-fitting method is applicable to NPF events with a
well-defined nucleation mode. For a typical NPF event with a
well-defined growth pattern of single modal new particles, the
mode-fitting method with corrections can be used to calculate
the GR. However, the size distribution of new particles during
quasi-steady-state nucleation and growth does not necessarily
have a peak, especially in the sub-3-nm size range (McMurry,
1983; Jiang, Zhao et al., 2011). For some continuous NPF
events in urban environments, the peaks for the newly formed
particles and the grown new particles may merge with each
other. This merging also reduces the mode diameter and hence
causes an underestimation of GR,;. In such cases, it is difficult
to use the mode-fitting method to estimate GR for the entire
size range of NPF.

b.  Maximum concentration and appearance time method

Instead of tracking Ad,(At) for a given At, representative
time approaches seek At(Ad,,) for a given Ad,,. The d, herein
is a preselected particle diameter such as the particle size bin
of the instrument. The ¢ is then a representative moment
corresponding to the preselected d,, rather than the period for
particles to grow.

The maximum concentration method takes the moment at
which particle number concentration for a given size bin
reaches its maximum during an NPF event as the represen-
tative ¢ (Kulmala er al., 2013). The peak position is often
estimated by fitting a Gaussian function to the signal in each
size channel (Hirsikko et al., 2005). The time shift of the
observed moment of peak concentration as a function of
particle size is attributed to particle growth.

The appearance time method (Lehtipalo et al., 2014) takes
the moment at which particles reach a certain proportion m%
of the maximum concentration during an NPF event as the
representative time #,,. For instance, #5)(d,) is the time that the
measured concentration of particles with size d,, reaches its
half maximum (50% appearance time method). For m
approaching 100, the method is equivalent to the maximum
concentration method, but in general the appearance time
method does not require the existence of a peak concentra-
tion. For pseudo-steady-state NPF with time-independent
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nucleation and GRs, the particle concentration in each size
bin reaches a constant value after a certain period.

The maximum concentration method and the appearance
time method are Eulerian methods. They do not track the
growth of a single particle or a population of particles. The
relation between the Ad,/At and GR for these methods
requires further validation. The validity of the 50% appearance
time method has been demonstrated for situations in which
the following assumptions are satisfied (He et al., 2021a):
(1) the vapor concentration or production rate is constant
during the NPF event, (2) the initial particle concentrations
are equal to zero, (3) the coagulation between new particles
contributes negligibly to particle growth, (4) the evaporation
of particles is negligible, and (5) the influence of coagulation
loss, transport, and other external sinks of particles is
negligible. With these assumptions, the Ad,/At,, retrieved
using the 50% appearance time method was demonstrated to
be approximately equal to GR.,,q with negligible biases
(He et al., 2021a). The aforementioned ideal conditions can
be satisfied for pseudo-steady-state new particle formation
in some chamber experiments. The 50% appearance time
method was recommended for chamber studies and its
consistency with GDE-based dynamics approaches was
reported for chamber results (Dada er al., 2020b).

In the real atmosphere, however, the unavoidable violation
of these ideal conditions may introduce systematic biases to
the GR retrieved using the appearance time method. Like the
mode-fitting method without correction, the appearance time
method neglects the fact that the time evolution of the particle
concentration at a certain diameter is influenced by more than
net condensational growth. Simulations based on aerosol
dynamics (Olenius et al., 2014; Kontkanen et al., 2018; Li
and McMurry, 2018; R. Cai et al., 2021a) have shown the
biases of the appearance time method due to particle evapo-
ration, coagulation, variation of the vapor concentration, and
external sinks. According to derivations and simulation
results, R. Cai ef al. (2021a) demonstrated that the influences
of extramodal coagulation and external sinks can be readily
corrected by subtracting them from the apparent GR calcu-
lated by the raw Ad,(Ar). The influence of self-coagulation
on the appearance time needs to be corrected using an
approximate formula. The influence of evaporation on the
GR is substantial for particles close to the critical size during
homogeneous nucleation, whereas the evaporation of volatile
vapors during the growth process does not cause a significant
bias (R. Cai et al., 2021a).

c¢. Applicability of collective methods

In practical applications, the appearance time is typically
calculated using the relative PNSD by fitting a sigmoid
function to the rising edge of the measured PNSD at each
d,. Owing to the complexity of the analytical solution for the
appearance time (R. Cai et al., 2021a), the sigmoid function
is chosen to be a simple function such as s = (a—b)/
[1+ (#/tapp)¢] + b (Stolzenburg et al., 2018) or the rising
edge of a Gaussian distribution. The value of m is recom-
mended to be > 50% (Lehtipalo ef al., 2014) to minimize the
influence of growth driven by diffusion in the particle-size
space [Eq. (9)] on the inferred GR (Olenius er al., 2018).
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However, the measurement uncertainties may be larger
than the theoretical bias associated with the value of m.
The appearance time method (and maximum concentration
method) are favored by some studies due to their robustness in
getting a GR value compared to the mode-fitting method,
especially for sub-10-nm particles, as shown in Sec. III.C.
They are not affected by the size-dependent systematic
biases of measured particle concentrations as long as the
signal-to-noise ratio is high enough to fit the sigmoidal rise
of the signal. Raw signals proportional to PNSD can also be
used to calculate the appearance time (Lehtipalo er al.,
2014). Further, signals from different instruments, such as
particle concentrations measured using a DMPS and con-
densable vapor concentrations measured by mass spectro-
meters, can be used to calculate the appearance time. This
can be used to infer the average GR from the vapor size to
the smallest detectable particle size (Weber, Marti, and
McMurry, 1997; Sihto et al., 2006).

The previously mentioned collective methods are also
applicable to the measured size distribution of ions.
However, note that the growth of the ion population is also
influenced by recombination and charging of the simulta-
neously growing neutral particles and hence is not necessarily
interpretable as a condensational GR in the sense of either
Eq. 9) or Eq. (2) (Gonser et al., 2014; Carracedo, Gonzalez
et al., 2022).

We emphasize that the GR retrieved using collective
approaches is a function of coupled d, and ¢ and calculates
GR[d,(t)] (the representative diameter) and GR[t(d,)| (the
representative time). The GR is usually analyzed using a linear
fit over a certain size range or time span including several
representative diameters or times, giving averaged GRs as in
Eq. (15). This reduces the influences of random uncertainties
on the measured GR and facilitates the comparison between
different studies and the simulation of new particle growth.
While the GR can be independent of time in a well-controlled
chamber study, an atmospheric NPF event is often charac-
terized by changing condensable vapors, clusters, and par-
ticles, thereby making the GR dependent on both time and
size. Keep in mind that GRs retrieved using collective
methods hide these interlinked dependencies of ¢ and d,
and are a synergistic result of them.

2. Dynamic approaches based on the aerosol general dynamic
equation

Approaches based on the population balance of aerosols
characterized by the aerosol GDE [Eq. (7)] typically resolve
the time and size dependency of the GR simultaneously,
which differs from the previously described collective
approaches. In practice, Eqs. (11) and (7) give the change
of particle number concentration by the formation of particles
at this size due to the net condensation growth of these
particles into larger sizes, a coagulation sink, and a coagu-
lation source. Both equations can be expanded to also include
other possible causes of change of particle number concen-
tration with a given size including dilution, wall loss, primary
emission, and other external sources and sinks. When the
knowledge about external sources and sinks and known
coagulation kernels is included, the evolution of the measured
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PNSD can be simulated while excluding the influence of net
condensation. The differences between the simulated and
measured PNSDs at the next time step is then attributed to
net condensation. In that sense, the evolution of the size
distribution with time is evaluated for each time step, thereby
retrieving the GRonq(d),) for all sizes as given in Eq. (9).

For n GDEs corresponding to n particle sizes, there are
n + 1 unknown size-dependent net GR,,,q4 characterizing the
growth flux into and out of each size interval. Therefore,
proper assumptions are needed to reduce the number of
variables and solve the net GR.,,q. The GDE approach in
retrieving particle GRs was first applied by McMurry and
Wilson (1982), who neglected the effects of coagulation and
other sources and sinks and integrated the GDE above a
certain diameter d, to find the particle GR,

N.g4,(12) =N=g,(11)
(t2 - tl)navg(dp)

GR(d,) = (16)

where Ny, is the total number concentration of particles
larger than d), at a certain moment and 7, (d), ) is the average
PNSD during the growth interval [f),1,] at d, expressed
as dN/ddp.

In this approach GR(d,,) can be calculated from the total
particle concentration measurement N.,4, at two time steps

and the average particle concentration is at the threshold size,
assuming that there is negligible growth outside of the size
range of interest. This simple approach was further developed
by Verheggen and Mozurkewich (2002), who first applied a
correction for possible dilution and coagulation. They then
improved the procedure by fitting the integrated number size
distribution expected from the GDE for all sizes with the
measured values including the GR as the free parameter
(Verheggen and Mozurkewich, 2006). This particle growth
and nucleation model was used in several field studies, where
it was also further developed (Kanawade, Benson, and Lee,
2012; Young et al., 2013; Kammer et al., 2018). Lehtinen
et al. (2004) pursued the same approach; however, they
reduced the number of free parameters to be fitted by
assuming an expected size dependency of the condensational
growth (GR,,q) from theoretical condensation at the kinetic
limit of a single condensing species. Kuang, McMurry, and
McCormick (2009) slightly improved this by including an
iterative procedure to determine the size-dependent GR on a
fixed interval to eliminate the assumption of negligible
growth outside of the region of interest. Moreover, besides
a kinetic sulfuric acid condensation term, Kuang, McMurry,
and McCormick (2009) included a size-dependent growth
enhancement factor accounting for condensation of species
other than sulfuric acid.

The approach reported by Pichelstorfer er al. (2018)
assumed that the net condensation flux out of the largest size
interval is negligible, which is practically done by setting the
upper limit large size interval to a sufficiently large size. The
size-resolved net GR_,,q is then estimated using methods
named TREND and INSIDE, which rely on an aerosol
dynamics simulation calculating the expected size distribution
at the next time step. The TREND method divides both the
measured and simulated PNSDs into a series of size intervals.
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Every size interval contains the same number concentration of
particles. The net GR_,,q is retrieved from the differences in
the count median diameters between measured and simulation
results. The INSIDE method evaluates a total concentration of
particles larger than a given size. Attributing the difference
between the measured and simulated total concentrations to
the flux due to net condensation, one can solve the net GR g
as a function of the given size. Compared to GDE approaches
other than Eq. (16), the methods discussed by Pichelstorfer
et al. (2018) do not apply a fitting procedure and do not rely
on any assumptions about the size dependency of the GR.

Another recent approach was the application of a fixed
interval Kalman smoother (Ozon, Seppénen et al., 2021) in
order to retrieve the unknown process parameters describing
the evolution of the size distribution within the GDEs, i.e., the
GR and nucleation rate. Kalman filtering is an iterative
procedure that uses the information on the previous state
and its covariance to predict the next step via an evolution
model. The prediction is then updated by the available
measurement refining the a posteriori state estimate and its
corresponding covariance. Owing to its recursive procedure,
the previous state and its uncertainty already include the
evolution of all preceding measurements and their correspond-
ing uncertainties. The resulting a posteriori estimate therefore
improves the previously described GDE approaches, incor-
porating all preceding knowledge and giving a direct estimate
of the resulting uncertainty of the GR at each time step.
Kalman filtering has already been used to estimate PNSDs
(Viskari et al., 2012), but the GR therein was estimated
from measured vapor concentrations. Ozon, Stolzenburg et al.
(2021) demonstrated that GRs can indeed be reliably esti-
mated from measured PNSDs in chamber experiments, where
unknown sources and sinks can be neglected.

C. Method performance under varying conditions: From rural
backgrounds to highly polluted megacities

The accuracy of a given approach to estimate the GR is
based on a series of ideal assumptions, as seen in Secs. III.B.1
and II1.B.2. These ideal assumptions are violated to different
extents for atmospheric NPF events, and the corresponding
errors have been investigated via simulations (Olenius et al.,
2014; Kontkanen, Olenius et al., 2016; Li and McMurry,
2018; R. Cai et al., 2021a). As a result, the performances of
these approaches vary with the atmospheric conditions.

We compare the retrieved GRs of simulated NPF events in
clean and polluted atmospheric environments using a sectional
aerosol model (Li and Cai, 2020) to evaluate the performance
of difference approaches. For NPF events in relatively clean
environments such as the rural background, the particle
formation rate and coagulation sink are typically low (Dal
Maso et al., 2005; Nieminen et al., 2018). In contrast, NPF
events in polluted environments such as polluted megacities
are reported to occur against high coagulation sink with high
new particle formation rates (lida et al., 2008; Yao et al., 2018;
Deng et al., 2020; Kulmala et al., 2021). Compared to rural
backgrounds, the coagulation sink for polluted megacities are
reported to be 1 order of magnitude higher and the formation
rate can be several orders of magnitude higher (Cai and Jiang,
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FIG. 4. Method performance for simulated NPF events. Simu-
lated PNSDs are displayed for (a) rural background and (b) urban
environments. The d,(t) of the mode-fitting method and #(d,,)
are shown for (a) the appearance (app.) time and (b) maximum
concentration (conc.) methods. (c) Derived growth rates by
different methods and simulation input condensational growth
rate plotted against particle diameter.

2017). Coagulation is therefore important for the evolution of
new particles in polluted megacities.

As shown in Fig. 4, we tested three collective approaches
(the mode-fitting method, the 50% appearance time method,
and the maximum concentration method; see Sec. III.B.1)
and two GDE-based approaches (the TREND and INSIDE
methods; see Sec. III.B.2). The influences of coagulation
scavenging and coagulation growth on the mode-fitting
method and the appearance time method have been corrected
for a simulated urban scenario using the methods given by
Stolzenburg et al. (2005) and R. Cai et al. (2021a), re-
spectively. Such influences are not significant in the rural
background scenario. Therefore, the retrieved GRs of the
mode-fitting method and the appearance time method shown
in Fig. 4(c) are the estimates of the condensational GRs.

The GDE approaches report size- and time-dependent GR
and the GR value at #(d,) of the appearance time method is
presented in Fig. 4(c). The “true” GR is the input of the
simulation and is the condensational GR defined in Eq. (2). To
facilitate the comparison among different approaches, the true
GR is assumed to be size dependent but time independent.

All of the tested approaches report consistent GR for
particles larger than 10 nm for the simulated NPF event,
and the GDE-based methods go down even to 1.5 nm. For
sub-10-nm particles in the rural background, the appearance
time method and the maximum concentration method show
good estimations of the GR, whereas the mode-fitting method
underestimates GR. This underestimation is caused mainly by
the formation of new particles, which increases the concen-
tration of particles on the left-hand side of the PNSD peak
(Jiang, Zhao et al., 2011), and hence the mode diameter
increases slower than the true GR.

For the urban scenario, the corrected appearance time
method is consistent with the true GR. The maximum
concentration method considerably overestimates GR in the
sub-10-nm size range, mainly because the influence of the
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high coagulation sink is not corrected. The mode-fitting
method cannot retrieve the GR because the PNSD does not
have a peak in this range, which is sometimes the case for NPF
in polluted megacities.

We clarify that Fig. 4 assumes an ideal condition
with negligible vapor dissociation of clusters and a time-
independent GR. Vapor dissociation and the temporal varia-
tion of the GR may also affect the accuracy of the methods
(Olenius et al., 2014; Li and McMurry, 2018; R. Cai et al.,
2021a). Further, it shows only the uncertainties due to the
systemic biases of the methods. For example, the GR retrieved
using the TREND and INSIDE methods agrees well with the
true GR because they are based on the GDE equations with the
GR as the only unknown variable. For atmospheric measure-
ments and laboratory studies, measurement uncertainties also
propagate to the retrieved GR. The GDE methods are expected
to be more sensitive to measurement uncertainties because
they include many linked equations, and future studies need
to target an understanding of these related uncertainties.
Averaging the retrieved GR over a size range and a time
span (Kuang, Chen, Zhao et al., 2012) helps to reduce the
random uncertainties, as in the collective approaches.
Approaches based on the Kalman filter integrate the uncer-
tainties of the measurements in the estimation of the GR and
therefore yield a more solid error estimate. Furthermore, they
can also incorporate a smoothing procedure, which should
further increase the stability of the result (Ozon, Stolzenburg
et al., 2021).

D. Analysis methods for estimating particle survival probabilities

The survival probabilities of growing new particles against
coagulation scavenging can be estimated using either the
evolution of the measured PNSD or the measured GR and
coagulation sink. The estimated survival probabilities using
the former and latter approaches are named the measured and
theoretical survival probabilities, respectively.

According to the definition in Eq. (12), P(d,; — d,,) can
be calculated by comparing the total number concentration N
of an aerosol population at #; and ¢,. However, N in Eq. (12) is
the decreasing concentration of the same aerosol population
formed at ¢;, which cannot be tracked in the measured PNSD.
As shown in Fig. 4, an NPF event usually lasts for hours, and it
is difficult to distinctly separate the particles formed at a
certain moment at #; from the particles formed between ¢; and
1, unless the nucleation rate is negligible after ¢,. Furthermore,
for a weak NPF event it is sometimes difficult to separate the
growing new particle mode from background particles. As a
result, the measured survival probability cannot be accurately
calculated using the definition N(z,)/N(t;). Despite this
difference between the measured N in a certain size range
(in the Eulerian specification) and the mode N in Eq. (12) (in
the Lagrangian specification), earlier studies (Weber, Marti,
and McMurry, 1997; McMurry et al., 2005) used the former N
as an approximation of the latter to roughly indicate the
survival probabilities.

The new particle formation rate J is also often used to
calculate the measured survival probability with P(d ,; = d ) =
J(d,2)/J(d,) (Kerminen and Kulmala, 2002; Kulmala et al.,
2013). This relationship is often conversely used in models to
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derive J(d,;,) from J(d,;) and P. However, this approach is
valid only for certain types of PNSDs. According to Kerminen
and Kulmala (2002), J in J(d,,)/J(d, ) should be the
formation rate contributed by the same growing aerosol popu-
lation corresponding to the mode N (in the Lagrangian speci-
fication) in Eq. (12), and it is derived implicitly based on the
monodisperse assumption of the growing mode. Although P is
usually calculated using the formation rate contributed by all the
particles (in the Eulerian specification) (Kulmala et al., 2017),
Cai, Deng et al. (2022) further showed that J(d,,)/J(d ) is
also theoretically valid for quasi-steady-state PNSDs, such as
those of newly formed particles. However, when using this
approach in a wide size range, such as from 1.5 nm to 100 nm,
the quasi-steady-state assumption no longer holds and may lead
to considerable uncertainty.

Alternatively, Kuang, McMurry, and McCormick (2009)
proposed estimating P using P(d,, — d,,) = (dN/dd,,)/
(dN/dd,;) and derived an analytical formula for dN/dd,,
accounting for size-dependent particle sources, sinks, and
GRs. Since J = GRdN/dd,, this approach is equivalent to
the J(d,,)/J(d,) given a size-independent GR. Cai, Deng
et al. (2022) showed that the uncertainties of this approach is
associated to the width of the PNSD. If the width of the
PNSD in the linear scale maintains at a relatively constant
level as particles grow large, (dN/dd,,)/(dN/dd,,) and
J(d,,)/J(d,) are expected to lead to accurate estimates of P.
However, the PNSD of atmospheric particles tends to be
broadened in the linear scale, causing an underestimation in
the retrieved P. An alternative formula P(d, — d,,;) =
(dN/dlogd,,)/(dN/dlogd,) has correspondingly been
proposed, as the variation of width in the logarithmic scale
of growing ambient particles is usually smaller than that in the
linear scale, and the evolution of a geometric standard
deviation can be used for further correction.

The theoretical survival probability can be calculated using
Eq. (13) or, in most cases (especially in models), Eq. (14).
Equation (14) is theoretically valid with an uncertainty caused
by the monodisperse approximation, which is negligible for
particles much larger than the nucleation size. However,
applying Eq. (14) to measured NPF may cause large uncer-
tainties, which are associated with the inaccurate estimation of
GR and CoagS. Good agreement between the measured
and theoretical survival probabilities have been reported for
particles larger than 3 nm in polluted megacities (Cai, Deng
et al., 2022; Tuovinen et al., 2022). However, for sub-3-nm
particles in polluted megacities Kulmala ez al. (2017) reported
that the theoretical survival probabilities were orders of
magnitudes lower than the measured survival probabilities.
This large discrepancy was mainly attributed to the ineffective
CoagS of sub-3-nm particles. A later study reported better
agreement between the measured and theoretical survival
probabilities for 2—-6 nm particles within a factor of 2-10
for boreal forests and megacities (Kulmala et al., 2022), but
the remaining discrepancies (especially for the boreal forest
site) could indicate that the estimates of the survival proba-
bility using measured formation rates might still be biased
either due to large measurement uncertainties or under the
assumptions made in Eq. (14).
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To summarize, the measured survival probabilities can be
calculated using the measured J, dN/dd,,, dN /dlogd,, or N.
The validity and uncertainties of these approaches is asso-
ciated with the evolution of PNSDs in different environments.
It is important to check the validity of their assumptions before
using them to retrieve the measured survival probability or
deriving J of large particles using a theoretical survival
probability. The theoretical survival probability can be calcu-
lated using the measured GR and CS with Eq. (14), yet its
uncertainty in different environments needs to be better
clarified in future studies, especially for the sub-3-nm size
range.

IV. UNDERSTANDING NANOPARTICLE GROWTH: FROM
MEASUREMENTS TO PROCESS MODELS

Nanoparticle growth in the sub-25-nm range is closely
linked to gas-phase nucleation and is hence often studied
alongside these processes. Pioneering research on the activa-
tion and subsequent growth of aerosol particles and ions in the
presence of a supersaturated vapor was done by J. Aitken and
C.T.R. Wilson. Aitken (1889) developed the first aerosol
counting device and inferred the first evidence of particle
formation in the atmosphere at the end of the 19th century.
Wilson (1912) studied the growth of droplets in a supersatu-
rated environment and inferred that atmospheric ions enhance
this process, which led to the construction of cloud chambers
and which have been widely used in particle physics. It took
another half century until the basic kinetics of mass transfer
and coagulation were developed by Fuchs (1964) and Fuchs
and Sutugin (1971). This led to work of Brock (1972), Heisler,
Friedlander, and Husar (1973), and Heisler and Friedlander
(1977), who clarified the secondary origin of smog and
developed so-called aerosol growth laws, which determined
a relationship between the observed GR of the aerosol and the
underlying process, for instance, transport-limited or particle-
phase reaction limited growth. McMurry, Rader, and Stith
(1981) and McMurry and Wilson (1982) continued this work
by studying the formation and growth of aerosols in ambient
settings such as power plant plumes. However, it took until the
1990s, i.e., 100 years after Aitken’s first discovery, that NPF
was widely observed in the atmosphere in remote boreal,
coastal, and mountaintop sites (Weber et al., 1995; Mikeld
etal., 1997; O’Dowd et al., 1999). At the same time, Clement
and Ford (1999a, 1999b) were also able to theoretically
describe the growth of aerosol particles with the abundance
of low-volatility vapors, especially sulfuric acid. Altogether
these pioneering studies led to the emergence of a new field of
atmospheric science, which progressively demonstrated the
global importance of atmospheric gas-to-particle conversion.
This has induced numerous field measurements of atmos-
pheric NPF and growth within the last two decades from
highly polluted environments (McMurry et al., 2000; Yao
etal., 2018) to remote clean locations such as the polar regions
(Jokinen et al., 2018; Baccarini et al., 2020; Beck et al., 2021)
or the free troposphere (Weigel et al., 2011; Bianchi et al.,
2016, 2021; Zhao et al., 2020). Several reviews have already
summarized this variety of ambient observations of NPF
(Kulmala, Vehkamiki et al., 2004; Kerminen et al., 2018),
but they lack a detailed focus on the process level
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understanding of nanoparticle growth where ambient mea-
surements are put into perspective with the underlying
concepts of nanoparticle growth and insights gained from
laboratory experiments or process modeling. We thus give
only an overview of the general characteristics of nanoparticle
growth observed in the ambient air and instead focus on the
gained physicochemical process level understanding, where
we first discuss the importance of collective growth processes,
which are often underrepresented in growth studies. We then
focus on the pure condensational part on the single-particle
level, which is most important in large-scale models.

A. Overview of ambient observations of nanoparticle growth

Nanoparticle growth is often observed following the for-
mation of particles by atmospheric nucleation. Most obser-
vations focus on so-called regional NPF events, characterized
by either steady meteorological conditions or a large spatial
extent of the vapor sources, which allow nucleation and
growth to occur simultaneously in a large air mass. Such
NPF events can then be easily followed by observations at a
single site, enabling the analysis of particle growth with the
approaches described in Sec. III.B.

New particle formation and subsequent growth also occur on
small local scales, from NPF within distinct plumes to smaller
scale sources, which can alter the character of simultaneous
regional NPF, as we later see. This localized NPF might occur
in the vicinity of roads (Pirjola ez al., 2006; Kumar et al., 2011),
clouds (Weigelt et al., 2009; Wehner et al., 2015), or airports
(Hudda and Fruin, 2016), and in combustion plumes, such as
those from power plants (McMurry, Rader, and Stith, 1981;
Junkermann, Hagemann, and Vogel, 2011; Stevens and Pierce,
2014; Mylléri et al., 2016), biomass burning (Vakkari et al.,
2014), ship exhaust (Lack et al., 2009; Jonsson, Westerlund,
and Hallquist, 2011), or volcanic eruptions (Boulon, Sellegri,
Hervo, and Laj, 2011; Rose et al., 2019). Moreover, a
substantial fraction of sub-25-nm particles in urban areas
can also be emitted directly from traffic (Kumar ef al.,
2014), with primary emissions down to particle sizes as small
as 1-3 nm (Ronkké et al., 2017; Olin et al., 2020). Both
particles formed through nucleation in the atmosphere and
primary emitted particles can subsequently grow to larger sizes
(Zimmerman, Petters, and Meskhidze, 2020), but detailed
studies on the differences in their growth are still lacking.
Altogether such plume-related studies of nanoparticle growth
are challenging, as Eulerian measurements at single sites might
limit our ability to deduce nanoparticle GRs (Kivekis ef al.,
2016). In addition, such plume GRs might be too high to be
time resolved for most of the available instrumentation; see
Sec. IILLA 4.

Hence, focusing on regional NPF, a couple of general
characteristics are evident from observations around the globe.
Overall, nanoparticle GRs are reported to be mostly within the
range of 1-10 nmh~! (Manninen e al., 2010; Kerminen
et al., 2018; Nieminen et al., 2018), especially the median
values for different sites; see Figs. 5 and 7. The limited range
of the observed GRs could also originate from the method-
ology, where clear growing modes have to be identified and
the sensitivity and time resolution of the instrumentation used
needs to be sufficient for that, as discussed in Sec. III.A.4.

045002-17



Dominik Stolzenburg e al.: Atmospheric nanoparticle growth

(@) 102 3
T 1 1_; ‘ ‘
ST MR Rt o
g ]
- 100_E ()
£ E | u
mM 10-1 i @ urban
G) 3 ® rural
] B remote
1072 — T
1071 10° 10t 107 103 104
J<2nm (cm~3)
0) 100 gy
E J
S ] « [ ] Q). ® <
T 10714 I 0%
51071 5 o OO
a’ E L ke
S 3 ® 3}
e 4
® 1072 3 ®
; 3 o
g ] Qo-‘ 103 102 107!
n — cs (s
1073 — T T
1071 10° 10t 107 103 104
J<2nm (cm~3)
(c) 102
— 10° 10t
1 mean size (nm) <>
101.
£l 8 g BT
£
E R s $
® 100 4 a { ]
& BB
107! . :
1074 1073 1072 107!
CS (s71)
FIG. 5. Cross-study examination of the relationship between

(a) GR and particle formation rate, (b) nucleation mode survival
probability P(3-25 nm) and formation rate, and (c) GR and CS.
Data points represent means or medians of the GR, J, and CS
values reported from a single study. We report values only when
the median diameter of the GR measurement is > 3 nm and for
measurements where the formation rate size is < 2 nm. Different
size ranges, seasons, and instrumentation and analysis methods
used for GR calculations have been separated for the same size, if
reported. Error bars show the intrastudy variation of the reported
quantities, if reported. Otherwise, a 50% error on the J and GR
values are assumed.

However, slower growth (as low as 0.1 nmh™!) is sometimes
measured for polar regions (Weller er al., 2015; Baccarini
et al., 2020), and faster GRs are observed for several
measurements often influenced by strong local emission
sources, such as those in heavily polluted and urban envi-
ronments (Monkkonen et al., 2005; Iida et al., 2008; Kalafut-
Pettibone et al., 2011; Xiao et al., 2015), but also at some rural
or coastal sites (O’Dowd et al., 2007; Svenningsson et al.,
2008; Vakkari et al., 2011; Sipild et al., 2016; Kammer et al.,
2018). However, high GRs are typically not observed at
extended spatial scales, limiting their regional and global
influence.

But even if the majority of median ambient observations are
within 1-10 nmh~!, differences between different locations
are apparent. GRs for urban and polluted locations are in
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general higher than those for rural and remote sites. Some
mountaintop sites can also show higher GRs than other remote
sites (Kerminen er al., 2018), but this could be an effect of
particle transport (Sellegri et al., 2019). The comparisons of
average GRs often span over different seasons and size ranges,
but GRs can significantly vary at a single site during an entire
year. Focusing on particle growth at sizes larger than 10 nm, at
many remote and rural midlatitude to high latitude locations,
higher GRs are found during summer (Nieminen et al., 2018)
in both the Northern (Birmili et al., 2003; Yli-Juuti et al.,
2011; Kanawade, Benson, and Lee, 2012) and Southern
Hemispheres (Suni er al., 2008; Vakkari er al, 2011). A
summer maximum is also observed for most urban locations,
for instance, in European capitals (Hussein et al., 2008; Salma
and Németh, 2019) and Chinese megacities (Wang et al.,
2013; Qi et al., 2015; Deng et al., 2020). In a recent study the
GR at sizes > 10 nm was also found to have a summer
maximum in a vegetation-free desert zone that is heavily
influenced by anthropogenic emissions (Hakala et al., 2019).
Therefore, this seasonal variation seems to be influenced by
both the enhanced photochemistry and the higher biogenic
emissions in the summertime. In contrast, GRs measured at
significantly smaller sizes, especially in the sub-3-nm range,
exhibit much smaller seasonal variations at all locations (Suni
et al., 2008; Yli-Juuti et al., 2011; Deng et al., 2020). This is
also true for measurement sites with a two-season cycle. Rose
et al. (2015) observed faster GRs for 7-20 nm particles during
the wet season at a mountaintop station in Bolivia, when air
masses arrived from the Amazon Basin, compared to the dry
season, but a less pronounced seasonal pattern for GRs in the
range of 1.5 to 3 nm. However, note also that the sub-3-nm
size range is the most challenging to resolve, and most
common instruments could be significantly limited in
detecting both low and high GRs (see Sec. III.A), resulting
in fewer observed seasonal variations.

Generally we find a size dependence of GRs across the
entire range of regional NPF studies, with GR increasing
with an increasing particle size for rural sites (Suni ef al.,
2008; Yli-Juuti et al., 2009, 2011; Kulmala et al., 2013;
Nieminen et al., 2018; Baalbaki et al., 2021), as well as
mountaintops (Rose ef al., 2015; Bianchi et al., 2016) and
urban or polluted sites (Kuang, Chen, Zhao et al., 2012;
Kontkanen, Jarvinen et al., 2016; Nieminen et al., 2018;
Deng et al., 2020). While such an increase is most apparent
in the sub-20-nm size range, there are indications that this
feature could extend up to 100 nm in particle diameter
(Paasonen et al., 2018). For sub-3-nm particles, few studies
find GRs larger than 5 nmh~! (Hirsikko ef al., 2012; Kuang,
Chen, Zhao et al., 2012; Brilke et al., 2020), which is
common for GRs above 10 nm (Manninen et al., 2010; Rose
et al., 2015; Nieminen et al., 2018; Yao et al., 2018). Few
studies report distinct features in the size dependency of
growth other than increasing GR with size: Yu et al. (2016)
found decreasing GRs with size in the sub-3-nm range for
strong NPF event days, and Manninen et al. (2010) reported
no strictly increasing GRs with size for the sites of Pallas in
northern Finland, Mace Head on the coast of Ireland, and the
Hohenpeissenberg in Germany. As shown in Sec. III.B.1,
this size dependency could also be a result of the used
collective GR analysis methods and their interlinked
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dependencies on time and size. However, Kuang, Chen,
Zhao et al. (2012) used a GDE-based method (see
Sec. III.B.2) that eliminated this linkage and still found
increasing GRs with size.

The regional extent of NPF events is estimated to range
from tens to about 1000 km (Wehner et al., 2007; Hussein
et al., 2009; Jeong et al., 2010; Wang et al., 2013; Kim et al.,
2016; Salma et al., 2016; Vana et al., 2016; Berland et al.,
2017; Németh et al., 2018). However, within the same
regional NPF event different GRs at different locations can
be observed. This indicates that different local vapor sources
or altered local atmospheric chemistry can change the growth
behavior at different sites, while the occurrence of NPF is
determined by regionally favorable conditions. Most studies
comparing different sites observe on average higher particle
GRs for more polluted conditions than in rural background
sites (Wehner er al., 2007; Jeong et al., 2010; Wang et al.,
2013; Salma et al., 2016; Bousiotis er al., 2019). However,
among different urban (Bousiotis et al., 2019), rural (Crippa
and Pryor, 2013), and coastal sites (Berland et al., 2017) some
variations of GRs can be found. Furthermore, while there are
some studies indicating that the vertical extent of NPF is often
confined to the planetary boundary layer (O’Dowd et al.,
2009; Crumeyrolle et al., 2010), NPF in the free troposphere
(Boulon et al., 2010; Boulon, Sellegri, Hervo, Picard et al.,
2011; Rose, Sellegri et al., 2015; Rose et al., 2015; Bianchi
etal.,2016; Wang et al., 2016; Williamson et al., 2019) and in
the uppermost part of the residual layer (Lampilahti et al.,
2021) is also reported. However, comparisons of GRs at
higher altitudes with lower level GRs are sparse. Boulon,
Sellegri, Hervo, Picard et al. (2011) found no difference in GR
between growth events occurring only at a high-altitude site
when compared to events occurring at both high altitude and
mid altitude. Casquero-Vera et al. (2020) showed that GRs can
be slightly higher at an elevated background site than with the
urban GR. Du et al. (2021) demonstrated that the particle GR
at an altitude of 260 m above a Chinese megacity is
significantly reduced compared to the ground level. Across
all mentioned studies, the variation of GRs for different
locations during the same NPF event is at maximum within
a factor of 2 for all regional scales.

The relatively limited variability in the measured values of
GRs across different environments on both regional and
global scales is a noteworthy feature, considering the fact
that there are many atmospheric low-volatility vapors, which
can possibly contribute to atmospheric nanoparticle growth.
This discrepancy between a lower variation of GRs compared
to the variation of total condensable vapors is also observed
for individual sites (Kulmala, Cai et al., 2022). As the most
important vapor for atmospheric nucleation (Sipild er al.,
2010; Zhang et al., 2012; Gordon et al., 2016), sulfuric acid is
often also considered to be an important driver for nano-
particle growth (Jokinen et al., 2018; Sebastian, Kanawade,
and Pierce, 2021). Most ambient observations, however,
conclude that vapors other than sulfuric acid must participate
in growth from early stages onward (Bzdek er al., 2012;
Kuang, Chen, Zhao et al., 2012; Kulmala ef al., 2013). The
most common candidates are low-volatility oxidized organics
(Ehn et al., 2014; Bianchi et al., 2019) of either biogenic
(Vogel, Schneider et al., 2016; Kammer et al., 2018; Mohr

Rev. Mod. Phys., Vol. 95, No. 4, October—December 2023

et al., 2019) or anthropogenic origin (Wang et al., 2015; Guo
et al., 2020). However, iodic acid in marine (Sipild er al.,
2016) and arctic environments (Baccarini et al., 2020)
contributes to early particle growth. The role of other acids
in nucleation mode growth like methanesulfonic acid in the
marine boundary layer (Willis et al., 2016; Beck et al., 2021),
nitric acid in urban environments (Bzdek et al., 2012; Xu
et al., 2019), or carboxylic acids in polluted rural environ-
ments (Zhang er al., 2004; Fang et al., 2020) is more debated
due to their semivolatile vapor pressures. Additionally, acid
condensation is often accompanied by bases such as ammo-
nia (Bzdek et al., 2012; Hodshire et al., 2016; Li et al., 2021)
or amines (Smith er al., 2010; Yao et al., 2018; Cai et al.,
2022). Ultimately water might play an important role in
atmospheric nanoparticle growth, often cocondensing
with other species (Verheggen and Mozurkewich, 2002;
Stolzenburg et al., 2005). Altogether that variety of vapors
potentially influencing nanoparticle growth calls for a more
broad application of different techniques to quantify them
(Sec. III.LA.3), as this is often missing from many of the
previously mentioned ambient studies.

The variety of possible contributors to nanoparticle growth,
however, is not transformed into a wide range of observed
GRs. This is illustrated in Fig. 5, where we show the measured
GR above 3 nm from all available studies, which simulta-
neously reported a new particle formation rate at sizes smaller
than 2 nm, i.e., close to the critical size range for atmospheric
nucleation (the studies are summarized in Table I). While
formation rates span up to 5 orders of magnitude, the GRs are
mostly within an order of magnitude, in the range of
1-10 nmh~!, as previously mentioned. There is no significant
correlation between the observed formation rate and the GR,
indicating different major mechanisms promoting formation
of stable molecular clusters and their subsequent growth.
However, if we approximate the survival probability over the
nucleation mode (3—-25 nm) as in Eq. (14) with the measured
CS at the site during NPF, we obtain some anticorrelation
between particle survival and nucleation rate, driven mainly
by significant changes in CS across the different sites.
Apparently there seems to be a coupling of the sources for
particle formation (J) and preexisting aerosol loading (CS),
which buffers the importance of NPF in the atmospheric
system across many different sites and is also found in large-
scale models; see Sec. V, Westervelt et al. (2013), and
Blichner et al. (2021). However, and perhaps even more
importantly, there is no such link with respect to particle
growth. This is in line with individual studies that also did not
find any positive correlation between particle GR and CS for
single sites (Vakkari ef al., 2011; Yli-Juuti et al., 2011). If the
sources of CS and GR are not coupled, then higher GRs at the
same site efficiently promote particle survival and enhance
the atmospheric significance of NPF. However, as the obser-
vation methods might be limited when measuring high and
low GRs (see Sec. III.A.4), this could also induce a reduced
correlation between GR and CS.

B. Growth as a collective phenomenon

Since the GR retrieved from the measured evolution of
PNSDs using a collective method reflects a collective
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phenomenon due to multiple processes (see Sec. III.LB.1), it
needs to be reduced to the condensation GR in order to be
compared to the contributions from condensable vapors, or
vice versa. This could also influence the conclusions from the
results presented in Fig. 5, especially the surprisingly small
variability in GR with respect to the wide range of possible
condensable vapors. Therefore, we now first clarify the role of
collective phenomena in atmospheric and laboratory NPF
studies and estimate in which settings they are non-negligible.

1. Apparent and real growth due to coagulation

The size-dependent coagulation loss of new particles
(extramodal coagulation as defined in Sec. III.B.1) does not
contribute to the growth of single particles or an aerosol
population, yet it shifts the size distribution toward larger
diameters. The apparent growth corresponding to this shift has
to be corrected before further growth analysis when GR is
retrieved by collective methods. For the mode-fitting method,
extramodal coagulation is most significant in the sub-10-nm
size range (Leppi et al., 2011). In Atlanta (Stolzenburg et al.,
2005), Beijing (Yue et al., 2010), and New Delhi (Sarangi,
Aggarwal, and Gupta, 2015) the apparent growths due to
coagulation scavenging for mode-fitting calculations were
15%, 33%, and 220% of the condensation GR, respectively.
For the appearance time method, R. Cai et al. (2021a)
demonstrated that coagulation scavenging shortens the time
of particles to reach the maximum concentration, causing an
overestimation of sub-3-nm growth in environments with a
high coagulation sink. This apparent growth was thus found to
be important for appearance time calculations in urban Beijing
(Deng et al., 2021) but can be considered negligible in clean
environments or for large particles, similar to the findings for
the mode-fitting method. Altogether the apparent growth of
new particles poses challenges to particle growth analysis,
especially for NPF in polluted environments. However, while
correction methods exist (Stolzenburg et al., 2005; Leppi
et al., 2011; R. Cai et al., 2021a), their application is limited
(Stolzenburg et al., 2005; Deng et al., 2021).

The coagulation among new particles, i.e., self-coagulation,
is found to be an important mechanism for new particle
growth in some environments, especially those with high
nucleation rates and hence high new particle concentrations.
Stolzenburg et al. (2005) found that, for six NPF events
measured in Atlanta, contributions of self-coagulation to GR
was on average 30% of the condensation GR contributed by
sulfuric acid. This value was reported to be 42% by Yue et al.
(2010) for the Beijing atmosphere. For an NPF event in New
Delhi (Sarangi, Aggarwal, and Gupta, 2015), the self-coagu-
lation contributed 3.8 nmh~! to the apparent GR, which was
comparable to the contribution of condensation GR of
3.6 nmh~!. However, self-coagulation seldom reduces new
particle concentration significantly in the planetary boundary
layer (Anttila, Kerminen, and Lehtinen, 2010) because the
coagulation sink of new particles is mainly contributed by
accumulation mode particles (Dal Maso et al., 2002; Cai and
Jiang, 2017). Exceptions are situations with a high nucleation
rate but low preexisting aerosol concentration, such as in
laboratory experiments (Kiirten et al., 2018), where self-
coagulation has been reported to be a predominating sink of
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new particles. The contribution to growth by self-coagulation
is at least sometimes acknowledged (Wang et al., 2015), or its
induced uncertainty is roughly estimated (Yao et al., 2018).
Ultimately in the studies using a GDE-based approach
(Sec. III.B.2), both forms of coagulation (self-coagulation
and extramodal coagulation) are intrinsically taken into
account, thus increasing the confidence in their results
(Erupe et al., 2010; Kanawade, Benson, and Lee, 2012;
Young et al., 2013; Yu et al., 2014, 2016; Dai et al., 2017).

2. Growth driven by diffusion in the particle-size space

The growth driven by diffusion in the particle-size space of
an aerosol population is potentially an important mechanism
in the initial growth of new particles, though it has rarely been
accounted for in particle growth analysis, except for the
methods that explicitly solve GDEs in the discrete form;
for instance, see the discussion of the Atmospheric Cluster
Dynamics Code model by McGrath et al. (2012). Besides the
collective methods, GDE-based methods such as the TREND
method also neglect the diffusion-driven growth term when
retrieving the GR from measured PNSDs. Most often GDE-
based methods solve for the growth term of the GDE as in
Eq. (11), which is simply an approximation of the Fokker-
Planck equation. Therefore, the growth term should actually
include both the drift- and diffusion-driven terms, and the
output of a GDE-based method will not disentangle their
contributions. According to Eq. (9), a significant growth by
diffusion in the particle-size space requires a strong size-
dependent vapor evaporation rate and particle concentration
(Kontkanen et al., 2022). Wang, McGraw, and Kuang (2013)
suggested the importance of the GR driven by diffusion in
particle-size space from volatile species for particles close to
the critical size. Olenius et al. (2018) further proposed a
method using the first- and second-order derivatives of PNSD
to characterize the relative importance of diffusion-driven to
drift-driven growth terms and showed its applicability using
simulated NPF events. Coagulation sink decreases cluster and
particle concentrations and increases the concentration gra-
dient of particles in the size space. As a result, the relative
importance of growth driven by diffusion in particle-size
space is expected to increase with an increasing coagulation
sink, as depicted by Olenius ef al. (2018). Ultimately, even if
the effect of growth driven by diffusion in the particle-size
space might be important in the sub-3-nm range, there are
currently no ambient studies that take it into account when
sub-3-nm GR is compared to condensable vapors. Only when
a discrete aerosol dynamics model is used for comparison is
the effect automatically incorporated into the results of the
model (Yao et al., 2018; Kontkanen et al., 2022).

3. Other causes of apparent growth: Transport, emissions, and
variations in vapor concentration

The collective and GDE-based methods assume a homo-
geneous system, so the evolution of PNSD is governed by
vapor condensation, coagulation, and known losses such as
the wall loss. This assumption is valid for controlled labo-
ratory experiments and homogeneous continental NPF events.
For example, Wang et al. (2013) reported that 52 out of 207
NPF events occurred simultaneously at two sites located
120 km away from each other on the North China Plain,
indicating regional NPF events. The criterion introduced by
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Dal Maso et al. (2005) and Kulmala et al. (2012) can help to
identify regional NPF events. Besides, the atmospheric
residence time of new particles can be used to obtain hints
about whether new particles are formed locally (Deng et al.,
2021). Nonregional NPF, such as in coastal regions or at high
altitudes, is often affected by transport. The change in air mass
causes a fast change in vapor concentrations and coagulation
sink and hence influences particle growth (Sipila ef al., 2016;
Brilke et al., 2020). Further, transport serves as a direct source
or sink of new particles. For example, Trostl et al. (2016b)
showed that off-site NPF was observed on 55% of days with
consistently high sub-25-nm aerosol concentrations and that
these particles were observed to further grow on site on
subsequent days. Cai et al. (2018) proposed a GDE-based
method to estimate the influence of transport on the measured
PNSDs and proved its importance for NPF events in a valley
and on an island.

The influences of primary particle emissions are similar to
transport, and they can also be characterized using GDE-based
methods (Kontkanen et al., 2020). The influences of transport
and emissions unavoidably introduce uncertainties to growth
analysis. Further, transport or emissions sometimes predomi-
nate the evolution of aerosol size distributions, especially
when air masses change. Inhomogeneities in air masses can
even result in an apparent shrinkage of the particle population
(Hakala et al., 2019). Collective or GDE-based methods may
be valid to calculate an apparent GR for such cases, but the
apparent GR cannot be interpreted as true particle growth. In
addition, daytime atmospheric NPF events are driven mostly
by photochemical reactions and are accompanied by signifi-
cant variations of new particle formation rates and the
concentrations of some condensing vapors such as sulfuric
acid. An increasing vapor concentration delays the appearance
time of particles by increasing the maximum concentration (R.
Cai et al., 2021a). Using cluster population simulations,
Olenius et al. (2014) and Kontkanen et al. (2018) showed
that the appearance time method can indeed have significant
biases when the vapor monomer concentrations change.
Further, the predominating nucleation mechanism may vary
with the vapor concentration. Gonser er al. (2014) and
Carracedo, Gonzalez et al. (2022) demonstrated that the
changing diurnal relative importance of ion-induced nuclea-
tion compared to neutral pathways can result in significant
differences between the appearance time GR measured from
naturally charged particles and from the total particle pop-
ulation, especially below 3 nm.

C. Mechanistic understanding of condensational growth

Thus far we have laid out several definitions of nanoparticle
growth (Sec. II) and we have seen that the experimentally
inferred GR often do not correspond directly to pure vapor
condensation as it is defined in Eq. (2). While these effects are
mostly limited to specific situations and size ranges, they can
be significant in polluted conditions (extramodal coagulation,
Sec. IV.B.1), in situations with high formation rates (self-
coagulation, Sec. IV.B.1), for small sizes (growth driven by
diffusion in the particle-size space, Sec. IV.B.2), or when
external conditions are varying rapidly (for instance, vapor
and air mass changes, Sec. [V.B.3). These aspects should at
least be evaluated with respect to their importance in a specific
study before conclusions on the physics and chemistry of
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vapor condensation are drawn. However, the net condensation
growth is still in many cases the predominant cause of the
change of the peak diameter in atmospheric conditions, and
hence with these difficulties in mind we can still use GR
as a quantity to compare to the growth on the single-particle
level. In this section, we therefore discuss the current under-
standing of condensational growth, i.e., GR.,,4, including
effects such as multiphase chemistry, and we can also extend
the definition to Eq. (6), including the coagulation of small
clusters and particles.

We start by first discussing growth at the kinetic limit of
condensation, setting the basis to discuss the nonvolatile
condensation of vapors such as sulfuric acid and iodic acid
that follows in Sec. IV.C.2. This is then linked to acid-base
reactions (Sec. IV.C.3), which can lead to zero evaporation of
even the smallest sulfuric acid-base clusters. This has dra-
matic consequences from a population point of view, as
small clusters can become dominant growth agents (discussed
in Sec. IV.C.4). We extend our analysis of the current
understanding of condensational growth to more volatile
vapors, where evaporation becomes important, first to semi-
volatile acids (Sec. IV.C.5), second to oxygenated organics
(Sec. IV.C.6), and third to their related gas- and particle-phase
chemistry (Sec. IV.C.7).

1. Growth at the Kinetic collision limit

As pointed out in Sec. II, the growth of a single particle with
negligible vapor dissociation results in a easier framework,
i.e., Eq. (2), because vapor dissociation rates and hence
equilibrium vapor concentration N, ; are often much more
difficult to assess experimentally. If we examine Eq. (2) with
Neq.i(d,) = 0, there are three quantities of interest if the GR of
a particle of size d, needs to be estimated: (1) the vapor
molecular size d;, (2) the vapor concentration N;, and (3) the
collision frequency f(i, p). Owing to the sensitivity of the GR
to the collision frequency, growth with no significant evapo-
ration is therefore called growth at the kinetic collision limit.

a. Hard-sphere approximation

Vapor uptake was traditionally discussed as a collision of
pointlike vapors with larger particles (Fuchs and Sutugin,
1971; Seinfeld and Pandis, 2016), which usually neglects the
vapor molecular size in the collision rates (Lehtinen and
Kulmala, 2003; Nieminen, Lehtinen, and Kulmala, 2010). To
cover kinetic condensation, i.e., association of nonvolatile
vapors, in the nucleation mode below 25 nm it is also
necessary to account for the vapor size and the diffusion of
particles when describing the vapor-particle collision fre-

quency f(i. p),

B(i.p) =2x(d; +d,)(D; + D,)f(a.Kn)
= 22(d; + d,)(D; + D,)
1+ Kn
“1+ (4/3a+ 0377)Kn + (4/30)Kn?’

(17)

where Kn = 21/d, is the Knudsen number defining the
collision dynamics, 4 is the mean free path of the vapor, and
a is the accommodation coefficient (often called the sticking
probability) of the collision. D; and D,, are the diffusivities of
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the vapor and particle, respectively. Equation (17) uses the
transition regime extension of the coagulation kernel obtained
from flux-matching theory (Fuchs, 1964; Fuchs and Sutugin,
1971). In that approach, the problem of two colliding entities is
solved outside of a so-called limiting sphere with the con-
tinuum approach and inside by ballistics arguments, matching
the fluxes at the limiting sphere. To include the vapor molecular
size correctly, Lehtinen and Kulmala (2003) adopted the
Knudsen number and mean free path definition of Kn =
22/(d;+d,) and 2=3(D;+D,)/(c?+ c3)'/? including
the vapor diffusivity D; and mean molecular speed c?.
Nieminen, Lehtinen, and Kulmala (2010) demonstrated how
these formulas can be evaluated for sulfuric acid, including
hydrated monomer clusters, which requires knowledge of the
condensing vapor diffusivity, molecular mass, and density,
with the density usually approximated from bulk properties.
Note that temperature plays only a minor role in kinetically
limited growth, as the collision frequencies are rather in-
sensitive to temperature over typical tropospheric temperature
ranges. The usage of the transformation d; = (6/7 - m;/p;)'/?
in the collision frequency is usually called the hard-sphere
collision rate, where the vapor size is deduced from bulk
properties and a spherical molecule assumption.

However, the hard-sphere assumption has clear limita-
tions. For example, the vapor molecular size inferred
from a spherical bulk property assumption cannot reproduce
the vapor molecule diffusivity using the Stokes-Einstein
relation for spherical particles, as shown for sulfuric acid by
Hanson and Eisele (2000). Moreover, electrical mobility
equivalent diameters differ from mass- and bulk-
density-related equivalent diameters for sub-3-nm clusters
(Larriba et al., 2011). But most importantly the hard-sphere
collisions entirely neglect attractive intermolecular forces
between the two educts of a collision (Fuchs, 1964; Ouyang,
Gopalakrishnan, and Hogan, 2012), which can lead to
significantly higher collision cross sections, and hence
higher condensation rates. For atmospherically relevant
condensational growth, the following intermolecular forces
might be important: (1) between an electrically charged
molecule and an oppositely charged particle, (2) between a
charged molecule and a neutral particle or vice versa, and
(3) finally between neutral molecules and neutral particles
through Van der Waals forces, which include permanent
dipole—permanent dipole bonds, permanent dipole-induced
dipole interactions, and London dispersion forces
(London, 1937).

b. Intermolecular forces

The collision rates including intermolecular forces are
usually described via an enhancement factor compared to
the hard-sphere collision frequencies, which is typically
distinct for the continuum and free-molecular regime
(Ouyang, Gopalakrishnan, and Hogan, 2012). For the con-
tinuum regime, Fuchs (1964) connected the enhancement
factor 77¢ to the interaction potential ¢(x) expressed relative to
the distance x between the two centers of the colliding entities,

ﬂ(iv P) = Zﬂ(di + dp)(Di + Dp)r]c’
2 . $(x) )]‘1
= exp | —=x"“dx . 18
c d;+d, |:~/(d,‘+d,,)/2 P (kBT (18)

Rev. Mod. Phys., Vol. 95, No. 4, October—December 2023

For the free-molecular regime, the derivation of the enhance-
ment factor is based on kinetic arguments, and different
approaches exist in order to link the enhancement factor
nem to the interaction potential. Following conservation of
energy and momentum, Fuchs and Sutugin (1965) gave a
relation between the impact parameter b and the minimum
distance xp;,,

2|¢<xmin)|

b= Xmin 1 + 2
HVUre

. (19)

If a real value for the minimum distance with x;, >
(d; +d,)/2 can be found for a given set of the impact
parameter b, the contact potential ¢, the relative velocity of
the colliding entities v, and the reduced mass u, then no
collision occurs. However, if Eq. (19) yields only an imagi-
nary solution or a real value with x,,;, < (d; +d,)/2, a
collision takes place. The smallest value of b for which a
noncollision is still found is therefore the critical impact
parameter b, which can be related to the free-molecular
enhancement factor by comparing it to the pure geometrical
collision cross section,

. T SkBT 1/2
pliop) =5 a2 (M0)
NrM = 4b2rit/(di + dp)z- (20)

Fuchs and Sutugin (1965) assumed that the mean relative

speed v, = \/3kgT /u holds for all collisions, reducing the
problem to a simple minimization of the right-hand side of
Eq. (19). Ouyang, Gopalakrishnan, and Hogan (2012)
improved this by proposing a procedure to also include
the Maxwell-Boltzmann distribution of speeds for both
colliding entities. Other approaches in retrieving 7g\ were
given by Marlow (1980) and Sceats (1989). Ouyang,
Gopalakrishnan, and Hogan (2012) pointed out that the
aforementioned approaches differ in the free-molecular
regime and that the flux-matching theory of Fuchs (1964)
for the transition regime 0.1 < Kn < 10 might break down
in the presence of strong contact potentials.

For Coulomb interactions, the free-molecular and con-
tinuum regime enhancement factors can be readily calculated
if both particle and vapor are charged (Allen, 1992;
Matsoukas, 1997). If one of the colliding entities is neutral,
image charge needs to be considered and it leads to a more
complicated contact potential (Fuchs, 1963; Adachi, Kousaka,
and Okuyama, 1985). Hoppel and Frick (1986) refined this
approach by also taking so-called three-body trapping, where
the approaching ion might still collide with a gas molecule
inside the limiting sphere, into account. Lopez-Yglesias and
Flagan (2013) further developed the Hoppel and Frick
approach by including nonconductive particles and a non-
negligible ion size. Gopalakrishnan and Hogan (2012) and
Ouyang, Gopalakrishnan, and Hogan (2012) examined
Coulomb interactions with the so-called mean first passage
time method (Gopalakrishnan and Hogan, 2011), which is not
based on flux-matching theory. In addition to the image-
charge effect, the interaction between polar molecules and

045002-24



Dominik Stolzenburg e al.: Atmospheric nanoparticle growth

charged particles is often relevant for the atmosphere. See
Nadykto and Yu (2003) and Lushnikov and Kulmala (2004)
for such calculations of the permanent dipole-charge inter-
action and the corresponding enhancement factors.

Last, Hamaker (1937) developed a theory to describe
Van der Waals potentials, which can be converted to describe
the collision enhancement factors in collisions of neutral
molecules and neutral particles due to dipole-dipole inter-
actions. Detailed derivations of the enhancement factors given
by Fuchs and Sutugin (1965), Sceats (1989), and Ouyang,
Gopalakrishnan, and Hogan (2012) indicated that the
material-dependent Hamaker constant in the Van der Waals
potential remains the free parameter of the theory. When these
adjustments for ion-ion recombination, ion-dipole, and dipole-
dipole interactions are included, the collision kernel frequency
can be described from the free-molecular to the transition
regime. In the case of a nonvolatile vapor, this collision
frequency together with the vapor concentration determines
the particle GR [Eq. (2)], which in that case is called growth at
the kinetic limit.

Figure 6(a) examines the different contributions to the
collision rate between an unhydrated sulfuric acid molecule
and a growing aerosol particle for the size range of interest in
this review (1-25 nm). In this range, the transition regime
correction is almost negligible, which can be seen in the
differences at larger diameters for both hard-sphere cases and
between the solution of Sceats (1989), which includes a
transition regime correction, and the approach taken by Fuchs
and Sutugin (1965), where we plotted only the free-molecular
collision kernel. Deviation at the smaller sizes for the two
approaches including the Van der Waals forces arises entirely
from the different relation of the same Hamaker constant
(A =52x10"20J) (Stolzenburg et al., 2020) to the free-
molecular enhancement factor #py. The ion-particle and
vapor-charged particle interactions are calculated following
Lopez-Yglesias and Flagan (2013) and Nadykto and Yu
(2003), respectively. For the latter we summed the effects
of the Van der Waals forces and the dipole-charge interaction.
Figure 6(b) shows the resulting GR at a concentration of
107 cm™ sulfuric acid. The hard-sphere GR directly illus-
trates the important characteristic of growth at the kinetic
collision limit, as postulated also in the growth laws by Brock
(1972) and McMurry and Wilson (1982). As the size
dependency of GR is controlled by the collision kernel
[Eq. (17)], GR(d,) is roughly constant with diameter in the
free-molecular regime with d, < 50 nm but with d; < d,,
i.e., in the range where the vapor molecular size is negligible
(> 3 nm) (Nieminen, Lehtinen, and Kulmala, 2010). In the
continuum regime (d,, > 1 pm), kinetic collision-limited GRs
are then proportional to 1/d,,. Apart from that basic diameter
dependence, we see in Fig. 6(b) that intermolecular forces
induce increasing GR with decreasing diameter in the free-
molecular regime on top of the effect of a non-negligible vapor
size. The strongest effect would be expected for ion-particle
collisions due to the collision physics [Fig. 6(a)], but ion
growth is typically contributing much less to the total GR due
to a lower abundance of condensable ions compared to neutral
vapors for most parts of the atmosphere. Therefore, polar
vapor-neutral particle interaction is decisive for growth
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FIG. 6. (a) Collision kernel for dry H,SO,-particle collisions vs

particle diameter for different collision physics. The baseline is
the hard-sphere kernel where the collision cross section is purely
geometrical, with the vapor and particle diameters inferred from
the bulk density of sulfuric acid (1830 kg m~3). It is shown for
both the free-molecular regime only and the transition regime
correction using flux-matching theory. Additionally, the free-
molecular collision kernels including different intermolecular
forces are included. Van der Waals forces using the description
of Sceats (1989) and the approach of Fuchs and Sutugin (1965)
and additional dipole-charge interactions in the case of a charged
growing particle (Nadykto and Yu, 2003) or image-charge
interaction in the case of a charged vapor molecule (L6pez-
Yglesias and Flagan, 2013). (b) Resulting size dependency for a
kinetically limited GR using Eq. (2) assuming a nonvolatile
vapor concentration of 107 cm™3. Note that for the ion-particle
case, such high charged vapor concentrations are typically not
achieved in the lower atmosphere.

at the kinetic collision limit, as we now demonstrate for
sulfuric acid.

2. Nonvolatile acids: Sulfuric and iodic acid

a. Sulfuric acid

We first focus our review of vapor condensation on sulfuric
acid (H,SO,), which is one of the most important species in
atmospheric nucleation (Dunne et al., 2016) and hence is also
suspected to significantly contribute to nanoparticle growth.
With the help of other stabilizing species such as water,
ammonia, and amines, sulfuric acid is often considered to be
essentially nonvolatile for particle growth (Marti ez al., 1997),
i.e., to have a negligible vapor pressure, meaning that
evaporation rates from particles can be assumed to be zero.
As we later see, this assumption might not be entirely valid for
all atmospheric conditions.

Owing to the nonvolatility assumption, many studies have
estimated the contribution of sulfuric acid to atmospheric
nanoparticle growth using Eq. (2) from measured gas-phase
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FIG. 7. Cross-study examination on the effect of H,SO, on
particle growth. Preferentially, study median values for sulfuric
acid and GRs are used when available; otherwise, study means
are shown. The color code shows the geometric mean diameter of
the size range for which the GR is measured. Dashed lines show
the kinetic limit of sulfuric acid condensation for 3 and 10 nm
according to Stolzenburg et al. (2020).

concentrations with Negi = 0 (Boy et al., 2005; Fiedler et al.,
2005; Yue et al., 2010; Kuang, Chen, Zhao et al., 2012;
Jokinen et al., 2018; Yao et al., 2018) or estimates of gas-
phase sulfuric acid (Yli-Juuti ef al., 2009, 2011; Young et al.,
2013; Vakkari et al., 2015; Xiao et al., 2015; Kontkanen,
Jarvinen et al., 2016; Salma and Németh, 2019) using so-
called proxy calculations (Petdji er al., 2009; Mikkonen et al.,
2011; Lu et al., 2019; Dada et al., 2020a). Some studies back-
calculate the amount of sulfuric acid required to explain the
observed GRs and compare this to gas-phase measurements or
estimates (Weller et al., 2015). Bzdek et al. (2012) and Bzdek,
Horan et al. (2013) estimated the contribution of sulfuric acid
based on particle-phase composition measurements assuming
irreversible kinetic condensation. By comparing the particle-
phase increase of sulfur of 20 nm particles to the measured
gas-phase concentration of H,SO, during NPF, Pennington
et al. (2013) could even conclude that sulfuric acid growth
proceeds kinetically limited. However, the correlation
between ambient sulfuric acid and GR measurements is weak,
as shown in Fig. 7, which is in line with individual studies also
finding no significant correlation between measured and
estimated sulfuric acid and GR (Birmili er al., 2003;
Yli-Juuti et al., 2011; Salma and Németh, 2019). This strongly
suggests that sulfuric acid almost never dominates atmos-
pheric nanoparticle growth alone. This is especially true for
GRs at sizes larger than 5-10 nm, where only Stolzenburg
et al. (2005) and Jokinen et al. (2018) measured enough
gas-phase sulfuric acid to explain the observed growth.
Most studies find sulfuric acid contributions to growth of
< 10%-50% for sizes larger than 3 nm (Birmili ez al., 2003;
Boy et al., 2005; Fiedler et al., 2005; Riipinen et al., 2011;
Vakkari et al., 2011; Bzdek et al., 2012; Mohr et al., 2019;
Deng et al., 2020). Only in the sub-3-nm range, can sulfuric
acid explain the growth entirely in a Chinese megacity (Xiao
etal.,2015; Yao et al., 2018; Deng et al., 2020). This can also
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be seen in Fig. 7, where only urban observations with small
median diameters of the GR measurement are close to the
predicted kinetically limited GR using the collision kernels
outlined in Sec. IV.C.1.

However, with respect to our analysis on kinetic con-
densation, note that several such estimates of the sulfuric
acid contribution to the measured GR do not take into
account the effect of vapor molecular size (Fiedler et al.,
2005; Monkkonen et al., 2005; Pennington et al., 2013;
Weller et al., 2015), and most do not consider the enhance-
ment due to Van der Waals forces, which has been taken into
account only in recent studies by Deng et al. (2020),
Baccarini et al. (2020), and Beck er al. (2021). Moreover,
as the studies where growth can be solely attributed to
sulfuric acid alone are sparse, there are no ambient obser-
vations that provide support for kinetic condensation of
sulfuric acid and negligible evaporation rates.

In contrast, laboratory experiments at the CERN Cosmics
Leaving Outdoor Droplets (CLOUD) experiment (Kirkby
et al., 2011) investigated the validity of Eq. (2) with
Negi = 0 with respect to sulfuric acid in the sub-10-nm range
(Lehtipalo et al., 2016; Stolzenburg et al., 2020). Stolzenburg
et al. (2020) found that the growth of particles larger than
2 nm was indeed kinetically limited and provided an indirect
measurement of the zero evaporation rates. Moreover, they
measured a Van der Waals enhancement factor of 2.3—1.5 for
monomer condensation on particles between 2 and 10 nm
linked with a Hamaker constant of A =52x 1072 J. A
similar enhancement factor of gy = 2.2 in the free-molecular
limit was also found for quantum chemical calculations of
sulfuric acid monomer-monomer collisions (Halonen et al.,
2019) and for the growth of sulfuric acid—amine particles
(Lehtipalo et al., 2016). In addition, studies comparing
measured nucleation rates with discrete aerosol dynamics
models also found agreement including a Van der Waals free-
molecular regime enhancement factor of 2 to 3 (Kiirten,
2019). Measurements of the coagulation rates of larger
particles and the size distribution of smog-chamber data have
deduced a similar Hamaker constant for sulfuric acid particles
(McMurry, 1980; Chan and Mozurkewich, 2001).

Laboratory experiments have also revealed the effect of
charge on the collision rate in the sulfuric acid case. For pure
sulfuric acid condensation the growth of charged particles
proceeds faster due to the polar vapor-charged particle
interaction (Lehtipalo et al., 2016; Stolzenburg et al.,
2020). Charged sulfuric-acid-containing ions can also con-
tribute significantly to the total GR, when absolute sulfuric
acid concentrations are low. This is relevant in the upper
troposphere (Svensmark et al., 2017), where the ion fraction is
high and hence the contribution via the faster ion-particle
collision kernel is higher; see Fig. 6. However, for atmos-
pheric measurements a faster GR for the ion population than
for the neutral particles is not observed (Yli-Juuti ez al., 2011;
Kulmala et al., 2013), but this could be masked due to ion-ion
recombination and ion attachment during the growth (Gonser
et al., 2014). Moreover, for ambient measurements detailed
comparisons of charged and neutral GRs are lacking in the
sub-3-nm range, where the charge enhancement is most
important (Stolzenburg et al., 2020).
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b. lodic acid

Besides sulfuric acid, another possible candidate for atmos-
pheric nucleation and growth is nonvolatile iodine compounds
(Kulmala, 2003). Iodine species originating from biotic or
abiotic emissions of inorganic iodine species [molecular
iodine (I,) or hypoiodous acid (HOI)] or iodocarbons (mainly
CH;I and CH,1,) have long been identified as precursors of
coastal new particle formation (Hoffmann, O’Dowd, and
Seinfeld, 2001; O’Dowd et al, 2002; McFiggans et al.,
2004). Todine species might be an important contributor to
nanoparticle growth, as they are found in marine, polar,
coastal, and even urban aerosols and clusters (Allan et al.,
2015; Sipild et al., 2016; Yu et al., 2019; Shi et al., 2021).
Particle-phase measurements indicate the presence of a variety
of iodine containing compounds in larger-sized aerosols
(Jimenez et al., 2003; Saunders and Plane, 2005), so the
exact mechanism of iodine-related particle formation is
strongly debated. O’Dowd et al. (2002), Jimenez et al.
(2003), Saunders and Plane (2005), Saunders et al. (2010),
and Gémez Martin et al. (2020) speculated on OIO and higher
iodine oxides (I,0,) as the drivers of the formation and growth
of iodine-containing particles. However, Sipild er al. (2016),
Baccarini et al. (2020), and Beck er al. (2021) recently
provided evidence from ambient measurements that iodic
acid (HIO;) might be the key component initializing iodine
particle formation. This was supported by the laboratory
experiments of He er al. (2021b), who showed that two
iodine oxoacids [iodous acid (HIO,) and iodic acid (HIO;3)]
are responsible for iodine particle nucleation, while the growth
is predominantly contributed by HIO;. However, the forma-
tion mechanisms of gas-phase iodine oxoacids are still under
debate: He et al. (2021b) observed the formation of HIO, and
HIO; in the absence of known HO, sources and proposed
possible formation pathways involving reactions of iodine
atoms and oxides with water and ozone (such as I 4+ H,O +
O3 — HIO; + OH and 1,0, + H,O — HIO,+HOI), whereas
Goémez Martin et al. (2020) concluded that gas-phase for-
mations of HIO; might be too slow to explain iodine-related
particle growth. While the experiments of Gémez Martin et al.
(2020) were carried out with vapor concentrations at several
orders of magnitude higher than ambient environments, the
results of He er al. (2021b) were retrieved at similar-to-
ambient vapor concentrations and could predict recent field
observations (Sipild et al., 2016; Baccarini et al., 2020; Beck
et al., 2021). A detailed formation pathway of HIO; from
I0IO intermediates (in the presence of ozone and water only)
was recently given by Finkenzeller ef al. (2023) and is in good
agreement with experiments and field observations. He ef al.
(2021b) also measured small amounts of I,05 and 1,0, in
molecular clusters; however, they explained their occurrence
by charged cluster dehydration reactions induced by the mass
spectrometer, in a manner similar to Sipild et al. (2016). This
dehydration reaction may also occur in the particle phase, as
predicted by Kumar, Saiz-Lopez, and Francisco (2018). For
particles between 1.8 and 10 nm He et al. (2021b) suggested
that HIO5 primarily drives particle growth. They found that
HIO; was the main particle-phase component measured in the
growing particles and could demonstrate a closure between
gas- and particle-phase HIO;. The dominant role of HIO; in
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particle growth to CCN sizes was observed by Baccarini et al.
(2020) in the Central Arctic, who used Eq. (2) with N ; =0
in order to estimate the irreversible GR from iodic acid
condensation and found good agreement with the measured
GR for several NPF events. As iodic acid is a polar molecule,
collision enhancements due to Van der Waals forces and ion-
vapor interactions were considered by Baccarini et al
(2020), but they assumed the same Hamaker constant as
for sulfuric acid, as a direct measurement is currently still
missing. He er al. (2021a, 2021b) further quantified the
collision rates of neutral iodic acid molecules with charged
clusters and found reasonable agreement with the so-called
surface charge capture theory (Kummerlowe and Beyer,
2005). Overall He er al. (2021a, 2021b) concluded that
the ion-induced nucleation pathway of HIO; proceeds at the
kinetic limit. Hence, it is also reasonable to assume that the
growth of neutral particles above the initial cluster sizes
proceeds in a kinetically limited fashion, as charge is
typically needed only for the stabilization of the initial
clusters, as seen in the sulfuric acid system.

c. Hygroscopicity effects

Besides both being polar molecules, there are substantial
differences between sulfuric and iodic acid when it comes to
their hygroscopic behavior. While sulfuric acid is highly
hygroscopic (Biskos, Buseck, and Martin, 2009; Kim et al.,
2016; Lei et al., 2020), hygroscopic growth factors for iodine
species are significantly lower (Jimenez ef al., 2003; Murray
et al., 2012). Nevertheless, water plays a decisive role in
iodine chemistry, which needs to be considered when more
complex iodine growth mechanisms for situations with high
and low relative humidity are discussed (Saunders et al.,
2010). On the other hand, when growth by sulfuric acid is
studied, the effects of water and relative humidity need to be
directly taken into account, as hygroscopic growth always
accompanies sulfuric acid uptake. The distribution of
(H,SO4)-(H,0),, clusters was studied theoretically with
classical thermodynamics (Wexler and Clegg, 2002) and with
quantum chemistry models (Kurtén er al., 2007; Temelso
et al., 2012). The latter show significant hydration (n = 1-2)
of sulfuric acid monomers at moderate relative humidity (RH)
between 20% and 80% and temperatures from 220 to 300 K.
Henschel et al. (2014) extended those calculations to larger
molecular clusters of sulfuric acid. Detailed investigations on
the role of water in growth are lacking and, as pointed out in
Sec. III.A, there is often a discrepancy between GRs reported
above 10 nm (from dry size-distribution measurements) and
below 10 nm (mostly from wet size-distribution measure-
ments). Skrabalova et al. (2014) did not find a consistent
enhancement of the GR in flow tube experiments but found
that it varies with the sulfuric acid concentration used.
Stolzenburg et al. (2020) showed that water already plays
an important role in sulfuric acid growth at RH < 40%, which
is the threshold value for most size-distribution measurements.
Verheggen and Mozurkewich (2002) developed a theoretical
description of combined sulfuric acid and water uptake and
concluded from this combined estimate that their approxi-
mated sulfuric acid concentrations were significantly over-
estimated. However, the aqueous phase of the growing
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particles can still be extremely important for most hetero-
geneous or multiphase particle-phase reactions. This is espe-
cially true in the context of acid-base interactions, where the
dissolution of the condensing compounds into molecular ions
and the subsequent salt formation alter the chemical equilibria
between the gas and particle phases, as discussed in
Sec. IV.C.3.

3. Acid-base interactions: Sulfuric acid with
ammonia and amines

Highly linked to sulfuric acid is the role of acid-base
interactions in atmospheric nanoparticle growth. Nitrogen-
containing bases such as ammonia and amines are abundant at
many different locations. For example, ammonia levels often
reach ppb levels in the continental boundary layer (Backes
et al., 2016). Globally, ammonia and amines are produced
mainly in agricultural processes from livestock (Schade and
Crutzen, 1995; Sintermann er al., 2014) and fertilizers
(Erisman et al., 2008), and their emissions are expected to
further rise on a global scale in the future (Galloway
et al., 2004).

a. Equilibrium thermodynamics

Acid-base interactions are a fundamental part of aerosol
particle-phase chemistry (Clegg, Brimblecombe, and Wexler,
1998; Finlayson-Pitts and Pitts, 2000). Typically, aerosol acid-
base chemistry is treated in the framework of equilibrium
thermodynamics, where equilibrium is assumed between the
gas and particle phases (Seinfeld and Pandis, 2016).
Thermodynamic equilibria are also calculated for subsequent
reactions of acids and basis inside the aerosol aqueous
phase, i.e., dissociation and salt formation. The formation
of effectively nonvolatile ammonium sulfate and semivolatile
ammonium nitrate salts leads to reduced evaporation rates of
both acids (sulfuric acid and nitric acid) and bases (ammonia).
While sulfuric acid is almost nonvolatile by itself (Marti et al.,
1997; Stolzenburg et al., 2020), the acid-base effect is
especially important for reactive uptake of volatile or semi-
volatile species such as ammonia or nitric acid. Many
equilibrium thermodynamic models exist to predict the
composition of inorganic aerosols under different temperature,
relative humidity, and precursor concentrations (Nenes,
Pandis, and Pilinis, 1998; Wexler and Clegg, 2002).
Semeniuk and Dastoor (2020) provided a recent overview
of equilibrium thermodynamic aerosol models and Pye et al.
(2020) put some of them into the context of available
measurements. A review on aerosol phase-transition chem-
istry was given by Martin (2000). For the most atmospheri-
cally relevant inorganic system of H,O, H,SO,, HNOj;, and
NHj3;, thermodynamic equilibrium models predict that neu-
tralization of sulfuric acid by ammonia occurs predominantly
until a molar ratio nny, /ny,so, = 2 is achieved and all sulfur
is contained as ammonium sulfate. Only if ammonia is in
excess after full neutralization of sulfuric acid can nitric acid
together with ammonia condense to the particle phase
(Finlayson-Pitts and Pitts, 2000).

Underlying all models is the equilibrium assumption (Mai
etal.,2015), which, at least for the atmospheric bases, is often
justified, as the relevant timescales for equilibration of bases
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are much smaller than the timescales of kinetic condensation
of acids due to the higher vapor pressures and diffusivities.
This is especially true for sulfuric acid, the dominant acid for
the nucleation mode (Wexler and Seinfeld, 1990; Yli-Juuti
et al., 2013). Besides this significant difference in equilibra-
tion timescales, equilibrium thermodynamics predict the gas-
particle-phase partitioning to scale with preexisting aerosol
mass, which favors accumulation or coarse mode uptake.
However, condensation in the nucleation mode is a dynamic
process in which pure equilibrium considerations might not be
sufficient.

b. Ammonia

Progressing from the smallest molecular clusters onward,
bases can enhance particle nucleation rates from acids by
several orders of magnitude (Kirkby ef al., 2011; Chen et al.,
2012; Almeida et al., 2013; Jen, McMurry, and Hanson, 2014;
Kiirten et al., 2014; Glasoe et al., 2015). This acid-base
stabilization is effectively reducing the evaporation rates of
sulfuric acid and hence also increases particle GRs. Lehtipalo
et al. (2016) demonstrated that for sub-2-nm particles the
presence of ppt-level ammonia is lowering sulfuric acid
evaporation rates such that sulfuric acid condensation can
be regarded as an irreversible process. This is in line with a
model describing acid-base growth using the equilibrium
assumption for ammonia but condensation kinetics for acids
(Yli-Juuti et al., 2013), where mass fractions below 10% for
ammonia are found in sub-25-nm nucleation mode particles.
In addition, Smith ef al. (2010) and Pennington et al. (2013)
did not find more than 20% ammonia in mass fraction in
10-30 nm-sized freshly nucleated particles. Apart from the
low mass contribution of ammonia due to its minor molecular
mass, two studies exposing sulfuric acid particles to ammonia
vapors found a negligible (25%—-75% RH) (Zhang et al., 2009)
or minor (5% RH) (Biskos, Buseck, and Martin, 2009)
diameter increase due to neutralization by ammonia, which
was speculated to originate from the replacement of water by
ammonia in the acidic particles, reducing the net growth effect
due to base addition.

Apart from water replacement by ammonia, Pennington
et al. (2013) also found a molar ammonia-to-sulfate ratio
under 2 for nucleation mode particles, indicating that the
growing particles are not fully neutralized, as predicted from
thermodynamic equilibria considerations when ammonia is in
excess of sulfuric acid. Studies focusing on molecular cluster
growth came to the same conclusion, namely, that full
neutralization of sulfuric acid is not achieved in the initial
steps of NPF (Kirkby er al., 2011; Froyd and Lovejoy, 2012;
Bzdek, DePalma et al., 2013; Schobesberger et al., 2013) and
that neutralization starts to slowly increase only from 2 nm on
(Schobesberger et al., 2013). This suggests that classical
thermodynamic equilibrium assumptions are not valid in the
cluster-particle transition regime below 10 nm, but that NH;
exhibits an energy barrier for additions to a H,SO, cluster.

These observations are supported by quantum chemical
calculations predicting that, in H,SO4-NH;3-driven particle
formation, there are thermodynamic energy barriers and most
stable clusters (up to clusters with four to five acid and four to
five base molecules) have close to a one-to-one ratio of H,SO,
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and NH; molecules (Olenius et al., 2013, 2017; Myllys,
Kubecka et al., 2019). Quantum chemical calculations also
suggest that H,SO,4-NHj clusters contain fewer water mole-
cules than pure H,SO, clusters (Henschel et al., 2014), which
can be explained by the “neutralizing” effect of NHjs.
However, based on these calculations, clusters with an equal
number of H,SO, and NH; molecules acquire more water
than those with one excess molecule of H,SO,, while
according to classical thermodynamics these clusters contain
little to no water (Henschel et al., 2014).

c. Amines

Compared to ammonia, amines are stronger bases (Qiu and
Zhang, 2013), but emissions are 2 to 3 and ambient concen-
trations mostly 1 to 2 orders of magnitudes smaller (Schade
and Crutzen, 1995; Ge, Wexler, and Clegg, 2011). Amines
[specifically dimethylamine (C,H; N)] can enhance sulfuric
acid NPF rates by 4 to 5 orders of magnitude compared to the
system of sulfuric acid plus ammonia (Almeida et al., 2013).
Therefore, it might be the key component for new particle
formation in heavily polluted environments (Yao et al., 2018;
Xiao et al., 2021) but can also contribute to NPF in clean
environments such as Antarctica (Brean et al., 2021).

Kiirten et al. (2014) showed that the growth in the sulfuric
acid—dimethylamine system proceeds again at an acid-base
molar ratio of 1: 1 for the initial clusters. This is also supported
by quantum chemical calculations (Myllys, Kubecka et al.,
2019) and cluster kinetics simulations using the quantum
chemical data that showed that the initial growth occurs by
additions of a cluster involving one H,SO,, one DMA, and
any number of water molecules (Olenius er al., 2017).
Observations suggested that the acid-base molar ratio starts
to increase for clusters larger than seven acid and six base
molecules (Almeida et al., 2013), indicating a higher degree of
acid neutralization at larger sizes. However, Ahlm et al. (2016)
showed that full neutralization, i.e., complete aminium sulfate
formation in the particle phase, is not achieved up to sizes
from 10 to 30 nm, which is similar to sulfuric acid and
ammonia and unlike thermodynamic equilibrium predictions.

Jen, McMurry, and Hanson (2014), Glasoe et al. (2015),
and Yu, McGraw, and Lee (2012) investigated the effects of
alkyl amines other than dimethylamine and found that with
increasing basicity from NH;3 to methylamine to dimethyl-
amine or trimethylamine the enhancement of the nucleation
rate increases. Cluster kinetics simulations using quantum
chemical data support these observations (Olenius et al.,
2017). The conclusions about growth, however, remain
ambiguous: owing to the larger mass of amines compared
to amonia, the acid-base growth could also proceed at a
significantly faster GR than pure sulfuric acid or sulfuric acid
plus ammonia. This was found by Yu, McGraw, and Lee
(2012); however, Glasoe et al. (2015) reported the opposite for
lower and more atmospherically relevant dimethylamine
concentrations. Wang er al. (2010, 2011) also found a
significant uptake of amines in tandem-DMA experiments,
where sulfuric acid particles were exposed to trimethylamine
vapor with growth factors of 1.1-1.2 for particles in the
4-20 nm range. In addition, Smith er al. (2010) reported
evidence of a significant contribution of different amines to
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10-30 nm particle composition, and increasing importance in
urban environments. Last, several studies have investigated
the interplay between amines and ammonia in cluster for-
mation and growth, finding evidence for base displacement
and enhancing effects in the presence of several bases, where
the dominance of dimethylamine and trimethylamine over
ammonia decreases with increasing particle size (Bzdek,
DePalma, and Johnston, 2017; Myllys, Chee et al., 2019),
but the exact contribution (especially to growth) remains
unquantified.

4. Contribution of clusters to particle growth

Besides their direct condensational contribution to growth,
amines can also enhance the amount of condensable molecu-
lar clusters in the atmosphere. In addition to vapor condensa-
tion, the coagulation between a molecular cluster and a
particle or cluster may sometimes enhance particle growth
and is therefore included in our definition of single-particle
growth in Eq. (6). To achieve a GR comparable to that
contributed by nonvolatile vapors, cluster concentrations need
to be high. As a result, clusters formed with nucleation rate
well below the kinetic limit, for instance, via sulfuric acid and
ammonia nucleation, are not expected to contribute signifi-
cantly to the growth (Stolzenburg et al., 2020).

In contrast, the initial cluster formation of sulfuric acid and
dimethylamine already proceeds at the kinetic collision limit
(Kiirten et al., 2014; Kiirten, 2019). This means that the
presence of dimethylamine (> 20 ppt) reduces the evapora-
tion rates of sulfuric acid particles to a negligible value from
the monomer onward, and hence nanoparticle growth will also
be entirely kinetically limited. Lehtipalo et al. (2016) showed
in laboratory measurements that cluster-cluster collisions are
therefore a significant driver of growth in the presence of
dimethylamine and sulfuric acid. In such systems significant
amounts of condensable material are contained in the first
molecular clusters “hidden” from the vapor measurement but
contributing to growth, as shown by discrete and discrete-
sectional aerosol dynamics models (Kontkanen, Olenius et al.,
2016; Li and McMurry, 2018; Kontkanen et al., 2022). This
results in GRs above the potential kinetic collision limit of
vapor monomer condensation. Sulfuric acid—amine nucleation
is reported to be a governing NPF mechanism in megacities
(Yao et al., 2018; Cai et al., 2022), and hence cluster growth is
expected to be most important in polluted environments.
However, although sulfuric acid—amine clusters evaporate
negligibly compared to their formation and GRs (Kiirten
et al., 2018), the clusters are quickly scavenged in the
presence of the high coagulation sink in polluted environ-
ments. For example, sulfuric acid dimer concentrations in
urban Beijing are 1 order of magnitude lower than concen-
trations of monomers (R. Cai et al., 2021b; Yan et al., 2021),
and hence the dimers contribute little to the particle growth.
Lehtipalo et al. (2016) and Yao et al. (2018) compared
observed particle GRs to GRs derived from one-component
cluster kinetics simulations while assuming no evaporation. In
the chamber experiment, simulated sub-3-nm particle GRs
matched well with the observed ones when a collision
enhancement factor of 2.3 is assumed (Lehtipalo er al.,
2016). In the polluted atmosphere, however, the median
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GR for sub-3-nm particles was lower than that based on model
simulations (Yao et al., 2018).

Apart from the sulfuric acid—amine system, He et al.
(2021b) found that at —10°C the growth of iodine oxoacid
particles exceeds the kinetic limit for HIO; particles due to
the contribution from HIOj; clusters. Studies utilizing cluster
population simulations also show a high contribution of
cluster-cluster collisions to particle growth at high vapor
saturation ratios (Kontkanen, Olenius et al.,, 2016;
Kontkanen et al., 2018).

Summarizing these findings, we conclude that, for non-
volatile vapor condensation, a significant contribution from
clusters to particle growth requires both negligible cluster
evaporation and low sink so that the cluster concentrations are
sufficiently high compared to vapor concentrations. Besides
laboratory environments (Lehtipalo er al, 2016), such a
mechanism may be important in clean and cold environments
such as coastal regions (Sipild ez al., 2016) and the upper
troposphere, where the evaporation of semistable clusters are
suppressed. Baccarini ef al. (2020) reported that during NPF
events over high Arctic pack ice the concentrations of iodic
acid dimers and trimers are of the same order of magnitude as
monomers; hence, contributions from iodic cluster to GR are
anticipated. For the scenario in which condensation is domi-
nated by semivolatile vapors, clustering might be weaker;
however, the clusters are expected to have lower vapor
pressures than the monomers, which could enhance their
importance in growth. Peroxy radicals (RO,) during the
autoxidation of VOCs can rapidly form dimers upon collision
with each other (ROOR) (Ehn et al., 2014) and the volatility of
these dimers is lower than that of the corresponding mono-
mers (Kirkby er al., 2016; Stolzenburg et al., 2018).
Considering that organics containing < 10 carbon atoms
may not be of extremely low volatility (Kurtén er al.,
2016), the dimers are important during the initial growth of
clusters (Lehtipalo er al., 2018). However, the formation of
these dimers in polluted environments with high NO, con-
centrations is suppressed as the termination reactions with
NO, compete with the autoxidation process, resulting in less
dimer but more organic nitrate monomer formation (Yan et al.,
2020, 2021; Li et al., 2022).

5. Other acids: Nitric acid, methanesulfonic
acid, and organic acids

a. Nitric acid

Besides the importance of available bases in nanoparticle
growth, acids other than sulfuric acid need to be considered.
However, most atmospheric acids have significantly higher
vapor pressures than sulfuric acid, and hence their role in
initial nanoparticle growth has not been clearly identified.
Nitric acid is often several orders of magnitude more abundant
than sulfuric acid. Nitric acid and ammonia are thought to be
semivolatile with respect to particulate ammonium nitrate
(Takahama et al., 2004). This means that its equilibration
timescale is short, and gas-particle equilibrium is rapidly
reached when ammonia or nitric acid concentrations or
temperature change. However, it is the excess concentration
N; = Ny (d,) that is the driving force of condensation and, if
high supersaturation with respect to ammonium nitrate is
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achieved rapidly, this can induce ammonia and nitric acid
condensation in the smallest aerosol particles, overcoming the
Kelvin barrier (Wang er al., 2020b). The activation of
nanometer-sized particles to growth by ammonium nitrate
can be captured by a monodisperse thermodynamic model as
well as a nano-Kohler theory (Kulmala, Kerminen ez al.,
2004), based on the thermodynamic equilibrium among nitric
acid, ammonia, and ammonium sulfate seed particles (Wang
et al., 2020b). In the case of high concentrations of nitric acid
and ammonia, which are sometimes found in the polluted
troposphere, this process might be extremely rapid, causing
GRs of up to several hundred nmh~!'. However, such high
GRs are typically not observed. Localized emissions and
temperature changes in urban turbulence might cause this high
supersaturation to promote particle growth through the critical
sub-10-nm range, which explains the occurrence of NPF in
polluted megacities (Kulmala ez al., 2017; Wang et al., 2020b;
Marten et al., 2022), but it could be masked by typical
averaging GR analysis methods and the limited temporal
resolution (several minutes) of aerosol size spectrometers.
However, note that significant amounts of ammonium nitrate
are typically not found in nucleation mode particle compo-
sition measurements in polluted megacities (Li et al., 2021).
Wang er al. (2020b) further showed in chamber experiments
that ammonium nitrate can even lead to the nucleation of new
particles at low temperatures, such as in the upper troposphere.
The possible role of nitric acid and ammonia in particle
growth at elevated altitudes hence needs to be studied in the
future.

b. Methanesulfonic acid

In contrast to nitric acid, which by itself has a high vapor
pressure, the vapor pressure of methanesulfonic acid [(MSA);
CH,405S] is not well quantified (Hodshire et al., 2019). MSA
is measured in significant quantities in marine and coastal
regions, as it is produced by the oxidation of dimethylsulfide
[(DMS); C,HgS] (Shen et al., 2022), which is typically
released by phytoplankton (Keller, 1989; Lana et al.,
2011). DMS is also a precursor of SO, and hence H,SO,,
but oxidation of DMS is the only known source of gaseous
MSA in the atmosphere. The particulate MSA /nns-SO;~
(non-sea-salt-sulfate) ratio is hence often used to characterize
the sources of particulate sulfate.

MSA is found in the particle phase in polar environments
(Kerminen et al., 1997), over the open ocean (Huang et al.,
2017), in the maritime free troposphere (Froyd ez al., 2009), at
urban sites with an influence of maritime air masses (Gaston
et al., 2010), at coastal sites in the Mediterranean (Bardouki
et al., 2003; Mansour et al., 2020), and at midlatitudes
(Ovadnevaite et al., 2014). Ayers and Gras (1991) hypoth-
esized that MSA can promote particle growth to CCN sizes
due to a strong correlation in the annual CCN and particulate
methanesulfonate (MSA) cycles. Heintzenberg and Leck
(1994) found a correlation of fine particle number concen-
trations with particulate MSA concentrations. Dall’Osto et al.
(2018) and Beck er al. (2021) found high gaseous MSA
concentrations occurring during new particle formation. Brean
et al. (2021) explained the observed GRs in Antarctica and
over the open ocean by a combination of sulfuric acid, iodic
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acid, and MSA, but the MSA contribution is minor. In
contrast, Beck ef al. (2021) concluded that MSA has played
a significant role in new particle growth in the Svalbard
archipelago in the Arctic Ocean. This is similar to the
discoveries of Willis et al. (2016), who found high particulate
MSA of 80 nm particles during particle growth events in
northern Canada, speculating that MSA could also be a major
driver of the growth of small particles. In air masses trans-
ported rapidly from the open ocean to Hyytidld, Finland,
Lawler et al. (2018) observed MSA in both Aitken-mode
particles and the gas phase during some of the NPF events. In
contrast, Berresheim et al. (2002) found an anticorrelation of
ambient RH and particulate MSA, concluding that MSA
quickly equilibrates with preexisting aerosol; i.e., MSA would
be semivolatile and not able to condense onto the smallest
particles.

Kerminen et al. (1997) found higher MSA /nns-SO3~ ratios
(0.15-0.4) for Aitken-mode measurements than for typical
accumulation mode particles (0-0.1) (Kreidenweis et al.,
1991; Chen et al., 2012). In addition, Willis er al. (2016)
found a higher MSA /nns-SO?™ ratio (0.15) during the particle
growth period, and both results potentially indicate that MSA
is a stronger driver of growth than sulfuric acid. However,
Hoppel (1987) and Kreidenweis et al. (1991) had previously
pointed out that this ratio depends on the branching between
DMS oxidation to MSA and SO, and furthermore is influ-
enced by long-range transport of anthropogenic sulfates,
aqueous-phase-promoted production of sulfates (Chen et al.,
2012), or high relative humidity and NO, levels promoting the
formation of MSA (Van Rooy et al., 2021). Furthermore,
measurements of that ratio are typically dominated by the bulk
aerosol and hence not indicative of any significant nucleation
mode uptake.

Altogether these observations point toward an important
role of MSA in newly formed aerosol particle growth in
marine regions. This was hypothesized by Hoppel (1987),
who estimated the vapor pressure of MSA and concluded that
typical gaseous MSA concentrations might reach supersatu-
ration to condense onto small particles while not being high
enough to induce significant nucleation. Rosati et al. (2021)
directly studied the growth of new particles from DMS
oxidation in the presence of trace amounts of ammonia and
found a dominant contribution of MSA in the particle phase,
with MSA/SO7™ ratios well above 1. This is also in line with
recent laboratory studies that suggest that the presence of
bases could be crucial in promoting nucleation of MSA,
especially amines such as trimethylamine or dimethylamine
(Dawson et al., 2012; Chen et al., 2016). Furthermore, the
MSA-base systems are highly sensitive to relative humidity
(Chen et al., 2016). High RH promotes nucleation of all
MSA-base combinations but increases particle growth only
for MSA-methylamine and MSA-NH;, whereas MSA-
dimethylamine and MSA-trimethylamine growth was not
affected. Furthermore, while the MSA-methylamine system
reached the highest formation rates, they found the highest GR
for MSA-dimethylamine and MSA-trimethylamine systems
and speculated that this might be due to their higher molecular
mass, higher hygroscopicity, and lower formation rates ra-
pidly consuming all condensable material. The behavior of
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MSA-methylamine and MSA-dimethylamine systems is also
different than the case of sulfuric acid, which is explained by
structural effects and steric hindrance in initial cluster
growth of the MSA-DMA system, which outweighs the
higher basicity (Shen et al., 2020). Particle-phase composition
measurements down to 5 nm for MSA-methylamine and
MSA-methylamine-ammonia flow tube experiments (similar
to those for sulfuric acid) confirmed a higher acidity of smaller
particles, and full neutralization reached only above 10 nm
(Perraud et al., 2020). These measurements also confirmed the
dominant role of methylamine in the MSA system, finding a
much higher molar ratio of methylamine to ammonia in the
particle phase than in the gas phase.

c. Small organic acids

Like MSA, organic acids are speculated to have rather
semivolatile vapor pressures (Zhang and Wexler, 2002;
Donahue et al., 2011). Like nitric acid, organic acids are
globally abundant in the atmosphere and range from simple
and low molecular weight monocarboxylic alkanoic acids to
dicarboxylic acids, aromatic acids, and higher molecular
weight acids such as pinic, cis-pinonic acid, and 3-methyl-
1,2,3-butanetricarboxylic acid, which are monoterpene oxi-
dation products. Monocarboxylic acids such as formic acid
(HCOOH) and acetic acid (CH;COOH) form a significant
portion of atmospheric nonmethane hydrocarbons (Khare
et al.,, 1999) and, besides primary emissions from biomass
burning, biofuels, fossil fuels, soil, and vegetation, they are
formed predominantly from isoprene oxidation; i.e., they
often have a biogenic origin (Paulot et al., 2011). Longer
chain alkanoic acids can also have marine biogeochemical
sources (Tervahattu, Juhanoja, and Kupiainen, 2002) or can be
emitted from tree waxes (Beri and Lemon, 1970).
Dicarboxylic acids, with the most abundant oxalic acid
(C,H,0,), malonic acid (C3H4O,), and succinic acid
(C4Hg0O,), have sources similar to monoacids (Kawamura
and Bikkina, 2016) and are found in large quantities in
polluted environments (Ho et al., 2007). Aromatic acids are
also often related to anthropogenic emissions and the photo-
chemical degradation of aromatic hydrocarbons (Forstner,
Flagan, and Seinfeld, 1997; Suh et al., 2003), while the often-
studied pinic and cis-pinonic acids originate from monoter-
pene oxidation and are hence attributed to biogenic VOC
emissions (Yu et al., 1999).

Organic acids could contribute to atmospheric nucleation
via acid-base interactions (Xu and Zhang, 2013; Lin et al.,
2019) or could even enhance sulfuric acid—(ammonia)-water
nucleation through strong double hydrogen bonding in the
initial clusters (Nadykto and Yu, 2007; Zhao et al., 2009; Elm,
Myllys, and Kurtén, 2017). Quantum chemical simulations
suggest that the presence of perfluorocarboxylic acids pro-
vides additional cluster formation routes in H,SO,-DMA
nucleation resulting in higher nucleation rates through faster
initial cluster growth, and such clusters have actually been
found in megacities during NPF (Lu et al., 2020). Laboratory
experiments have verified the enhancement of sulfuric acid
nucleation for aromatic acids (Zhang et al., 2004) and have
also demonstrated the effect in a MSA—methylamine—oxalic
acid system (Arquero, Benny Gerber, and Finlayson-Pitts,
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2017). Recent ambient measurements demonstrated that in the
presence of diacids even higher nucleation rates than those in
the sulfuric acid—amine system are found in rural polluted
environments (Fang et al., 2020). While ambient observations
of the contribution of small organic acids to nucleation are
limited, even more important might be the contribution of low
molecular weight acids to nanoparticle growth (Zhang et al.,
2012). However, Zhang and Wexler (2002) speculated that,
due to the observed anticorrelation of the strength of the
Kelvin barrier and the overall vapor pressure, most organic
molecules will not have a low enough vapor pressure to
overcome the Kelvin barrier and participate in 1 to 2 nm
particle growth. This is in line with the observations of Zhang
et al. (2009), who found no organic acids in grown particles of
a few nanometers in laboratory experiments. However, Zhang
et al. (2009) also showed that the addition of a single cis-
pinonic acid molecule to the smallest sulfuric acid clusters can
contribute to nucleation through double-hydrogen-bond sta-
bilization. Therefore, while organic acids influence small
cluster stability and can possibly also enhance dipole-dipole
interactions for further sulfuric acid—water addition, they do
not seem to contribute directly to growth without further
heterogeneous reactions in the particle phase, effectively
lowering the volatility of these compounds (Zhang and
Wexler, 2002). Like the aforementioned acids, acid-base
chemistry could be such a driver of growth by small organic
acids (Barsanti, McMurry, and Smith, 2009), but other
mechanisms such as polymerization (Zhang and Wexler,
2002; Limbeck, Kulmala, and Puxbaum, 2003) and reactions
with particulate sulfuric acid (Zhang and Wexler, 2002) have
also been debated, although they are thought to be more
important for larger particles (Riipinen et al., 2012; Yli-Juuti
et al., 2013).

Low molecular weight organic acids are found in ambi-
ent particle-phase measurements, especially in sub-50-nm
samples (Laitinen et al., 2011). Smith et al. (2008, 2010)
measured significant fractions of low molecular weight
organic acids in growing 10-30 nm particles in Tecamac,
Mexico, and Hyytidld, Finland. Smith et al. (2010) simulta-
neously reported significant signals from amines and elevated
hygroscopic growth factors, which were interpreted as a
strong indication of organic acid-aminium salt formation
during new particle growth, explaining 47% of the observed
GR in Tecamac and 23% of the observed GR in Hyytidld. In
contrast to this, a process model based on thermodynamic
equilibrium assumptions as well as condensation kinetics
revealed that the vapor pressure of such organic acids must
be much lower than typically observed in order to explain the
contribution to growth via salt formation for conditions at
Hyytidld (Yli-Juuti ez al., 2013). This study also found a steep
dependence of the organic acid partitioning on the available
amine, ammonia, and humidity, indicating that organic salt
formation could be more important in polluted and humid
environments. Overall, Yli-Juuti er al. (2013) suggested that
there must be other mechanistic pathways in order to explain
the widespread observations that organics play a major role in
atmospheric nanoparticle growth, which was also the con-
clusion of Lawler et al. (2018), who performed measurements
similar to those of Smith er al. (2010) in Hyytidld and again
found a high fraction of organic acids, but also an increased
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contribution of terpenoid oxidation products. The latter
oxygenated organic molecules (OOMs) are suspected to
contribute via reversible condensation, similar to sulfuric
acid. However, the wide variety of oxidation products and
the range of several orders of magnitude of possible vapor
pressures of these compounds calls for a different theoretical
framework of reversible condensation than in the kinetically
limited growth scheme presented in Sec. IV.C.1. We address
this in Sec. IV.C.6.

6. Reversible condensation of oxidized organics: Semivolatile
partitioning and low-volatility growth

Gas-phase oxidation of VOCs produces a variety of
oxygenated organics that can possibly condense onto par-
ticles. VOCs can have biogenic and anthropogenic sources
and are abundant in the atmosphere (Kansal, 2009). Isoprene
and other terpenes are the most dominant nonmethane organic
compound globally (Guenther er al., 2012), but locally
anthropogenic sources and biomass burning can also be
significant (Van Marle et al., 2017; Hoesly et al., 2018).
Oxidation of VOCs can be induced by atmospheric oxidants
such as O3z, OH, and NO,. We focus here on VOC oxidation
products and their properties and possible contribution to
nanoparticle growth, while we later show that the formation
chemistry affects the growth potential significantly.

a. Kinetic condensation versus thermodynamic equilibrium

VOC oxidation products have long been known to con-
tribute to secondary organic aerosol (SOA) mass formation
(Jimenez et al., 2003; Hallquist et al., 2009). However, as
previously pointed out, the Kelvin barrier for most organic
species potentially suppresses their condensation onto nucle-
ation mode particles (Zhang and Wexler, 2002). This means
that for many organic compounds the driving force of
condensation N; — N, ., will be close to zero, requiring an
application of Eq. (2) in order to describe reversible con-
densation onto nucleation mode particles. In contrast, SOA
formation in smog-chamber experiments and some models is
treated under partitioning theory, which is based on the work
from Pankow (1994) and Odum et al. (1996) and assumes
thermodynamic equilibrium between the gas and particle
phases, where species can also be found in the particle phase
at subsaturation. The partitioning mass fraction found in the
particle phase F; = C; ,/C;, of an organic compound i with
total mass concentration C; = C; , + C; , can be described by

Ci\! .
F, = (1 + COA) . with Cop = ZF,»CL,. (21)
Coa is the total organic aerosol (OA) mass concentration and
C7 is the effective saturation mass concentration of the
compound, which can be related to its vapor pressure and
particle-phase activity and can be used like the equilibrium
constant (Donahue et al., 2006). Equation (21) was originally
designed for organic aerosols only but can be extended to
inorganic-organic mixtures if it is assumed that they form the
same phase (Kulmala, Kerminen et al., 2004; Yli-Juuti et al.,
2013; Mohr et al., 2019). The direct consequence of the
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partitioning relation in Eq. (21) is that, for a species with
saturation mass concentration C;, any additional increase in
the total organic mass loading Cp, will lead to an increase of
species i in the particle phase. In other words, 50% of the mass
of compound i resides in the particle phase and 50% in the gas
phase whenever the total aerosol mass loading C, is identical
to the effective saturation mass concentration C; of that
compound. Furthermore, for C7 <« Cp, the compound will
reside almost entirely in the particle phase. This leads to the
conclusion that at high organic aerosol mass loading more
volatile products can reside in the particle phase.

Several chamber experiments have elucidated the role
of different VOCs in SOA production and measured the
SOA yield Y, i.e., the fraction of formed SOA mass divided
by the amount of reacted precursor concentration Y =
ACpn/AVOC (Hallquist er al., 2009). However, distributing
aerosol mass onto the aerosol size distribution via partitioning
theory neglects the dynamics of the condensation process
and assumes instantaneous equilibrium. As the volatility of
organic molecules in the atmosphere span several orders of
magnitude, their condensation behavior also changes. As
pointed out by Riipinen et al. (2011) and Zhang, Pandis,
and Seinfeld (2012), dynamic organic condensation can be
viewed within two effective limits, the “kinetic” regime,
where everything condenses irreversibly and the thermody-
namic properties are neglected, and the “thermodynamic” or
“quasiequilibrium” regime, where an equilibrium between the
gas and particle phases is quickly reached, but apparent
growth can be observed due to a shifting equilibrium driving
more compounds into the particle phase. Ideally, organic
condensation is treated within a hybrid approach, using either
limit when appropriate and incorporating the proper transition
behavior (Riipinen et al., 2011).

In the previous analogy kinetic condensation of a single
vapor species is identical to growth at the kinetic collision
limit as discussed in Sec. IV.C.1, with the same consequence
fora 1/d, dependence of the GR in the continuum regime and
an independence of d,, for GRs in the free-molecular regime at
sizes smaller than < 3 nm. Conversely, thermodynamic
growth of semivolatile vapors is driven by the shift of
equilibrium between the gas and particle phases, which
may be due to the change of semivolatile vapor concentra-
tions. Organic aerosol partitioning is described using the
equilibrium thermodynamics that was outlined in Eq. (21) and
hence scales with the preexiting aerosol mass distribution.
Hence, when a new equilibrium is obtained through a slow
change of the semivolatile vapor concentration, such thermo-
dynamic condensation GRs will scale with d,, for all particle
sizes, favoring the largest particles, as demonstrated by Zhang,
Pandis, and Seinfeld (2012).

Note that the exact vapor pressures of most organic
compounds in the atmosphere remain unknown, and hence
their condensation regime in the previously discussed sense
cannot be specified straightaway. Pierce er al. (2011) esti-
mated that equilibrium vapor pressures need to be as low as
1078 to 1077 Pa to be consistent with growth observations and
particle evaporation measurements starting at 3 nm. This was
at the time in contrast to measured vapor pressures of typical
monoterpene oxidation products (Cappa and Jimenez, 2010).
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However, Ehn et al. (2014) later reported a mechanism called
autoxidation, which can lead to rapid oxygenation of mono-
terpenes through several steps of intramolecular H migration
and subsequent O, addition of peroxy radicals (RO,) formed
during the initial oxidation of VOCs. This process can also be
observed for VOCs of anthropogenic origin (Rissanen, 2021).
In both cases, the resulting highly oxygenated organic
molecules (HOMs) are defined as oxygenated organics
including more than six oxygen atoms and originating from
gas-phase autoxidation (Bianchi et al., 2019). These com-
pounds potentially have low enough vapor pressures for
condensation from monomer sizes onward due to their high
degree of functionalization. It was demonstrated by laboratory
experiments that such HOMs can nucleate in the absence of
sulfuric acid (Kirkby et al., 2016). The pure biogenic
nucleation mechanisms were also later found to be relevant
in the atmosphere (Bianchi et al., 2016; Rose et al., 2018).
Trostl et al. (2016a) finally showed that HOMs from a-pinene
ozonolysis can indeed condense onto molecular clusters and
grow particles at GRs similar to that of the atmosphere.
However, assuming kinetic condensation (Nq; = 0) of all
measured HOMs according to Eq. (2) using average HOM
characteristics, they obtained reasonable agreement for GRs
below 3 nm but could not explain the observed increased GR
at larger particle sizes. The effect of accelerating GRs with
size was also observed in many ambient studies, as previously
discussed (Kuang, Chen, Zhao et al., 2012; Kulmala et al.,
2013), and was attributed to the Kelvin effect hindering
organic condensation onto small particles. A framework using
Eq. (2) including the Kelvin term [Eq. (3)] and solution effects
[Eq. (4)] is therefore required to obtain the correct size
dependence of particle GRs. However, this implies knowledge
of the volatility (i.e., the vapor pressure) of large varieties of
organic compounds.

b. Volatility basis set

Organic vapor pressures are often estimated from bulk
properties (Donahue er al., 2011) or identified from functional
groups of known molecular structures (Pankow and Asher,
2008). Only recent attempts have measured the volatility of
nanosized condensed-phase products with extremely low
volatility directly via thermal desorption from collecting filters
(Mohr et al., 2019; Ye et al., 2019; Wang et al., 2020a;
Ylisirnio et al., 2021), mostly confirming the extremely low
volatility of several HOM compounds formed via autoxidation
of the VOCs. However, a direct measurement of the volatility
of all compounds found in the gas phase is usually not
feasible, and parametrizations according to the carbon, oxy-
gen, and nitrogen numbers of a specific molecule are usually
used in order to infer its volatility (Trostl er al., 2016a;
Stolzenburg et al., 2018; Mohr et al., 2019; Yan et al., 2020).
Wang et al. (2020a) demonstrated that these volatility para-
metrizations depend on the origin of the organic molecules,
and that multigeneration oxidation can also lead to com-
pounds of low volatility (Garmash er al, 2020), which,
however, have a different functionalization than HOMSs.
Moreover, Stolzenburg et al. (2018) also showed that revers-
ible condensation at reduced temperatures is heavily influ-
enced by less oxygenated compounds. Therefore, the strict
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definition of HOMs given by Bianchi ef al. (2019) is too
narrow to describe the organic’s contribution to reversible
nucleation mode growth. However, owing to the broad range
of OOMs as potential contributors to nucleation mode growth,
sub-25-nm aerosol particles will be composed of a mixture of
thousands of compounds, similar to bulk SOAs (Goldstein and
Galbally, 2007). Grouping of organic molecules according to
their vapor pressures is therefore often used to facilitate
organic growth characteristics. A prominent approach is the
volatility basis set (VBS) (Donahue et al., 2006, 2011), which
was developed to describe organic partitioning by grouping
organics according to their volatility (expressed as satura-
tion mass concentrations) into bins separated by 1 order of
magnitude in C* at 300 K.

Using a VBS and a simple differentiation between semi-
volatile and low-volatility organics, with the former condens-
ing only on larger particles, Brean er al. (2020) showed that
growth both below and above 5 nm can be explained by
kinetic condensation of measured sulfuric acid and organics in
a major European city. However, their study concluded that
the uncertainties in this approach are large and likely lead to
overestimation of the role of semivolatile organic compounds
(SVOCs), as a detailed treatment of the vapor pressures
according to Eq. (2) is neglected. Trostl et al. (2016a) used
a more sophisticated approach, with a dynamic condensation
model based on the VBS to represent the condensation
behavior of HOMs with different volatilities, which was
recently summarized by Stolzenburg, Wang et al. (2022).
The VBS facilitates the solution chemistry of the organic
mixture, which is an essential part of the condensation
dynamics, as we need to assume that different organics are
soluble within each other. This results in reduced vapor
pressures according to Roault’s law [Eq. (4)]. The approach
of Trostl et al. (2016a) put the grouping of the measured
HOM:s into a one-dimensional VBS and solved the resulting
set of coupled ordinary differential equations based on Eq. (5)
for the bins of the VBS,

&
GR; Zﬁ(i,P)ﬁ
14

X | N; —y™ . Ni’pMi ex 4oiM; N;
i — Vact,i ZiNi.pMi P RTPidp i,eq,0

Raoult term

Kelvin term

(22)

In Eq. (22) Njgqo is the pure-component saturation vapor
concentration over a flat surface, which together with a Kelvin
term and a Raoult term [including the particle-phase mass-
based activity coefficient yj, ;, which is similar to Eq. (4) but
formulated with mass concentrations] gives the equilibrium
vapor pressure of the individual bins i. As the GR of each bin
is linked to the change of particle-phase concentration
dN; ,/dt and the total change of particle-phase mass concen-
tration ) ;N; ,M;, the differential equations are coupled and
numerical solutions need to be calculated.

Using a volatility-based growth model, Trostl e al. (2016a)
demonstrated that the increasing GR with size for a-pinene
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ozonolysis is a result of the volatility distribution of the
HOMs. Therefore, this together with diurnal vapor concen-
trations changes can explain the widespread observation of
increasing GR with size; see Sec. IV.A. Stolzenburg et al.
(2018) included the temperature dependence of OOM vola-
tility in the same growth model as Trostl et al. (2016a)
and demonstrated that a-pinene ozonolysis and subsequent
autoxidation is efficiently providing low enough volatility
compounds to drive particle growth from —25°C to 425 °C.
Moreover, that study clarified the important role of low-
volatility compounds (C° = 10°—107" pgm™ and N, =
2x10° =2 x 10® cm™3, with M; =300u), which were
largely underestimated by Trostl ef al. (2016a). Mohr et al.
(2019) extended the approach of Trostl ez al. (2016a) within a
modeling framework that, in addition to the VBS description
of organic growth, included inorganic aerosol composition
(Yli-Juuti et al., 2013). They showed good agreement between
the growth measured in springtime in Hyytidld and the growth
model prediction. Note also that Mohr et al. (2019) used a
different chemical-ionization technique for the measurement
of the OOMs (see Sec. III.A.3) in order to access the low-
volatility compound (LVOC) range in more detail than Trostl
et al. (2016a) did.

The volatility-based growth model by Trostl ez al. (2016a)
and especially the approach from Mohr et al. (2019) including
inorganics and water are similar to the nano-Kohler theory that
was postulated earlier (Kulmala, Kerminen et al., 2004). In
nano-Kohler theory, organic growth is described as the
activation of nanometer-sized inorganic clusters by conden-
sation of an organic vapor completely soluble in the inorganic
compound and water mixture (Kulmala, Kerminen et al.,
2004). A thermodynamic equilibrium among the clusters, the
organic vapor, and water is assumed, in a manner analogous to
traditional Kohler theory, describing the equilibrium between
cloud condensation nuclei and water. When the equilibrium
saturation ratio of the organic vapor is plotted as a function of
the cluster size, a curve with a peak resulting from the
combination of Kelvin and Raoult effects is obtained, similar
to traditional Kohler curves (Kulmala, Kerminen ef al., 2004;
Kontkanen er al., 2018). When the saturation ratio of the
organic vapor exceeds the peak value of the curve, the clusters
start to grow spontaneously by condensation of organic vapor.
The nano-Kohler theory has been applied to describe the
particle growth by condensation of organic vapors in earlier
aerosol dynamics models (Korhonen, Lehtinen, and Kulmala,
2004). However, it is unclear whether the simple theory can
correctly describe the initial particle growth in real atmos-
pheric systems, in which there is neither a single seed nor a
single condensing vapor, but rather a distribution of clusters
that interact with each other and with larger particles and that
may not be in thermodynamic equilibrium (Kontkanen et al.,
2018). Kontkanen er al. (2018) simulated the growth of a
cluster population by sulfuric acid and an organic vapor and
observed nano-Kohler-type behavior, when the saturation
ratio of the organic vapor and the ratio between organic
vapor and sulfuric acid concentrations were in a suitable
range. Consistent with Trostl et al. (2016a), they found that
GRs derived from simulations using the appearance time
method started to increase close to the size at which the
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organic vapor started to dominate the growth. However, they
found that nano-Kohler theory was unable to exactly predict
the size at which the organic vapor started to condense on the
clusters.

But even if the description of reversible OOM condensation
via the VBS (including Kelvin and Raoult effects) is signifi-
cantly facilitated and has shown its potential in describing
ambient observations of growth, an ambiguity remains when
the results from Trostl er al. (2016a) are compared to earlier
smog-chamber experiments. The organic mass yields
observed at atmospherically relevant conditions by Trostl
et al. (2016a) are much higher than the SOA mass yields
derived from a-pinene ozonolysis experiments in sSmog
chambers (Presto and Donahue, 2006). Specifically, the high
yields of extremely low-volatility compounds found by Trostl
et al. (2016a) were not observed in SOA formation experi-
ments, leading to the conclusion that most atmospheric
organics cannot overcome the Kelvin barrier for participation
in initial growth. Chuang and Donahue (2017) explored these
differences and attributed them partly to the dynamic behavior
of condensation compared to instantaneous partitioning,
which is typically not taken into account when classical
SOA mass yields are derived. Altogether this indicates the
need for a dynamic approach when describing organic
condensation in the sub-25-nm range and shows the limi-
tations of partitioning theory.

7. Gas- and particle-phase chemistry influencing
oxygenated-organic-molecule-driven growth

a. Gas-phase chemistry

Chuang and Donahue (2017) explored the role of gas- and
particle-phase chemistry in the observed differences between
smog-chamber experiments and the results from the CERN
CLOUD experiment. Smog-chamber measurements are often
characterized by a boosted oxidation chemistry, which inter-
feres with the autoxidation reactions of the RO, radicals
(Chuang and Donahue, 2017). This highlights the importance
of the gas-phase chemistry when describing sub-25-nm
growth. Several SOA formation studies showed that the
presence of NO, significantly influences SOA yields from
monoterpenes due to the interference of NO, in the RO,
chemistry (Presto, Hartz, and Donahue, 2005; Wildt et al.,
2014; Zhao et al., 2018). Following the work of Trostl et al.
(2016a), Yan et al. (2020) found that the autoxidation
termination via NO, in a-pinene ozonolysis competes with
the formation of HOMs via RO, + HO, termination reactions.
This increases the yield of HOMs with nitrate groups, which
generally have a higher volatility, influencing early growth
compared to no-NO, conditions and suppressing condensa-
tion onto small particles (< 5 nm) (Yan et al., 2020). This is in
line with the finding that sulfuric acid can counterbalance
reduced SOA yields in the presence of NO, because the initial
organic growth suppression is compensated by sulfuric acid
growth (Zhao et al., 2018). Similar observations have been
made in highly polluted urban atmospheres, where the
presence of NO, and therefore the higher abundance of
higher volatility HOMs could be the cause for a higher
influence of sulfuric acid on growth below 3 nm (Yan et al.,
2021). This has been partly confirmed by observations during
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the COVID-19 lockdown period in 2020, where significantly
decreased NO, emissions induced faster particle growth in
Chinese megacities (X. Shen er al., 2021; Tang et al., 2021;
Yan et al., 2022). An increase in SOA formation was also
found in South-Central Europe during the lockdown periods,
where NO, was reduced (Ciarelli et al., 2021), but analysis of
particle GRs at two sites did not indicate an increase in GR
compared to previous years (J. Shen et al., 2021).

Apart from the influence of NO,, interferences from
different organics can significantly alter gas-phase chemistry,
resulting in different particle growth patterns. Isoprene has
been determined to interfere with NPF related to monoterpene
oxidation with high isoprene levels typically suppressing the
particle formation rates (Kiendler-Scharr et al., 2009). The
presence of isoprene has thus been attributed to the observa-
tion of less frequent new particle formation than expected in
the Eastern U.S. (Kanawade et al., 2011; Yu et al., 2014; Lee
et al., 2016) and the Amazon Basin (Martin et al., 2010). Lee
et al. (2016) explicitly showed that it is the absence of new
particle growth in an isoprene rich environment that hinders
the occurrence of NPF events. McFiggans et al. (2019)
attributed the suppression of the produced SOA mass in the
presence of monoterpenes and isoprene to two sources:
(1) scavenging of peroxy radicals (OH) by isoprene and
hence reduced monoterpene oxidation rates, as previously
suggested by Kiendler-Scharr er al. (2009), and (2) an
increased rate of RO, + RO, reactions between a-pinene
and isoprene oxidation products. Heinritzi et al. (2020)
explicitly studied NPF at atmospherically relevant levels of
precursors and oxidants and showed that the suppression
through the increased production of C;5 dimers compared to
C, dimers in RO, + RO, termination reactions is responsible
for the suppression of nucleation rates and early GRs. The C;5
products have higher volatilities, which hinders their con-
densation onto the smallest particles. For low temperatures,
the increased fraction of C;s compounds in the presence of
isoprene is also observed in particle-phase composition
measurements (Caudillo er al., 2021). Furthermore, the OH
scavenging as a possible reason for isoprene suppression
could be excluded by showing that increased OH levels yield a
further suppression of NPF at atmospherically relevant con-
centration ranges (Heinritzi ef al., 2020). This again demon-
strates that smog-chamber experiments with boosted
chemistry might not be representative for real atmospheric
conditions. However, the conclusion by McFiggans ef al.
(2019), namely, that atmospherically relevant molecules such
as CO or other RO, radicals from different VOCs will
influence the final volatility distribution of the organic mix,
remains highly relevant. This is especially important since
especially anthropogenic VOC emissions show large varieties
with many compounds capable of contributing to secondary
organic aerosol formation not resulting from combustion-
related processes (McDonald et al., 2018; Shah et al., 2020).
A recent study by Voliotis et al. (2021) explored the changes
in volatility of SOA when anthropogenic and biogenic VOCs
were simultaneously oxidized. The suppression of high
molecular weight compounds and the identification of a
variety of unique-to-the-mixture compounds underline the
need for a volatility description of particle growth, which
includes the chemistry describing the interference of different
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FIG. 8. (a) Idealized volatility distribution at 300 K for pure
a-pinene ozonolysis (blue bars), a-pinene ozonolysis including
NO, (red bars), and a-pinene ozonolysis in the presence of
isoprene (green bars). Data are similar to results from the CERN
CLOUD experiment (Stolzenburg et al., 2018; Heinritzi et al.,
2020; Yan er al., 2020) and are scaled to the total OOM
concentration. (b) The resulting GR assuming a total OOM
concentration of 108 cm™ using a growth model solving the set
of coupled differential equations given in Eq. (22).

VOC oxidation products. Figure 8(a) shows three different
one-dimensional VBS distributions for a-pinene ozonolysis
experiments carried out at atmospherically relevant oxidation
and precursor levels, demonstrating the effects of isoprene and
NO, on the volatility of gas-phase OOMs. Owing to the
presence of NO, or isoprene, the fraction of ultralow-volatility
compounds (potential nucleator molecules) (Simon et al.,
2020) and extremely low-volatility compounds (ELVOCs) is
reduced, while LVOCs with C* > 1072 pgcm™ are found in
higher fractions. Figure 8(b) shows modeled size-dependent
particle GRs using the same framework as Trostl er al.
(2016a), indicating that the shift in the volatility distribution
due to the presence of isoprene or NO, results, in particular, in
slower initial particle GRs. Similar determinations of the full
volatility distribution (i.e., good sensitivity coverage across
the entire volatility range) are required in a wide variety of
atmospheric settings, different VOC-oxidant combinations,
and VOC mixtures to narrow down the differing interplay of
atmospheric organics with respect to particle growth.

b. Particle-phase reactions

While gas-phase chemistry involving different organics and
NO, can suppress new particle growth, particle-phase chemi-
stry effectively lowering the volatility of particle-phase com-
pounds can potentially enhance particle GRs from OOM. This
could be another possible explanation for the differences
between smog-chamber and similar-to-atmosphere experi-
ments discussed in Sec. IV.C.6 (Chuang and Donahue,
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2017). Analysis of SOA composition reveals strong par-
ticle-phase yields of oligomers (Kalberer et al, 2004;
Tolocka et al., 2004) and organosulfates (Riva et al., 2016;
Vogel et al., 2016), which are typically not observed in the gas
phase. Particle-phase accretion reactions can effectively lower
the volatility of a compound by increasing its molecular
weight or changing its functionalization (Vesterinen et al.,
2007). Wang et al. (2010) showed that oligomerization and
alkylaminium sulphate formation takes place in nanoparticles
upon exposure to volatile vapors such as glyoxal and
dimethylamine, resulting in significant particle growth under
suitable conditions. Apsokardu and Johnston (2018) and
Heitto et al. (2022) explored the influence of such oligome-
rization reactions on nucleation mode aerosol growth within
modeling schemes and found significantly increased GRs
when oligomerization is included. Apsokardu and Johnston
(2018) demonstrated that the necessary reaction rates for such
oligomerization reactions to explain SOA formation experi-
ments are in line with condensed-phase organic chemistry.
However, Vesterinen et al. (2007) speculated that the particle-
phase reaction rates needed to explain ambient growth
observations would be higher. Moreover, Apsokardu and
Johnston (2018) concluded that such particle-phase accretion
reactions would contribute mainly to the growth of particles
larger than 20 nm, where SVOCs responsible for volatility
lowering particle-phase reactions can be found in significant
amounts in the condensed phase. In contrast, acid-catalyzed
oligomerization reactions could potentially grow even smaller
particles (Xu et al., 2014). Epoxides originating in large yields
from isoprene oxidation can oligomerize in the presence of
acids such as sulfuric acid (Xu et al., 2014), which would be
typical for nanoparticle growth where freshly formed sulfuric
acid particles are grown by organics (Kulmala et al., 2013).
The sulfuric acid—-OOM interplay has also been investigated
within SOA formation experiments, indicating that particle
acidity or aerosol sulfate can promote the formation of
organosulfates and other particle-phase chemistry, especially
related to isoprene SOA formation (Surratt ef al., 2007; Xu
et al., 2015; Riva et al., 2016). Recent measurements in
Beijing have revealed the presence of organosulfates in
ultrafine particles (Li et al., 2021). However, it remains
unresolved whether the particle-phase production of such
compounds are important drivers of sub-25-nm growth. In that
sense, we conclude that the particle-phase chemistry of
nucleation mode aerosols remains highly uncertain.

V. LARGE-SCALE MODELING OF NANOPARTICLE
GROWTH: THE CURRENT STATE

A. Representation of growth in large-scale models

In this section we review the most common approaches for
representing sub-25-nm nanoparticle growth in atmospheric
three-dimensional models that contain a description of aerosol
number size-distribution evolution. These models can be used
for assessing the role of atmospheric aerosol particles in the
climate system (Makkonen et al., 2009; Yu, McGraw, and
Lee, 2012), as well as their contribution to air quality and
health (Jung et al., 2010; Julin et al., 2018). The level of
interaction of the aerosol size distribution with the other
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components of the atmosphere and the Earth system as a
whole varies considerably between the different modeling
approaches from chemical transport models (Spracklen et al.,
2006; D’ Andrea et al., 2013; Dunne et al., 2016; Julin et al.,
2018) to atmospheric global climate models (Makkonen et al.,
2012a) all the way to the fully coupled Earth system models
(ESMs) (Seland et al., 2020; Blichner et al., 2021; Ddscher
et al., 2022). The basic approach of representing nanoparticle
growth in all these models can be generally summarized as
follows: the amount of condensable vapor is calculated based
on their chemical production and then distributed to the
simulated size distribution during the model time step based
on assumptions about volatility, kinetics, and other vapor
properties. The way that the nanoparticle growth is repre-
sented in large-scale models thus depends on (1) how the
particle number size distribution and its dynamics (including
any nucleation rate parametrization) are described in the
model, (2) which condensable vapors are considered within
the model, and (3) what is assumed about the properties of
these vapors and the chemistry producing them.

1. Representation of the particle number size distribution and
aerosol dynamics

In terms of the numerical representation of the aerosol size-
distribution function, there is large variability between differ-
ent three-dimensional regional and global scale models,
depending on which research questions the models have been
designed to answer (from prescribed, entirely noninteractive
aerosol fields to sectional approaches with a large number of
size bins whose evolution and interactions with each other and
the surrounding atmosphere are calculated within each time
step of the model). Since prescribed aerosol fields do not
contain an explicit description of nanoparticle growth (or
condensation in general), we focus here on the main types
of interactive schemes used in atmospheric models, namely,
modal (Makkonen et al., 2014; Scott et al., 2015) and
sectional schemes (Spracklen er al., 2006; Westervelt,
Pierce, and Adams, 2014; Julin et al., 2018) and their various
hybrids (Blichner et al., 2021).

Sectional models represent the particle-size distribution by
dividing the size range into a number of bins and keeping track
of the number of particles within each bin. The advantage of
this approach is that it does not presuppose any shape to the
size distribution, while the disadvantage is that the number of
bins required is large and these schemes are typically
computationally heavy. Modal schemes, on the other hand,
are inspired by the shape of the empirical size distribution
(Whitby, 1978) and represent the distribution by some number
of log-normal modes. These schemes can thus get away with
many fewer modes and lower computational costs but also
presuppose the shape of the distribution. On top of the purely
sectional or modal schemes, there are also various hybrids of
these two used in global and regional modeling approaches,
which use a detailed sectional scheme to describe the small
end of the size distribution coupled to a modal scheme for
describing the part of the size distribution with most of the
aerosol mass (Lee, Pierce, and Adams, 2013; Blichner er al.,
2021). Approaches that combine a modal scheme with lookup
tables outputted from detailed sectional models (Makkonen
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et al., 2014; Kirkevag et al., 2018) or, for instance, use cluster
kinetic codes for NPF and early growth (Baranizadeh et al.,
2016) can also be considered hybrids aiming to balance the
benefits of the computational speed of modal schemes without
sacrificing too much of the necessary detail for describing the
dynamics of the smallest nanoparticles.

In general the aerosol dynamics schemes applied within
climate models have low size resolution (bins or modes)
below 20 nm. For example, reproducing a nucleation event
with an individual nucleation mode below 10 nm in diameter
would suffer from numerical deterioration in describing the
flux of particles toward Aitken-mode sizes. Global models,
therefore, typically do not explicitly model the first steps of
particle growth, but rather parametrize the formation of
particles at 3 or 5 nm from the nucleation rate (Spracklen
et al., 2006; Bergman et al., 2022) or extrapolate the size
distribution to 1 nm (Westervelt, Pierce, and Adams, 2014).
Two widely applied formation parametrizations are Kerminen
and Kulmala (2002) and Lehtinen et al. (2007); see Eq. (14).
However, such parametrizations typically reduce the descrip-
tion of nanoparticle growth to condensational growth of a
single particle only, i.e., Eq. (2). Moreover, their applicability
to extend to larger sizes, particularly to the Aitken mode
(Makkonen et al., 2014), is limited by changes in sinks and
condensable vapor concentrations during growth, the impor-
tance of collisions among the growing nanoparticle popula-
tion, and the common assumption of a steady state of the
growing population; see also Lee, Pierce, and Adams (2013)
and Olenius and Riipinen (2017). Recently there have been
efforts to improve the description of early growth to account
for more details in nucleation and subsequent growth.
Blichner et al. (2021) implemented a sectional model for
early growth below Aitken-mode size to complement the
modal OsloAero aerosol module in NorESM. The new
approach uses the work of Lehtinen et al. (2007) to convert
nucleation rates to 5 nm formation rates, after which a five-bin
sectional scheme is used between 5 and 23.6 nm. Given the
assumptions made in the common parametrizations for scaling
nucleation rates up to larger sizes, the diameter at which the
nucleated particles are entered to the evolving particle-size
distribution is of central importance for the description of
sub-25-nm particle growth. Another key aspect determining
sub-25-nm growth in global and regional models is the
identities and properties of condensable vapors, along with
the mechanism through which they are distributed to the
particle-size distribution.

2. Condensable vapors considered for growth processes

The impact of NPF on CCN depends on the interplay
between growth and coagulation loss [Eq. (13)] (Blichner
et al., 2021). As we saw in Sec. IV.C, vapor condensation
dominates this growth, although in some conditions the
growth by cluster collisions might also be important for the
smallest particles (typically sub-3-nm size); see Sec. [V.C.4
(Olenius and Riipinen, 2017).

The vapor mixture contributing to particle growth is highly
dependent on the environment, but the most important vapor
compounds for sub-25-nm growth are sulfuric acid, various
secondary organic species, nitric acid, ammonia, amines, and
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water. However, iodic acid and MSA can contribute in specific
environments; see Sec. IV.C. There is a large variation in the
complexity of the chemical schemes of the models, and hence
the vapors considered. The exception is growth by sulfuric
acid, which is considered in practically all large-scale models
that represent atmospheric nucleation (Spracklen et al., 2006;
Pierce and Adams, 2009; Jung et al., 2010; D’ Andrea et al.,
2013; Scott et al., 2015; Baranizadeh et al., 2016; Dunne
et al., 2016). Most current models consider the sub-25-nm
particle growth as a combination of practically nonvolatile,
noninteracting and pointlike sulfuric acid (potentially also
including simplified treatment of acid-base chemistry with
ammonia and amines), and secondary organic species, with
slightly differing assumptions on the volatility of the organic
compounds and on whether organic compounds are able to
contribute to growth even at the smallest (typically < 3 nm)
particle sizes. In general predictions of growth for sulfuric
acid seem to agree relatively well among the different models.
We therefore focus on growth by organic vapors in the rest of
this section.

Owing to the complexity of the atmospheric organic
mixture and their chemical production pathways (Secs. IV.C.6
and IV.C.7), their treatment varies considerably among mod-
els. First, modeling chemistry in large-scale models is a
balancing act between comprehensiveness and computational
cost. Adding complex chemistry includes adding a large
number of tracers, and this greatly increases the computational
cost of running the model. Most large-scale models therefore
use highly simplified chemistry schemes, often with fixed,
precalculated oxidant fields (OH, O3, and NOs3). Using fixed
oxidant fields essentially means that there is no change in the
available oxidants based on meteorological conditions (for
instance, cloudy versus clear sky), and also that changes in
emissions of organics cannot influence the oxidant concen-
trations and in turn the oxidation pathways in the model.
Second, the SOA precursors are usually lumped together in
one tracer for monoterpenes, one for isoprene, etc. [see
Makkonen et al. (2014), Scott et al. (2014), Tilmes et al.
(2019), and Sporre et al. (2020)], although some models do
separate between additional properties such as endocyclic and
other monoterpenes (Jokinen et al., 2015). This means that
most chemical schemes require one reaction rate and one SOA
yield for each precursor tracer with each oxidant, even though
this tracer may in reality be the sum of compounds with
slightly different properties. Third, the number of individual
oxidation products from VOC oxidation is far too large to be
represented in a large-scale model. To tackle this issue, various
approaches to grouping the oxidation products are deployed.
In the following, we go through some of these from the more
complex to the most simplified variants.

Representing the organic mixture with a set of effective
volatilities (the VBS approach; see Sec. IV.C.6) has become a
common way of describing the evolution of the atmospheric
organic compounds with varying levels of complexity
(Donahue et al., 2006; Pandis et al., 2013; Patoulias et al.,
2015, 2018; Liu et al., 2021). These representations vary from
using a fixed yield for each volatility bin from the oxidation of
VOC:s (Patoulias et al., 2018; Tilmes et al., 2019) to those who
represent aging or fragmentation in the gas phase (Yu, 2011;
Shrivastava et al., 2015; Hodzic et al., 2016). Some models
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include the impact of NO, concentrations on the yields
(Patoulias ez al., 2018), while most ESMs operate with simple
fixed yields for each oxidant and precursor (Makkonen e al.,
2012b; Westervelt, Pierce, and Adams, 2014; Dunne et al.,
2016; Kirkevag et al, 2018). While VBS schemes are
becoming more popular, most global models still deploy
simpler schemes. A popular approach is a two-product
scheme, where the entire range of volatilities are reduced
to two tracers with different volatilities and/or properties
(Riipinen et al., 2011; Kirkevag et al., 2018; Van Noije et al.,
2021). Some large-scale models also skip modeling the
atmospheric formation of SOAs but instead treat it in a
“pseudoprimary” manner, with a fixed global SOA yield from
the emitted precursors (Makkonen et al., 2009; Scott et al.,
2014; Westervelt, Pierce, and Adams, 2014). SOA can
contribute to early growth even in these schemes, depending
on how the mass is distributed over the aerosol surface area.

The treatment of the condensation is in general done by
assuming (1) that the organics condense essentially as
nonvolatile and condense kinetically to the particle surface
area (see Sec. IV.C), (2) some version of thermodynamic
absorptive partitioning theory to the existing OA mass (Odum
et al., 1996; Van Noije et al., 2021), or (3) a combination of
(1) and (2) (Yu, 2011; Sengupta et al., 2021), for instance,
with a two-product model with one tracer for each approach
(Van Noije et al., 2021). Other approaches include represent-
ing volatility by prescribing which sizes the organics can
condense onto and the fraction that should go to each size
range (Makkonen et al., 2009; D’ Andrea et al., 2013; Blichner
etal.,2021). Certain implementations of organic condensation
have omitted partitioning to the nucleation mode altogether
O’Donnell, Tsigaridis, and Feichter (2011)) and can show
even a decrease of Aitken-mode or CCN number concen-
tration due to SOA formation (Arneth er al., 2010; Sporre
etal.,2020). In AeroCom phase II, 13 out of 31 global models
applied a parametrization where SOAs are effectively modeled
as a primary source of 19.1 Tga™' (Tsigaridis et al., 2014),
but these models include various approaches to distribute OAs
into the aerosol population. With increased details on SOA
formation, 14 out of 31 AeroCom II models simulated
reversible partitioning of SOA formation (Tsigaridis et al.,
2014). Hodzic et al. (2020) compared organics in eight
models, and of these four have some form of a VBS scheme
and two also have a nonvolatile tracer (GC12-REF and
GC112-DYN) (Bey et al., 2001). The other four models treat
SOAs as pseudoprimary and nonvolatile with a fixed yield
mass from the emissions.

Overall the variability in the setup of SOA modeling and
how it contributes to early growth reflect a lack of theoretical
understanding of the processes involved (Shrivastava et al.,
2015, 2017) and a field in fast development. The sensitivities
these models will exhibit to organics in general and their
contributions to early growth will depend heavily on how the
model is set up, the assumptions about volatility, which
processes these contribute to, etc.

B. Importance of nanoparticle growth in global and regional
scale atmospheric predictions

There are few regional or global scale model studies that
have a specific focus on sub-25-nm particle growth. Typically,
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in relevant sensitivity experiments the models are perturbed by
changing either the nucleation rate (the parametrization or
relevant coefficients) (Spracklen ef al., 2006; Makkonen ef al.,
2009; Reddington et al., 2011; Fountoukis et al., 2012; Dunne
et al., 2016; Julin et al., 2018) or the amount and properties
of condensable vapors (emission or partitioning properties)
(Spracklen et al., 2006; Makkonen et al., 2012a; D’ Andrea
et al., 2013; Dunne et al., 2016; Sporre et al., 2020), and not
specifically the early growth per se. Besides affecting sub-
25-nm particle growth, modulating SO,, ammonia, or mono-
terpene emissions impacts the aerosol population throughout
the size distribution, as well as nucleation rates and atmos-
pheric chemistry in general. Hence, it is difficult to provide
estimates of model sensitivity to early growth specifically
without changing other important parameters affecting the
predicted aerosol numbers. We can, however, examine aerosol
particles and CCN originating from nucleation, which should
be sensitive to nucleation and subsequent growth in a given
model setup. Furthermore, there are studies that evaluate the
predicted particle growth against observations and discuss it in
detail as an important part of predicting aerosol number size
distributions (Spracklen et al., 2006; Fountoukis et al., 2012;
Makkonen et al., 2012a, 2014; D’Andrea et al., 2013;
Westervelt et al., 2013; Scott et al., 2015; Dunne et al.,
2016; Patoulias et al., 2018; Patoulias and Pandis, 2022). The
conclusions from these studies highlight the importance of
including the condensation of secondary organic species to
sub-CCN-sized particles, in addition to sulfuric acid, to
capture the important features of aerosol size distributions
(Spracklen et al., 2006; Fountoukis et al., 2012; D’ Andrea
et al., 2013; Westervelt et al., 2013; Makkonen et al., 2014;
Trostl et al., 2016a; Patoulias et al., 2018). On the other hand,
the results tend to suggest that the details of the sub-3-nm
particle growth are of minor importance in capturing the
expected CCN concentrations (Spracklen et al., 2006;
D’Andrea et al., 2013; Lee, Pierce, and Adams, 2013;
Dunne et al., 2016).

Table II summarizes results from 12 global and regional
modeling studies focusing on the effects of nucleation on
particle number concentrations (fotal is denoted as N, but
usually indicates a lower limit of 3 nm, larger than 10 nm is
denoted as Nj,, and 100 nm is denoted as Nqy) and CCN at
0.2% supersaturation, which can be considered to be roughly
comparable to Nq. While not representing a comprehensive
review of all relevant studies [see also Yu and Luo (2009),
Riipinen et al. (2011), D’Andrea et al. (2013), Posner and
Pandis (2015), Scott et al. (2015), Gordon et al. (2016),
Patoulias et al. (2018), Blichner, Sporre, and Berntsen (2021),
Blichner et al. (2021), and Patoulias and Pandis (2022)], the
studies presented in Table II have been chosen based on their
level of intercomparability in terms of the model experiment
setup, nucleation mechanisms investigated, and output vari-
ables reported. These experiments focus primarily on exam-
ining the sensitivity of CCN to the nucleation rate itself, not on
sub-CCN GRs. Nevertheless, models vary in their description
of early growth and provide a substantial range in estimates of
survival rate of nucleated particles to CCN size. While the
exact fraction depends on the model setup and details of the
analysis, studies to date report that up to about half of CCN-
sized particles originate from NPF in current conditions, with
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a large variation in the estimates depending on the region and
exact model setup (Makkonen et al., 2009; Merikanto et al.,
2009; Westervelt, Pierce, and Adams, 2014; Dunne et al.,
2016). Considering the full picture in Table II, the fraction of
CCN originating from NPF does seem to depend on the vapors
contributing to the early growth of particles: the studies
assuming that only sulfuric acid contributes to this growth
tend to predict a considerably lower fraction (on average about
5%) of Nip or CCN (0.2%) to originate from NPF as
compared with the studies allowing organics to grow the
newly formed particles. For studies using PMCAMXx-UF that
do not include organics in early growth, for example, the
influence of nucleation on N, is large (above 250%), while
the impact seems to disappear before the particles reach CCN
sizes, with impacts on Ny, of below or equal to 15% [and
even —4% in the work of Ahlm er al. (2013)].

Some of the aforementioned studies did, however, inves-
tigate the performance of the applied models in terms of
reproducing observed sub-25-nm nanoparticle GRs and dis-
cussed the sensitivity of the results to assumptions about the
growth. Makkonen et al. (2009) demonstrated that the
addition of organic condensation increased the NPF contri-
bution to CCN (0.2%) from about 10% to about 53%, under
the condition that all monoterpene oxidation products were
allowed to condense on the newly formed particles.
Fountoukis et al. (2012) concluded that their regional model
setup omitting the condensation of organics onto ultrafine
particles resulted in an underestimation of nucleation mode
GRs in the European domain, hence likely resulting in
underpredictions of N;g. This work was later followed up
on by Patoulias er al. (2018), who implemented condensation
of organic vapors on the ultrafine aerosol fraction and reported
a 50%-120% increase in the N, concentration mainly in
Central and Northern Europe, while the sub-10-nm particle
concentration decreased by 10%-30%. The further consid-
eration of a fraction of the organics to be extremely low in
volatility and contribute to the nucleation mode growth did not
make a large difference in the predicted number concentra-
tions (Patoulias and Pandis, 2022). Westervelt er al. (2013)
concluded that their global model setup with nonvolatile
secondary organics from monoterpenes reproduced the par-
ticle GRs observed in Hyytidld (boreal), Pittsburgh (urban),
and Atlanta (urban), highlighting the importance of the
contribution of organics to nanoparticle growth, which is in
line with D’Andrea et al. (2013) and Scott et al. (2015).
Makkonen et al. (2014) revised the scheme with entirely
nonvolatile organics to a scheme for the NorESM model
where 50% of the monoterpene oxidation products were
assumed to be able to contribute to sub-23-nm growth, and
reported a somewhat underpredicted particle growth for
Hyytidld. The inclusion of organic vapors in growing ultrafine
aerosol particles resulted in up to a 10%-20% increase in
CCN-sized particles.

Keeping in mind that the overall sensitivity of the CCN
budget to NPF is around 50%, the sensitivity to processes in
early growth is important but modest. This is probably due to
the buffering effects in the size-distribution dynamics: while
the increased condensable material enhances the growth, it can
also enhance the CS and result in more numerous particles, yet
with a smaller final size; see Sec. IV.A and Blichner et al.
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(2021). Some studies have paid special attention to sub-10- or
even sub-3-nm particle growth with a general conclusion of
smaller sensitivity to the exact GRs and vapors contributing to
the growth at these small sizes (Spracklen ef al., 2006; Lee,
Pierce, and Adams, 2013; Dunne et al., 2016). This is similar
to the relatively small impact of considering ELVOC con-
tributions to the particle growth (Makkonen et al., 2009, 2014;
Patoulias and Pandis, 2022). However, the effect of ELVOC
can show significant differences in different models (Sporre
et al., 2020). Trostl et al. (2016a) found that locally the
sensitivity to including organics in the earliest growth
(1.7-3 nm) can be up to +50%, though in most areas it is
smaller than 10%. We conclude that while most models
predict that the sensitivity to organic growth is less than half
of the total sensitivity to NPF, the sensitivity varies signifi-
cantly between different models and simulation setups [testing
the effect of different SOA yields, different SOA precursors, or
vapors of different volatility; see Sporre et al. (2020)],
implying that future work on the sensitivity of organic growth
in ESMs is still of the utmost importance.

Keep in mind that there generally could be further sensi-
tivity of the CCN predictions to the treatment of organic
species, for example, in the conditions of the preindustrial
atmosphere (Carslaw ef al., 2013). Moreover, the influence of
other modeled processes and aerosol properties on the
importance of NPF and particle growth should be assessed.
Williamson et al. (2019) suggested that a too efficient wet
deposition in climate models reduces the possible impact of
upper tropospheric nucleation and growth on boundary layer
clouds, resulting in an underestimate of the influence of upper
tropospheric NPF and subsequent growth to the CCN budget.
Furthermore, organic growth might not be the only important
growth agent besides sulfuric acid, but other vapors such as
nitric acid, MSA, and HIO; need to be investigated in the
future. Finally, it is also not resolved under which conditions
NPF and subsequent growth actually increase CCN activation
in clouds, as several modeling studies suggest that NPF may
both increase and suppress cloud droplet activation (Roldin
et al., 2019; Blichner, Sporre, and Berntsen, 2021).

C. Testing the sensitivity to early growth in Earth system models

As summarized, the majority of the past large-scale
modeling studies did not focus on the role of sub-25-nm
particle growth per se, but instead looked at the fraction of
particles from NPF under various assumptions on the growth.
Furthermore, the majority of the studies listed in Table II and
reviewed in Sec. V.A are conducted using chemical transport
models instead of coupled climate model setups. The latter
would ideally be required to investigate how changes in
nanoparticle growth reflect on, for instance, cloud droplet
number concentrations or radiative forcing estimates. Finally,
the varying model setups and output parameters in the studies
in Table II make direct comparisons of past investigations
challenging. Only a few of these studies (Makkonen et al.,
2009; D’Andrea et al., 2013; Scott et al., 2015; Patoulias
et al., 2018) presented results from systematically varying
only the factors influencing nanoparticle growth. We therefore
conduct a set of dedicated simulations with three global
models contributing to the Coupled Model Intercomparison
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Project 6 (CMIP6), and therefore being representative of a
wide range of atmospheric models that include detailed
aerosol microphysics: NorESM, ECHAM, and TMS5, where
the first two are ESMs and TMS is the atmospheric chemistry
module of an ESM (EC-Earth). For the purpose of this review,
we do simulations with fixed sea surface temperature and sea
ice, and thus not fully coupled climate simulations. For the
interpretation of the model results, we have conducted
simulations that are as similar as possible to all models and
that output the same variables (CCN at varying supersatura-
tions, Nyg, and Nq,) for comparison with each other.

1. Model descriptions
a. NorESM (OsloAero and OsloAeroSec)

Two versions of the aerosol scheme in NorESM are
included here: OsloAero (Kirkevag er al., 2018; Seland et al.,
2020) and OsloAeroSec (Blichner er al., 2021). We first
describe what they have in common: Both versions have SOA
formation only from biogenic sources. Emissions of biogenic
volatile organic compounds (BVOCs) are calculated using
MEGAN?2.1 (Guenther et al., 2012) and are categorized into
two tracers, monoterpene and isoprene. Oxidation is sub-
sequently calculated for reactions with OH, O3, and NOs; see
Karset et al. (2018) for details. Each of these reactions has a
certain yield of condensable organics: 5% for isoprene and
15% for monoterpenes. Both model versions treat organics
as essentially nonvolatile but include a treatment of volatility
by two tracers that participate in the growth of particles in
different size ranges and processes. The first, called low
volatile, is produced only through monoterpenes reacting
with ozone and can participate in nucleation and early
growth. The second, named semivolatile, is produced
through all the other reactions and can condense only onto
particles of larger sizes. OsloAero parametrizes all particle
growth below 23.6 nm based on Lehtinen et al. (2007) and
lets only the low volatile tracer participate in the growth
below this diameter. OsloAeroSec, on the other hand,
combines the original OsloAero scheme (which is similar
to a modal scheme) with a sectional scheme for the smallest
particles that are not modeled explicitly in OsloAero.
Additional differences to the original scheme include a
nucleation scheme updated from that of Paasonen et al.
(2010) to that of Riccobono et al. (2014).

b. TM5

In TMS, the SOA has been added to the original M7 model
(Vignati, Wilson, and Stier, 2004) in four soluble modes
(nucleation, Aitken, accumulation, and coarse) and the insol-
uble Aitken mode. The SOA is produced from its gas
precursors isoprene and monoterpene, of which natural
emissions are derived from MEGANv2.1 (Guenther et al.,
2012; Sindelarova et al., 2014), and biomass-burning emis-
sions are from the inventory provided by Van Marle er al
(2017). The two precursors can be oxidized by OH and O; to
form ELVOC and SVOC. The ELVOC is considered to first
participate in new particle formation processes that include
four parametrized phases of the formation of 5 nm particles.
The formation rate of 1 nm particles Jpyn() was first
calculated with the binary homogeneous water—sulfuric acid
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nucleation method (Vehkamaiki et al., 2002) based on which
the formation rate of 1.7 nm particles Jgpn(;7) Was calcu-
lated with the condensation of ELVOC and H,SO4
(Kerminen and Kulmala, 2002). After that an additional
formation rate of 1.7 nm particles Jgicco(1.7) associated
with ELVOC and H,SO, (Riccobono et al., 2014) was added
to Jppun(1.7)- Finally, the formation rate of 5 nm particles
based on Jricco(1.7) + JBun(17) Was calculated again by
Kerminen and Kulmala (2002) with ELVOC and H,SO,
as condensing vapors.

The remaining ELVOC after the nucleation processes then
condenses onto existing aerosol particles in all soluble modes
and the insoluble Aitken mode, and the mass distribution
follows the kinetic approach (Spracklen et al, 2010). The
SVOC does not participate in new particle formation proc-
esses and thus completely condenses onto three larger soluble
modes (Aitken, accumulation, and coarse) and the insoluble
Aitken mode with the equilibrium approach (Pankow, 1994).
All of these condensation processes occur within one time step
(1 h), so the transport of ELVOC and SVOC is not calculated
in the model. More details were described by Bergman
et al. (2022).

c. ECHAM

Like TM5, ECHAM describes an aerosol population
with M7 microphysics (Vignati, Wilson, and Stier, 2004).
SOA formation is described by nonreversible condensation
of BVOC oxidation products: ELVOCs and SVOCs are
formed via OH and O; oxidation of monoterpenes and
isoprene, as described by Jokinen er al (2015). Only
ELVOCs can contribute to aerosol growth in the nucleation
mode (< 10 nm) via kinetic condensation or an increasing
GR in early growth parametrization (Kerminen and Kulmala,
2002) that is applied between 2 and 3 nm in ECHAM. Here
we apply nucleation mechanisms developed by Vehkamiki
et al. (2002) and Paasonen et al. (2010).

2. Model results

To test the sensitivity of the models to early growth by

organics, we run the following simulations:

e CTRL (all models)—The default version of the model
with the inclusion of organics in nanoparticle growth as
previously described.

* NoOrgLeh (OsloAero and OsloAeroSec).—No organics
in the Lehtinen parametrization, i.e., in the growth below
23.6 nm (OsloAero) and below 5 nm (OsloAeroSec).

* NoOrgl0 (OsloAeroSec, TMS, and ECHAM).—No or-
ganics in growth of particles smaller than approximately
10 nm (nucleation mode).

* NoOrg25 (OsloAeroSec).—No organics in growth of
particles smaller than approximately 25 nm (nuclea-
tion mode).

* NoOrg39 (OsloAeroSec).—No organics in the sectional
scheme (below 39.6 nm).

* NoOrgAit (TM5).—No organics on Aitken-mode par-
ticles.

The simulations are not the same for all of the different
models, due to their constraints from their setups. All
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FIG. 9. Global average concentrations of CCN at 0.1%, 0.2%,
and 1.0% supersaturation in simulations with different treatments
of organics in the early growth of particles for models NorESM,
TMS, and ECHAM. Results are global averages for values below
850 hPa and are weighted by the pressure difference in each grid
box. Note that ECHAM results are calculated from mixing ratio
[1/kg (air)] to concentration (1/cm?®) by assuming a standard
temperature (273.15 K) since the actual temperature was not
available as an output.

simulations were conducted for a full year in 2009
(NorESM and TMS5) and 2010 (ECHAM) and used elements
of meteorology from ERA-Interim reanalysis data (European
Centre for Medium-Range Weather Forecast) and emissions
corresponding to historical simulations for CMIP6.

In general the models show medium sensitivity in global
CCN to the treatment of nucleation mode growth but vary
considerably among each other (more than a factor of 5 for
CCN at 1.0% supersaturation). Figure 9 shows the globally
averaged CCN at 0.1%, 0.2%, and 1.0% supersaturations and
how it changes in the different runs. For supersaturation 0.2%,
all models show a decrease in CCN with reduced influence of
organics in early growth. However, the change is below 5% in
all cases, with OsloAero showing the largest change. On the
other hand, for 0.1% the two NorESM models (OsloAero and
OsloAeroSec) show a slight increase (not visible for
OsloAeroSec). This is due to the fact that the reduced number
of new particles forming leads to higher growth for the larger
particles, thus making it easier for them to activate at low
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FIG. 10. Global average concentrations of Ny and Nigy in
simulations with different treatments of organics in the early
growth of particles for models NorESM, TMS5, and ECHAM. The
results are global averages for results below 850 hPa and are
weighted by the pressure difference in each grid box. Note that
for TM5 and ECHAM, N is estimated as the sum of the Aitken
modes and above and Ny, is estimated as the sum of the
accumulation modes and above.

supersaturations; see Blichner, Sporre, and Berntsen (2021)
for a thorough discussion. TM5 shows essentially no change
for the lowest supersaturations, while ECHAM shows a slight
reduction. Last, for a supersaturation of 1.0% (bottom panel in
Fig. 9) TM5, OsloAero, and OsloAeroSec show decreases in
CCN with a decreased contribution of organics in growth (up to
10%), which is consistent with reductions in Aitken and
accumulation mode particles from NPF. On the other hand,
ECHAM has a slight increase, which may be due to an increase
in Aitken-mode particles and an increase in median diameter of
the accumulation mode in ECHAM (likely due to more
available condensable vapors to grow the particles). Note,
however, that the regional increase in Aitken-mode particles
may be related to particles staying longer in the nucleation
mode and thus forming in regions with longer lifetimes.
Another notable point is that we do not see the same effect
in TMS5, despite both having the same aerosol scheme (M7).

For particle number concentration (Fig. 10), the panel for
N o looks similar to that for CCN at 0.2% supersaturation, as
expected. For Ny, OsloAero shows an approximately 10%
decrease when organics are neglected in early growth, while
the changes in TM5 and ECHAM are negligible. OsloAeroSec
has a weaker decrease in N than OsloAero and also shows
some nonlinearities with decreased organics in early growth
(toward the right). These nonlinearities likely are related to
different treatments of loss rates in the different size ranges,
and therefore changes in particle lifetime.

Despite the global averages showing a weak response in
CCN to removal of organics in early growth, the local effects
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FIG. 11. Relative change in CCN at 0.5% supersaturation when
organics are excluded from growth below 10 nm in NorESM,
TMS5, and ECHAM. The results are for averages below 850 hPa
and are weighted by the pressure difference in each grid box.

are in some cases stronger. This is illustrated in Fig. 11,
which shows the map of relative changes in CCN concen-
trations at 0.5% supersaturation in OsloAeroSec, TMS5, and
ECHAM when organics are removed from growth below
10 nm. For OsloAeroSec local changes can be well beyond
10%, and for ECHAM they are up to approximately 5%. For
TMS5, however, the change rarely exceeds approximately 3%.
Note also the difference in spatial patterns in the response. The
largest negative responses in OsloAeroSec and ECHAM are
over the boreal forest zone and in typical tropical rain forest
zones. On the other hand, TM5 has little response over the
boreal forests, and more over Australia and the U.S. It is also
noticeable that ECHAM has a weak positive response over
most ocean regions, thus compensating for some of the
negative responses in the global average.

These results demonstrating the relatively modest sensi-
tivity to nanoparticle growth seem to be in line with previous
studies applying somewhat comparable simulation experi-
ments (Makkonen et al., 2009; D’ Andrea et al., 2015; Scott
et al., 2015; Patoulias er al., 2018; Patoulias and Pandis,
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2022). However, as in the case of Trostl et al. (2016a), the
local effects can be considerable. Moreover, the modest
average sensitivity results mostly from the low sensitivity
over the open oceans, where organics are expected to have a
minor impact on growth, but other species such as MSA and
HIO; could potentially contribute but are not typically
accounted for in current models. Last, the differences between
OsloAero and OsloAeroSec also reveal that the CCN con-
centrations are sensitive to the dynamic treatment of nucle-
ation mode growth [up to 25% differences in CCN(1.0%)],
which is the major difference between these two simulations
(Blichner et al., 2021). This indicates that future conceptual
work might be necessary to improve model predictions for
growth.

VI. CONCLUSION AND OUTLOOK
A. Summary

In this review, we analyzed advances in the research on
atmospheric sub-25-nm nanoparticle growth over the last two
decades. During that time a rapidly increasing number of
studies have observed ambient NPF around the globe. The
general characteristics of particle growth in regional NPF
events can be summarized as follows (Sec. IV.A): The bulk of
site-specific median GR observations are within the range of
1-10 nmh~!, but with apparent local and temporal differences
for larger GRs (> 3 nm) and with faster growth in polluted
environments and during the summer (for most midlatitude
locations). In contrast, less seasonal variation for the smallest
particles (< 3 nm) is observed, where GRs rarely exceed
5 nmh~!, which is in line with the overall tendency of
increasing GR with increasing size. The limited variation in
global GRs is a noteworthy observation because there is a
wide range of low-volatility vapors that can contribute to
growth. This points toward a still limited mechanistic under-
standing of the growth processes and potential shortcomings
of the methodology used, thereby preventing theoretical mass
closure for the gas-to-particle conversion of aerosol growth.
First, accurate particle-size-distribution measurements in the
sub-10-nm range are highly challenging (Sec. IIL.A.4).
Second, gas- and particle-phase chemical composition mea-
surements are sparse and subject to high uncertainty
(Sec. IIILA.4). And third, we pointed out that different
definitions of the particle GR exist, one with respect to the
growth of a single particle and one with respect to the growth
of a particle population (Sec. II). This results in ambiguities
among the different methods used to derive GRs (Sec. III) and
how they are used within experimental studies (Sec. IV) or in
large-scale models (Sec. V). Specifically, coagulation- or
stochastic-population dynamics can result in significant
differences between the analytical methods for GR derivation
from experimental data and the GR formulation in models.
The former mostly obtain population average GRs that can be
corrected for coagulation and only implicitly include stochas-
tic effects (Sec. II1.B). The latter often use single-particle GRs
derived from vapor concentrations, and the population dynam-
ics are only calculated within highly simplified modal
schemes (Sec. V.A). Despite these methodological challenges,
the aerosol community has achieved significant advances in
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exploring the different nanoparticle growth mechanisms; the
main results are summarized in Fig. 12. This review shows
that sulfuric acid, which is thought to be the globally dominant
agent in particle nucleation, contributes on only a minor level
to the subsequent growth, with its contribution decreasing
with particle size and from polluted to cleaner environments.
Growth from sulfuric acid can be described using a kinetic
process (above 2 nm), where the gaseous sulfuric acid
condenses upon collision and the evaporation of sulfuric acid
from particles is negligible. This means that the particle GR is
determined solely by the vapor-particle collision rate
(Sec. IV.C.1). The same is also highly likely for iodic acid,
which was recently identified as the most important iodine
species contributing to growth in the marine boundary layer
and/or polar regions. However, even for these simple systems
of individual acids contributing to nanoparticle growth,
several challenges remain: The role of water needs to be
elucidated (Sec. IV.C.2), especially when acid-base inter-
actions are present (Sec. IV.C.3). The stabilizing nature of
strong bases (such as dimethylamine) can result in a purely
kinetic process of cluster formation from the smallest cluster
onward. This can lead to high concentrations of small
molecular clusters subsequently contributing to the growth
by coagulation (Sec. IV.C.4), but difficult to detect quantita-
tively, complicating the closure between observed gas-phase
acids and GRs.

Other more volatile acids such as MSA, nitric acid, and
small organic (di)acids are expected to contribute to growth as
inferred from laboratory studies, theoretical calculations, or
particle-phase composition measurements (Sec. IV.C.5).
However, they are rarely measured directly in the gas phase,
even if they are often several orders of magnitude more
abundant than sulfuric acid. These species almost certainly
require an interplay with atmospheric bases and water via the
formation of salts in the particle phase to essentially lower
their evaporation rates and enable net condensation of both the
acids and bases onto nucleation mode aerosols. But while the
presence of organic and inorganic salts in ambient particle-
phase samples was measured at a variety of locations, the
mechanistic understanding of the contributions of MSA, nitric
acid, and small organic acids to atmospheric nanoparticle
growth remains elusive. This is due to our incomplete
understanding of particulate phase acid-base neutralization,
its dependency on the aerosol water content, the solution
chemistry, and the unknown vapor pressures of both the acids
and the formed salts.

The most dominant contributor to continental boundary
layer aerosol growth are OOMs (Sec. IV.C.6). This is
indicated by the higher summertime GRs (due to higher
organic precursor emissions) and the widely observed increas-
ing GRs with size (due to the multicomponent Kelvin effect
enabling consecutively less oxygenated, and hence more
volatile, OOMs to condense on less curved particle surfaces).
The overwhelming variety of OOMs formed in the atmos-
phere, however, is still a challenge for both their experimental
detection and their growth modeling. While the complexity is
now often reduced along the volatility axis by lumping
compounds together and focusing on the degree of oxygena-
tion (Donahue ef al., 2011), the vapor pressures assigned to
individual organic compounds are still subject to uncertainties
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FIG. 12. Summary over the most important atmospheric nanoparticle growth contributors (from sources to trace vapors) and involved
processes. The anthroposphere, the biosphere, and the marine environment emit volatile gases into the atmosphere, which can lead to the
formation of different vapors contributing to growth. At the smallest sizes (< 3 nm), the amount of potential contributing vapors is
limited to ultralow-volatility compounds. Collision kinetics, cluster condensation, and stochastic effects become observable within these
nonreversible vapor accommodation processes. At larger sizes (3—10 nm), the condensing vapors often already exhibit significant
reevaporation, as a larger variety of higher vapor pressure compounds can overcome the Kelvin barrier. They are difficult to estimate,
especially the wide variety of organics. Particle-phase processes start to be more important but could be even more decisive at larger
sizes (> 10 nm). At that size semivolatile vapors start to contribute to growth, while their gas-particle phase transition is often modeled
only within the equilibrium assumption due to its simplicity. However, note that all processes relevant for smaller sizes typically still
occur for larger particles, and the exact transitions between these regimes are not sharp and potentially depend on the environment where

the growth is studied.

been investigated in more detail and could be decisive for the
resulting GRs due to its strong influence on the volatility
distribution of the produced OOMs. In addition, particle-
phase chemistry of these compounds remains poorly explored
but almost certainly occurs frequently in nanoparticles,
resulting in substantial oligomerization of the organic com-

of at least one but potentially even several orders of magni-
tude. Moreover, our understanding of the gas-phase chemistry
leading to OOM formation is still far too limited. Our
knowledge of individual oxidation pathways from a single
precursor-oxidant system has significantly improved for some
of the most dominant atmospheric VOCs through the discov-

ery of atmospheric autoxidation as a driver for HOM for-
mation and the importance of multigeneration OH attacks for
aromatic precursors (Sec. IV.C.7). However, the interplay of
different organics and oxidants, in particular, has recently
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pounds and eventually also in organosulfate formation or acid-
catalyzed reactions.

The large variety of complex physicochemical processes
resulting in nanoparticle growth can evidently not be
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represented in large-scale models, both due to limited under-
standing (as previously discussed) and because computational
costs need to be limited. First, we showed that most large-
scale models use highly simplified representations of the
aerosol size distribution with growth at the smallest sizes often
parametrized with survival schemes (Sec. V.A), leading to the
aforementioned ambiguities resulting from the different def-
initions of a GR (Sec. II). Second, the large variety of different
growth agents is not represented in models, which, besides
purely kinetic condensation of sulfuric acid, mostly treat only
the condensation of organics (Sec. V.A). For the latter, yields
of OOM tracer compounds are often calculated from pre-
calculated oxidant fields and some lumped surrogate precur-
sors. More recent model approaches also group the OOMs
along the volatility axis, as suggested by the experimental
results, but with various degrees of complexity and with many
using only two OOM products. Condensation of organics is
then treated within models as purely kinetic, with a partition-
ing approach, or using a hybrid of the two methods, with the
partitioning approach typically underestimating the organic
contribution to nucleation mode growth. Our analysis of the
literature revealed that studies directly investigating the model
sensitivity to growth processes or perform comparisons
between modeled and observed GRs are limited (Sec. V.B).
Most models look into the effects of either the incorporation of
NPF per se or the overall presence of condensable organics.
Nevertheless, these studies show a significant sensitivity of the
number of CCN (around 50%) to NPF and the presence of
organics (up to half of the sensitivity to NPF). To further test
the sensitivity of modern ESM we conducted a sensitivity test
on the role of OOMs in growth with four representative
models (Sec. V.C). We found significant intermodel variation
on global CCN numbers, which, for two models, could be
attributed to the representation of the aerosol size-distribution
dynamics, highlighting the importance of removing ambigu-
ities from GR definitions. The global CCN averages showed
only a modest sensitivity on the incorporated organic con-
densation scheme, which, however, had some significant local
influence.

B. Recommendations for future growth studies

1. Experimental requirements

The first fundamental requirement for atmospheric growth
studies that yield additional insights compared to the current
body of knowledge is the deployment of instrumentation
providing high-quality size-distribution data, preferably cov-
ering the size range 1.5-1000 nm. As seen in the review of the
currently available instrumentation (Sec. IIL.A), recent
advances have particularly improved our ability to measure
the size distribution below 10 nm. The usage of such
instrumentation in future growth studies is therefore highly
encouraged. In particular, electrical mobility spectrometers
with diethylene glycol-based detectors for sub-3-nm size-
distribution measurements should be deployed more widely,
as they achieve stable size classifications and can potentially
provide the highest size and time resolution of sub-10-nm
size-distribution instruments. Future instrumental setups for
particle growth measurements should put more emphasis on
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the role of water. However, as drying procedures might cause
significant particle loss in the sub-10-nm range, resulting in a
lower instrumental sensitivity, the role of water might need to
be investigated indirectly, for instance, via dedicated aerosol
liquid water content measurements.

Linked to the aerosol hygroscopicity is the knowledge of
the gas- and particle-phase chemical composition. To advance
our understanding of nanoparticle growth in the atmosphere,
we need more insight into the responsible mechanisms, and
this calls for complementary measurements, i.e., simultaneous
quantification of condensable vapor concentrations, nuclea-
tion mode particle composition and dynamics (such as
coagulation and nucleation rates, sink values, and their link-
age), or at least ambient parameters such as air mass origin,
temperature, and relative humidity. The baseline contribution
of sulfuric acid should always be estimated, especially as the
usage of sophisticated proxy methods can provide good
estimates if verified for a specific location (Dada et al.,
2020a). Direct measurements are preferable and can also
facilitate simultaneous measurements of condensable organ-
ics. Here, however, the emphasis should be put on ELVOC
and LVOC (and to some extent also SVOC) detection when
nanoparticle growth is studied, which means that the nitrate
chemical-ionization scheme might be limited and that other
approaches covering that volatility range should be deployed
more widely. We also see a serious need to reduce systematic
uncertainties in (E)LVOC compound detection, which
requires higher resolving power at high sensitivities for
compound identification and subsequent careful calibration
of their charging efficiencies for absolute quantification. Apart
from condensable OOMs, more focus should be put on the
measurement of possible other agents in nanoparticle growth
such as small organic acids, nitric acid, MSA, and HIO;,
which also might require the application of complementary
ionization schemes. In addition, the gas-phase measurements
need to be further supported by measurements of the particle-
phase chemical composition, where the instrumentation has to
be further optimized for enhanced sensitivity to the low
particulate mass in the nucleation mode.

With the full size distribution ranging from 1.5 to 1000 nm
measured in a consistent way together with condensable vapor
concentrations or other relevant ambient parameters, future
studies should always try to extend measurement periods,
going toward long-term observations (Kulmala, 2018). If
long-term measurements are not feasible, enough NPF events
need to be collected to provide sufficient statistics to estimate
the variance in GR and related measurements and to put case
studies into the perspective of the general characteristics at
that measurement site. Therefore, every study should mention
the underlying statistics in terms of median and 25th to 75th
quantiles (more indicative than mean and standard deviations,
which could be biased high by a few rapid growth events). If
data related to the growth measurements are available, for
instance, condensable vapor concentrations, formation rate,
CS, or ambient parameters, they should be evaluated over the
same time intervals where growth was measured and also
reported with median and corresponding quantiles. Note that
this might result in different time intervals for different GR
size intervals (although they are not necessarily needed for the
formation rate) if an integrative GR measurement approach is
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chosen. In that case, the GR should be size resolved as much
as possible, but if a high precision, as expected with GDE-
based analysis techniques, is not feasible, the size dependency
should at least be reported to some extent. Many studies have
focused on the intervals of 1.5-3, 3-7, and 7-15/25 nm in
order to identify possible size-dependent trends in the GRs,
which is useful for study comparability.

Our review has shown that GR analysis, especially for
sub-5-nm particles, should if GDE-based methods are not at
hand rely mainly on the appearance time or maximum
concentration methods instead of modal GRs; see Sec. III.
Intercomparison between different methods is recommended
when GRs of particles larger than 5 nm are calculated in
ambient NPF events. We also recommend using the total
particle number size distribution for sizes smaller than 3—5 nm
as the basis for GR analyses, not ion distributions, as the
complex interaction schemes between ions and particles can
lead to ion GRs that are not representative of the growth of the
total particle population in the sub-3-nm range (Gonser et al.,
2014; Carracedo, Gonzalez et al., 2022). In the same sense,
we suggest the application of methods disentangling
the contributions of coagulation suggested by R. Cai et al.
(2021a), especially for heavily polluted environments with a
high coagulation sink. Comparisons to GDE-based GR
analysis methods would also be highly beneficial. Careful
estimates of the uncertainties in GR measurements should at
least be reported (Dada et al., 2020b; Ozon, Stolzenburg et al.,
2021). In addition, considerations of the effects of coagulation
scavenging, self-coagulation, or growth driven by diffusion in
the particle-size space on the measured GRs should be
included. In the same sense, studies should also include a
discussion of the meteorology and air mass history to put the
observed growth into a spatial perspective and avoid bias due
to effects caused by air mass changes.

Ideally an increasing amount of high-quality growth studies
should induce future work on chamber experiments, where
growth processes can be studied under controlled conditions.
The experimental recommendations for such studies are equal
to the aforementioned ambient measurements and protocols
for successful chamber experiments were recently detailed
(Dada et al., 2020b). Here we point out that chamber
experiments should refrain from boosted oxidation chemistry
and should represent ambient boundary conditions such as
sink rates as closely as possible. There are significant
differences between smog-chamber and similar-to-ambient
laboratory experiments (Chuang and Donahue, 2017), which
need to be addressed when results from chambers are trans-
formed into model input. However, when only growth
processes > 3 nm are studied, experiments most likely do
not need to reach the purity levels of chamber experiments
exploring nucleation mechanisms.

2. Recommendations for model setup

The varying model and simulation setups (for instance,
outputting particle numbers versus CCN, or studying con-
tribution of NPF versus direct sensitivity to growth or
inclusion of SOAs in the model) continue to make direct
comparison of the different studies challenging. Hence, no
unambiguous protocols for conducting such simulations exist
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but would be desirable for yielding robust conclusions about
the role of NPF and nanoparticle growth in CCN budgets in
the atmosphere. A baseline for all NPF-related large-scale
modeling studies should be comparisons of runs with and
without nucleation. With respect to nanoparticle growth, we
acknowledge that its representation is seldom the primary goal
of any atmospheric model. However, it is recommended to test
any new model application with a focus on size-resolved
aerosol concentrations and their impacts on CCN against field
observations of GRs; see Fountoukis ef al. (2012), Westervelt
et al. (2013), and Makkonen et al. (2014). Keeping in mind
that definitions of growth in models and experiments often
differ (Sec. II) and modal model schemes do not provide a
direct output of GR, at least comparisons of size-segregated
number concentrations Ny, N5y, and N, with field obser-
vations should be evaluated. Furthermore, it is favorable to
support such evaluation by comparisons of formation rates,
CS and CoagS. The increasing wealth of global observations
of aerosol particle number size distributions provides an
opportunity for such studies.

To facilitate the previously outlined comparisons of differ-
ent models with respect to nanoparticle growth, it would be
ideal for model studies to agree within their typical output.
Therefore, we recommend to report at least Ny (or Aitken
mode and above), Ng (or accumulation mode and above),
and GR contributions from different components (sulfuric
acid, organics, etc.) if they are used as inputs in particle
survival calculations. If the model is able to quantify CCN
concentrations, at least two supersaturation levels should be
reported (0.2% and 1.0%).

We have observed that the aerosol dynamics in the sub-
25-nm range can be influenced by a variety of processes other
than condensational growth (Secs. IV.B and IV.C). Sectional
modeling approaches might be better at capturing such
dynamics, as they are based on the GDE [Eq. (11)]. This is
in contrast to the fact that many models still use the simple
promotion of particles through a size range using an analytical
survival probability formula [for instance, Eq. (14)], which
was initially designed for small sizes (less than 3 nm) under
controlled conditions and might not be applicable within the
entire nucleation mode. However, even at the smallest sizes,
its application might be biased, as the input GR calculated
from condensational growth accounts for neither cluster
dynamics (Sec. IV.C.4) nor growth driven by diffusion in
the particle-size space (Sec. IV.B.2). Ideally studies should
systematically assess the strength of the potential errors
introduced by the simplifications mentioned in this review
(Sec. V.A). Comparisons against not only measurements but
also accurate aerosol dynamics models could be benefi-
cial here.

Apart from population dynamics, the condensable vapors
included in any atmospheric model bear significant impor-
tance for representing nanoparticle growth. Carslaw, Lee et al.
(2013) found that for uncertainties in Ns, processes that
control the availability of gas-phase nucleating vapors matter
more than nucleation rates in themselves. Besides sulfuric
acid, organics seem to be especially important in the
continental atmosphere, and their inclusion is an important
component for correctly predicting nanoparticle growth and
CCN (Sec. V). Detailed sensitivity tests of the included
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growth processes (as in Sec. V.C) are preferred for all future
studies explicitly targeting at estimates of the role of NPF in
the climate system because growth and nucleation are
equally important for it (Sec. V.B). This also holds for
potentially important additional vapors that should be
included in future model development, such as nitric acid,
MSA, and HIO;. Ultimately progress through detailed
molecular-level studies (including aerosol process models)
on the detailed properties (such as saturation vapor pressures,
mixture thermodynamics, and multiphase chemistry) of
condensable vapors (Sec. IV.C) should eventually translate
into methodological large-scale model studies that target
specific processes (like nanoparticle growth).

Finally, model developments should also be evaluated in
past and/or future emission scenarios, where the effects may
be substantially different. Earlier studies have already shown
that changes to NPF parametrizations play out much differ-
ently in preindustrial or future emission scenarios than in
present-day simulations (Gordon et al., 2016, 2017). We
recommend at least running preindustrial simulations because
they impact the estimated effective anthropogenic radiative
forcing and because future scenarios usually include reduc-
tions in aerosol emissions, and the effects would likely go in
the same direction.

C. Future work

With the recommendations for both experimental
studies and models in place, we will be able to reduce the
ambiguities arising from the different definitions in nano-
particle growth in the future. From the experiment side,
future work should focus here on the improvements of our
measurement techniques toward lower detection limits and
higher temporal resolution, as high-quality size distributions
can promote the application of GDE-based analysis methods
that can resolve many problems associated with the collec-
tive methods (Sec. III.B). At the same time, for most of these
GDE-based methods dedicated studies on the sensitivity
toward fluctuating particle number concentrations need to be
further investigated. From the modeling perspective, future
work remains on evaluating whether parametrizations for
sub-3-nm growth that account for cluster dynamics and
growth driven by diffusion in the particle-size space are
needed to better describe the population effects on particle
growth. Generally the concept of particle survival laid
out in Sec. I.B is challenged by our observations under
highly polluted conditions (Kulmala et al., 2017) and
might require new theoretical concepts for both experimen-
talists and modelers. In that sense, keep in mind that
models can be sensitive only to processes that are included
in the models. New critical analysis of the model sensitivity
results presented here is therefore warranted, as novel
findings with robust observational evidence and theoretical
interpretations emerge.

Large-scale models have only recently started to incorpo-
rate more detailed organic condensation schemes, with
dynamic condensation approaches coupled to a variety of
organic volatilities such as the VBS approach (Donahue et al.,
2011). We have also seen that organic gas- and particle-phase
chemistry have a large influence on the resulting atmospheric
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organic volatility distribution, and hence their condensation
behavior (Sec. IV.C.7). Future experimental work needs to
find good representations of organic chemistry within such
volatility schemes and compare them to ambient organic
growth observations in different environments. Organic mass
closure in growth processes is far from being achieved, and
future measurements need to address this with novel
approaches to measure gas-phase organics and particle-phase
composition.

The complex particle-phase interactions in the sub-25-nm
range need to be investigated in the future by dedicated
experiments and process models, which search for limitations
or promoting effects in multiphase particle growth. In addi-
tion, it needs to be determined whether these compounds are
important drivers of growth on a global scale or whether they
really are only locally important. This calls for ambient studies
at locations difficult to access (the open oceans, the free
troposphere, or highly dynamic urban settings), which might
be feasible only by novel instrumentation or analysis
approaches. On the other hand, models need to judge whether
such growth processes are relevant for the size of a model grid
box. Care should be taken when considering processes
relevant only on smaller scales, which can, however, still
be non-negligible (Williamson ez al., 2019). Given the global
importance of oceans and marine clouds, particularly the
investigation of the potential global importance of MSA and
iodic acid on the aerosol number, size-distribution dynamics is
recommended here.

An important application of detailed understanding of the
molecular-scale growth processes (Sec. IV.C) is to also
develop the simplest possible ways to represent it without
losing the necessary precision required to answer the question
at hand. Aerosol process models, in particular, could support
the large-scale models in that respect and should be further
developed to best represent our experimental findings. Here
more work on the quantum chemistry of cluster formation and
stability is vital for bringing experiments and process models
into better agreement. While such studies are critical for model
development and evaluation, there is also the continuous need
to use the new and improved large-scale models to target the
“big questions” such models are particularly well designed to
answer. Such questions could include the magnitudes of
feedback within the Earth system (associated, for instance,
with biosphere-atmosphere interactions or ocean-atmosphere
interactions), impacts of future air quality and climate policies,
or links among large-scale circulation, aerosols, and clouds. In
such studies nanoparticle growth is only one process in a chain
of processes and (while often important) not necessarily the
main determining factor (see Table II), in which case some
constrained uncertainty is acceptable in return for a reduced
computational burden.

To address these big questions from an experimental point
of view, a broader coverage on growth measurements on a
global scale is urgently required. This could confirm the
hypothesis of GR values being limited mostly within
1-10 nmh~!, which we laid out in Sec. IV.A and which
has only recently begun to be investigated (Kulmala, Cai et al.,
2022; Kulmala ef al., 2023). This calls for future work on the
sensitivity of our GR methods toward fast and low growth to

045002-48



Dominik Stolzenburg e al.: Atmospheric nanoparticle growth

verify that the limited observations are not an artifact of the
underlying methodology. However, the models currently seem
to have medium sensitivities to the growth descriptions used
when globally averaged parameters such as CCN concen-
trations are investigated (Sec. V.C). Both the experimental and
global modeling data therefore suggest that the atmospheric
system is highly buffered against high particle survival
probabilities. However, the reason for this has not been
entirely revealed and, while models attribute it to the corre-
lation of the sources for particle formation and sink, ambient
observations do not find that correlation for the GR and CS,
but instead only for J and CS (Sec. IV.A). On the one hand,
that buffering might not even be attributed to the particle
survival, but rather to limited overall condensable mass (total
organics, for example), to grow the newly formed particles
large (from 50 to 150 nm) during their lifetime (on the order of
a week for accumulation mode). With higher particle survival
in the nucleation mode, that limited condensable mass along
their atmospheric trajectory is split up among more particles,
resulting in a lower final size. With the CCN ability being a
steep function of size, this directly results in a buffering
toward high particle survival probabilities. On the other hand,
the significant changes in CCN numbers when different
aerosol dynamics schemes are included in the same model
(Blichner et al., 2021) still point toward the fact that part of
that buffering is also due to oversimplifications in the growth
description.

While models could still have significant conceptual short-
comings, as previously discussed, experimental observations
are highly incomplete. As outlined in Sec. VLB, studies with a
full coverage of the size distribution, condensable vapor
measurements, and insights into nucleation mode particle
composition are sparse. In addition to the open oceans and the
free troposphere (calling for more ship- or aircraft-based
studies), large areas of continents are also still underrepre-
sented in experimental studies, for instance, Latin America,
Africa, Siberia, and Southeast Asia. Their diverse vegetation
systems might induce different growth patterns than corre-
sponding regions on other continents, which are more closely
studied. Here fair collaborations aiming for capacity building
of local researchers in these regions should be promoted,
which also increases the future need for development of low-
cost instrumentation for measuring nanoparticle growth with
the previously outlined precision. The availability of low-cost
equipment could further promote studies that cover larger
areas simultaneously, investigating local differences in particle
growth and the regional extent of growth processes. The
latter could then also ideally be investigated through novel
approaches using satellite data.

Altogether we saw that future work on nanoparticle growth
still needs to address highly challenging research questions.
As of now there is no complete and detailed picture on how
atmospheric particles are growing from molecular cluster sizes
through the decisive cluster-particle transition regime below
25 nm. Both the physics of condensation and population
dynamics and the multiphase chemistry including the gas and
particle phase need to be resolved in depth in the future in
order to define the importance of nanoparticle growth in the
atmospheric system. Laboratory studies, ambient measure-
ments, and the theoretical and large-scale modeling
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communities should work more closely together in the future
toward resolving the growth of ambient new particles, and this
review has set the basis for these developments.

LIST OF SYMBOLS AND ABBREVIATIONS

NPF new particle formation
CCN  cloud condensation nuclei
GR (nmh~') growth rate
PNSD (cm™) particle number size distribution
VOC volatile organic compound
SVOC semivolatile organic compound
LVOC low-volatility organic compound
ELVOC extremely low-volatility organic
compound
CS (s7!') condensation sink
DMA differential mobility analyzer
CPC condensation particle counter
SMPS  scanning mobility particle sizer
DMPS differential mobility particle
sizer
NAIS neutral cluster and air ion
spectrometer
AIS air ion spectrometer

CI-APi-TOF-MS

chemical-ionization atmospheric
pressure interface time-of-flight
mass spectrometer

GDE general dynamic equation
SOA secondary organic aerosol
MSA methanesulfonic acid (CH4O5S)
DMS dimethylsulfide (C,HgS)
nns-SO;~  non-sea-salt sulfate
HOM highly oxygenated organic
molecule
OOM oxygenated organic molecule
BVOC biogenic volatile organic
compound
ESM Earth system model
VBS volatility basis set
d, (nm) particle (mass) diameter
d; (nm) condensable vapor  (mass)
diameter

GR,,, (nmh~")

GRcond (Ill’l’l h_l )
GRCoag (nm h! )
GR i (nmh™)
GRiffusion (nmh~1)

N,/i/p (cm™)
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total GR of a single particle or
particle population caused by
condensation and coagulation
GR caused by condensation
GR caused by coagulation

GR caused by deterministic drift
in particle-size space

GR caused by stochastic diffu-
sion in particle-size space
number concentration of vapor i,
molecular cluster containing k
monomers or particles p



T (K)
RH (%)

R JK '"mol™h)
kg JK1)
Bi. p) (cms™)

Neq.i (Cm_3)

Neq,O,i (Cm_3)

O; (N m_l)

M; (gmol~! or g)
pi (gem™)

Vact.i

y::(l:t,i

i (s7h

CoagSrc (cm™3s71)

CoagS (s71)

n(v) (um=> cm™3)

P(d

pl g de)

J (cm™3s7h)

CS (s7H
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temperature

relative humidity

ideal gas constant

Boltzmann constant

vapor i particle p collision rate
coefficient

effective condensable vapor sat-
uration number concentration
condensable vapor saturation
number concentration for flat
surfaces and pure substances
surface tension of vapor i
molecular mass of vapor i
density of vapor i

activity coefficient of vapor i in
the particle phase based on mole
fractions

activity coefficient of vapor i in
the particle phase based on mass
fractions

evaporation rate of cluster con-
taining k monomers
coagulation source, i.e., rate of
particles produced by coagula-
tion of smaller entities
coagulation sink, i.e., rate of
particles lost by coagulation
with other entities

particle number  volume
distribution
particle survival probability

against coagulation scavenging
between diameters d,,; and d,,,
new particle formation (nuclea-
tion) rate

condensation sink for condens-
able vapors

Knudsen number defining the
collision dynamics between va-
por and particle

Fuchs-Sutugin transition regime
correction factor

diffusion coefficient of vapor i
or particle p

mean thermal velocity of vapor i
or particle p

collision enhancement factor for
the continuum or free-molecular
regimes

Hamaker constant describing
collision enhancement due to
Van der Waals forces

mass concentration of vapor
i in the particle phase or gas
phase or total gas plus particle

Ci.p/g/t (}lg m_3)

phase
C: (ngm™3) effective saturation mass con-
centration
Coa (ngm™) total organic aerosol mass con-
centration (particle phase)
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