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Abstract. Cloud condensation nuclei (CCN) links atmospheric aerosol particles to cloud droplet formation, yet the electrical

charge carried by these particles is not represented in aerosol-cloud models. Previous studies linking ionisation to CCN have

focused on ion-induced particle production and found small effects. Here we test whether the natural bipolar charge distribution

on all aerosol particles modifies particle survival and redistribution during growth to cloud-active sizes. Using the charge- and

size-resolved ELSA-ICAM box model, we compare neutral and charged simulations in two regimes: a polluted urban regime5

dominated by sulfuric acid-dimethylamine nucleation and a clean boreal regime dominated by biogenic highly oxygenated

organic molecule nucleation. In the polluted regime, bipolar charging reduces total particle number by 3.1% relative to the

neutral case at 72 h while increasing CCN at 0.2% supersaturation by 2.5%. By 120 h, the number response reverses to +4.1%

and the CCN enhancement increases to +5.8%. In the clean regime, the charge-resolved case increases CCN by +8.9% at 120 h

relative to the neutral case. Process attribution shows that charge-dependent coagulation is the largest shared contribution,10

increasing CCN by +5.8% in polluted air and +5.3% in clean air through size-selective survival and redistribution. Ion-

induced nucleation is negligible in polluted air but contributes an additional +3.6% to CCN in clean air, despite producing

a larger increase in particle number. The CCN response is therefore less sensitive to ion production than particle production.

These results identify charge-regulated aerosol survival as a microphysical pathway linking atmospheric ionisation to CCN.

1 Introduction15

Clouds exert a first-order control on the Earth’s radiation budget, and the response of clouds to changing aerosol remains one

of the largest sources of uncertainty in estimates of anthropogenic radiative forcing (Forster et al., 2021; Carslaw et al., 2013).

The microphysical basis of this aerosol effect is well established. A greater concentration of aerosol particles able to activate

into cloud droplets increases droplet number and raises cloud albedo for fixed liquid water content (Twomey, 1977). It can also

modify cloud lifetime and precipitation efficiency (Albrecht, 1989). The strength of these effects is governed by the population20

of cloud condensation nuclei (CCN), and reducing uncertainty in CCN is therefore central to constraining the cloud radiative

response (Grosvenor et al., 2018).
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At a prescribed supersaturation, aerosol activation is determined primarily by particle dry size and chemical composition,

the latter commonly represented by a hygroscopicity parameter and the mixing state of the aerosol population (Petters and

Kreidenweis, 2007; Riemer et al., 2019). Activation parameterisations used in weather and climate models combine the size-25

resolved aerosol number and composition with atmospheric thermodynamic conditions and updraft velocity to calculate cloud-

droplet number (Abdul-Razzak and Ghan, 2000). A substantial fraction of CCN does not originate from primary emissions

but is produced through new particle formation (NPF) and subsequent growth (Merikanto et al., 2009; Gordon et al., 2017;

Kerminen et al., 2018). Freshly nucleated particles must grow towards CCN-active sizes while avoiding coagulation scavenging

by the pre-existing aerosol population. The probability of surviving this competition is classically expressed as a function of30

the ratio of the particle growth rate to the coagulation sink (Kerminen and Kulmala, 2002; Lehtinen et al., 2007). Because

the coagulation sink increases steeply with decreasing particle size, survival is most strongly controlled by this growth–loss

competition at the smallest sizes, where coagulation scavenging is generally the dominant loss process competing against

growth; observational and theoretical studies accordingly focus on the sub-10 nm range, often resolved into intervals such

as 1.5–3, 3–6, and 6–10 nm. This nuclei survival sets how many freshly formed particles persist beyond the cluster regime35

and determines the CCN formation efficiency of NPF (Pierce and Adams, 2007). The CCN yield, however, depends on

survival across the full trajectory to cloud-active sizes: particles that clear the cluster regime can still be preferentially lost

or redistributed by coagulation as they grow through the Aitken and accumulation modes. We refer to this broader, size-

resolved competition as aerosol survival. The CCN yield of NPF is therefore controlled not only by how many particles form,

but by which particles survive and grow across the entire size range (Deng et al., 2021). Any process that modifies this survival40

probability can consequently modify CCN.

Atmospheric aerosol particles are not generally electrically neutral. The lower atmosphere is continuously ionised by galactic

cosmic rays, radioactive decay of radon and its progeny, and terrestrial gamma radiation. These processes produce small ions

that sustain atmospheric conductivity and the global electric circuit (Bazilevskaya et al., 2008; Rycroft et al., 2008; Tinsley,

2008). Small ions attach to aerosol particles, producing a continuously regenerated distribution of positive, neutral, and negative45

particles (Hoppel and Frick, 1986; Harrison and Carslaw, 2003; Hirsikko et al., 2011). Charged aerosol has been observed in

fair-weather conditions, at cloud edges (Nicoll and Harrison, 2016), in volcanic plumes (Gilbert et al., 1991; Harrison et al.,

2010), in elevated mineral dust (Nicoll et al., 2011), and in the stratosphere (Renard et al., 2013; Brattich et al., 2019). Charge

is therefore a persistent property of atmospheric aerosol, but it is absent from the aerosol state variables represented in most

weather and climate models.50

The microphysical effects of charge are also well established. Ions can lower the free-energy barrier to cluster formation and

thereby enhance particle formation under favourable atmospheric conditions. Ion-mediated particle formation was explored

theoretically by Yu and Turco (2001), while the importance of ion-induced nucleation under clean conditions was subsequently

demonstrated experimentally by the CERN CLOUD studies (Kirkby et al., 2011, 2016). In addition to the charge present at

the point of NPF, existing particles acquire charge through ion-aerosol attachment at rates that depend on particle size and55

the ambient small-ion population (Hoppel and Frick, 1986). Charge subsequently modifies coagulation. Coulomb attraction

between oppositely charged particles enhances their collision rate, whereas repulsion between similarly charged particles
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suppresses it. Image-charge and van der Waals interactions further modify the collision kernel (Ghosh et al., 2017, 2021).

Electrostatic forces can also alter the scavenging of interstitial aerosol by cloud droplets (Tinsley et al., 2000; Laakso et al.,

2002). These processes act directly on aerosol number and size, the quantities that determine particle survival and eventual60

activation as CCN.

The connection between atmospheric ionisation and CCN has nevertheless been examined largely through the particle-

formation pathway. Motivated by the hypothesis that solar modulation of the cosmic-ray flux influences cloud cover (Svensmark

and Friis-Christensen, 1997; Carslaw et al., 2002), global modelling and chamber-constrained studies have asked whether

variability in ionisation changes CCN by changing the ion-induced nucleation rate. These studies generally found only a small65

CCN response to variations in air ion concentrations (or ionisation rates) because many of the additional particles are lost by

coagulation before reaching CCN-active sizes, while competition for condensable vapour can limit the growth of those that

survive (Pierce and Adams, 2009; Dunne et al., 2016). This conclusion addresses the production pathway, but it does not fully

address a separate survival pathway. Even without variability in the ion source, the charge carried by existing aerosol particles

modifies the coagulation processes that govern their survival.70

Production and survival therefore represent distinct pathways. The production pathway asks whether ions create additional

particles, whereas the survival pathway asks whether particle charge changes which particles persist and grow to CCN-active

sizes. Previous ion–aerosol modelling followed the evolution of charged and neutral particles from molecular clusters to

approximately 20 nm diameter (Yu and Turco, 2001). However, to our knowledge, no study has quantified this pathway

across the complete NPF-to-CCN transition by following an evolving atmospheric aerosol population jointly in size and75

charge through particle formation, growth, coagulation, and post-NPF aging to supersaturation-dependent CCN. Furthermore,

this pathway has not been tested using matched controls in contrasting polluted and clean environments. This distinction is

important because charge can have a small effect through particle production while exerting a measurable influence on CCN

through particle survival.

Here, we test the survival pathway directly using ELSA-ICAM, the Electrical State of Aerosol extension of the Integrated80

Chemistry Aerosol Microphysics (ICAM) model (Ghosh et al., 2026), which resolves the aerosol population jointly by particle

size and integer charge state. The model couples a prognostic bipolar small-ion balance with ion attachment to aerosol (Hoppel

and Frick, 1986), neutral and ion-induced nucleation, condensation, dry deposition, and charge-resolved coagulation. The

coagulation kernel accounts for Coulomb, image-charge, and van der Waals interactions across all particle size and charge-

state combinations. Coagulation is integrated using the volume- and charge-conserving numerical scheme described by Ghosh85

et al. (2017, 2021). We address four questions. First, does bipolar charge acquired under ordinary atmospheric ionisation

measurably alter the evolution of an NPF population and its conversion to CCN? Second, which of ion-induced nucleation,

charge-modified condensation, and charge-dependent coagulation contributes most strongly to the CCN response? Third, how

does the dominant process redistribute particle number across the size distribution and thereby affect particle survival to CCN-

active sizes? Fourth, does this response persist across contrasting polluted and clean aerosol environments?90

We find that ordinary atmospheric particle charging alters the pathway from particle formation to CCN across both polluted

and clean regimes, even though the corresponding particle-number responses differ strongly. Charge-dependent coagulation
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provides the dominant shared contribution to the CCN response in both environments, while ion-induced nucleation provides

an additional production pathway in the clean regime whose large effect on particle number is strongly filtered before particles

reach CCN-active sizes. On this basis, we propose the charge-regulated aerosol survival hypothesis, in which particle charge95

influences CCN primarily by modifying which particles survive and are redistributed to cloud-active sizes during growth and

aging.

2 Methods

Figure 1. Architecture of ELSA-ICAM and the two-regime experiment design. The neutral references C1 and B1 (left) and the corresponding

charge-resolved C2 and B2 experiment families (right) use the same inputs within each atmospheric regime. All simulations resolve 80

particle-size bins, while the charge-resolved experiments additionally resolve 41 integer charge states (z =−20, . . . ,+20), represented

schematically by the charged aerosol representation grid in the centre. Aerosol particles acquire charge through two routes: ion-induced

nucleation creates particles directly in a charged state, whereas ion–aerosol attachment transfers initially neutral or already charged particles

between charge states. All simulations use a timestep of ∆t= 15 s and follow 72 h of active new particle formation (NPF) followed by

48 h of post-NPF aging. The polluted and clean regimes use different measured background aerosol distributions, meteorology, nucleating

vapours, and condensation treatments, as described in Sect. 2.2. Charge-related modules that are switched among the attribution experiments

are highlighted in red; the complete experiment hierarchy and process switches are given in Table 1.
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The overall ELSA-ICAM architecture and experiment hierarchy are summarised in Fig. 1, and the process configuration of each

experiment is listed in Table 1. We apply the same numerical framework to two contrasting atmospheric regimes. The polluted100

configuration is constrained by wintertime Delhi observations and uses sulfuric-acid– dimethylamine nucleation and sulfuric-

acid condensation. The clean configuration is constrained by Hyytiälä SMEAR II observations and uses pure-biogenic highly

oxygenated organic molecule (HOM) nucleation together with volatility-resolved organic condensation. Within each regime,

the neutral and charge-resolved simulations use identical initial aerosol, meteorology, vapour forcing, size grid, deposition

treatment, and integration protocol.105

The neutral references are denoted C1 for the polluted regime and B1 for the clean regime. The C2 and B2 experiment

families introduce a prognostic bipolar small-ion balance and resolve the evolving aerosol charge distribution. Incremental

process switches isolate charge-dependent coagulation, regime-specific ion-induced nucleation, and charge-enhanced sulfuric-

acid condensation. The complete charge-resolved configurations are C2c and B2c. The neutral-kernel controls C2-NK and

B2-NK retain the ion balance, charge bookkeeping, and ion attachment but replace all charge-dependent aerosol collision110

coefficients with the neutral Brownian kernel. Ion-induced nucleation and charge-enhanced condensation are disabled in these

numerical controls, allowing them to reproduce C1 and B1 to numerical precision.

Table 1. Overview of the model experiments and their charge-related process configuration, including ion production and attachment (IPA),

charged-dependent coagulation (CDC), ion-induced nucleation (IIN), charge-enhanced condensation (CEC), initial aerosol charge state (z0),

and experimental purpose for each case used in this study. A filled circle denotes an active process for that case while – denotes an inactive

process.

Case Regime IPA CDC IIN CEC Purpose

C1 Polluted – – – – Neutral reference

C2-NK Polluted • neutral – – Numerical charge-bookkeeping control

C2 Polluted • • – – Charge-dependent coagulation

C2b Polluted • • inorganic – Adds sulfuric-acid–water IIN

C2c Polluted • • inorganic • Complete polluted charge configuration

B1 Clean – – – – Neutral reference

B2-NK Clean • neutral – – Numerical charge-bookkeeping control

B2a Clean • • – – Charge-dependent coagulation

B2b Clean • • biogenic – Adds bipolar HOM IIN

B2c Clean • • biogenic • Complete clean charge configuration

2.1 Charge-resolved ELSA-ICAM framework

We use ELSA-ICAM, the charge-resolved extension of the neutral box-model component of the 3D-ICAM framework (Ghosh

et al., 2026). The model represents a well-mixed aerosol population jointly by particle dry size and integer elementary charge.115
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Its state variable Nz,j is the number concentration in charge state z and size bin j. The charged simulations use 41 charge states,

z =−20, . . . ,+20, while all simulations use 80 size bins. Number concentrations are expressed in cm−3 per size–charge bin.

The aerosol grid contains 80 logarithmically spaced volume bins spanning dry particle diameters from 1 nm to 5µm

(Fig.1). The representative particle volume in size bin j is Vj = πD3
j/6. Nucleation, condensation, and coagulation products

are transferred between adjacent sectional bins using volume-conserving interpolation. The charge-resolved general dynamic120

equation is written schematically as

dNz,j

dt
= Sneu

z,j +Sion
z,j +Gz,j +Az,j +Kz,j −ΛjNz,j , (1)

where Sneu and Sion are the neutral and ion-induced particle-formation sources, G is condensational transport across the size

grid, A is redistribution among charge states by ion attachment, K is coagulation, and Λj is the size-dependent dry-deposition

loss rate. Summing Eq. (1) over charge states gives the corresponding size-resolved equation.125

All simulations are run for 120 h with a time step of 15 s. Neutral and ion-induced nucleation are active during the first 72 h

and are then switched off, followed by 48 h of post-NPF aging. The hourly temperature and relative-humidity measurements for

a representative day in each regime are interpolated to the model time step and repeated as a 24 h cycle over the five simulation

days. Within a time step, operators are applied in the following order: neutral nucleation; small-ion production, recombination,

and attachment; ion-induced nucleation; condensation and vapour update; coagulation; and dry deposition (Fig. 1).130

2.2 Initial aerosol and gas-phase inputs

For both regimes, measured mobility-size distributions reported as dN/dlog10Dp are converted to channel-integrated number

concentrations according to

Ni =

(
dN

dlog10Dp

)

i

∆log10Dp,i. (2)

Each measured channel is assigned to the model size interval containing its representative diameter, and its integrated number135

is added to that model bin. Model bins outside the measured diameter range are initialised with zero background number. No

additional background-number scaling is applied. Neutral cases place the complete initial distribution in z = 0. All charged

cases also begin at z = 0, after which bipolar ion attachment generates the charge distribution prognostically.

2.2.1 Polluted configuration

The polluted initial aerosol and meteorological cycles are based on the wintertime Delhi SMPS observations reported by140

Mishra et al. (2023). A representative background spectrum is obtained by averaging selected low-number days on which no

NPF event was identified. The mapped initial distribution has a total number concentration of approximately 1.97× 103 cm−3

and is used without concentration scaling.

The initial sulfuric-acid concentration is [H2SO4]0 = 1.0× 106 cm−3. During active NPF, its prescribed production rate is

PH2SO4(t) = Pmin +(Pmax −Pmin)exp

[
− (tday − 12h)2

2(2h)2

]
, (3)145
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where Pmin = 1.0× 106 and Pmax = 5.0× 106 cm−3 s−1. The same 24 h source cycle is repeated on each active-NPF day.

Dimethylamine is held fixed at [DMA] = 5.0×106 cm−3 and is not depleted by nucleation. Sulfuric acid evolves prognostically

as

[H2SO4]
n+1 =max{0, [H2SO4]

n +∆t(PH2SO4
−Lnuc −Lcond)} , (4)

where Lnuc includes the vapour consumed by neutral and ion-induced particle formation and Lcond is the condensation loss to150

the evolving aerosol. Nucleation is disabled after 72 h. The background source Pmin is retained during aging, and the post-NPF

vapour treatment is applied identically to all polluted matched cases.

2.2.2 Clean configuration

The clean initial aerosol is obtained from Hyytiälä SMEAR II DMPS observations accessed through the Smart-SMEAR

database (Junninen et al., 2009). We use 9 March 2020, a complete non-NPF day preceded by seven complete non-NPF days,155

to represent an aged accumulation-mode background with a low condensation sink. The daily-median size distribution has an

integrated number concentration of approximately 1.02× 103 cm−3, a number mode near 178 nm, and a median sulfuric-acid

condensation sink of approximately 2.9×10−3 s−1. The 24 h temperature and relative-humidity cycles are taken from the same

day.

A prescribed sulfuric-acid concentration cycle of approximately 1.0× 105 to 1.0× 106 cm−3 is used during active NPF,160

consistent with concentrations observed under boreal conditions (Riipinen et al., 2007). After 72 h, sulfuric acid is held at the

minimum of this cycle. Organic nucleation and growth are driven by a prognostic total HOM reservoir. A preliminary neutral

B1 simulation is used to derive a 24 h external HOM production profile from a reference HOM concentration cycle of 5.0×107

to 1.0× 108 cm−3 obtained from Zha et al. (2018). The resulting production profile, PHOM(t), is fixed, repeated every 24 h,

and applied without retuning to B1 and all B2 experiments. HOM concentrations then evolve prognostically in response to165

condensation and particle formation. Changes in the aerosol population can therefore alter the condensation sink and the HOM

available for subsequent nucleation and growth. The imposed HOM forcing is literature constrained but is not intended to

reproduce a measured HOM time series.

2.3 Neutral nucleation and condensational growth

2.3.1 Polluted H2SO4–DMA system170

Neutral particle formation in the polluted regime follows the H2SO4–DMA cluster-kinetic treatment of Brean et al. (2023),

as used in the neutral 3D-ICAM box configuration (Ghosh et al., 2026). The neutral formation rate depends on H2SO4,

DMA, temperature, relative humidity, and the sink imposed by the existing aerosol. Newly formed neutral particles have a

target diameter of 1.5 nm and are inserted into z = 0 using volume-conserving interpolation. H2SO4 condensation follows the

transition-regime treatment of Laakso et al. (2002). Condensation is solved semi-implicitly as transport between adjacent size175
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pivots, with particle charge preserved during growth. The corresponding aerosol uptake is included in the prognostic H2SO4

budget in Eq. (4).

2.3.2 Clean HOM system

Pure-biogenic neutral nucleation follows the CLOUD parameterisation of Kirkby et al. (2016). Defining H = [HOM]/(107 cm−3),

the neutral formation rate at 1.7 nm mobility diameter is180

Jn,HOM = a1H
a2+a5/H , (5)

with a1 = 0.04001, a2 = 1.848, and a5 = 0.1863. The corresponding physical diameter used for sectional insertion is 1.4 nm.

Newly formed neutral particles are inserted into z = 0 using volume-conserving interpolation.

The clean HOM concentration is obtained from

d[HOM]

dt
= PHOM(t)−Lcond,HOM − νHOM (Jn,HOM + Ji,HOM) , (6)185

where νHOM is the number of HOM molecules represented by a new 1.4 nm particle. This concentration is integrated prognostically

and constrained to remain non-negative.

Organic condensational growth is represented using a reduced nine-bin Kelvin-volatility-basis-set treatment of Tröstl et al.

(2016). The nine saturation-concentration bins are log10(C
∗/µgm−3) =−8,−7, . . . ,0. The total prognostic HOM reservoir

is partitioned among these bins using the adopted OBS-LVOC88 profile: 7.1 % extremely low-volatility organic compounds,190

88.0 % low- volatility organic compounds, and 4.9 % semi-volatile organic compounds. The bin fractions are 3.29, 0.78, 1.04,

1.99, 10.0, 18.0, 35.0, 25.0, and 4.90%, respectively. Uptake includes transition-regime transport and the Kelvin effect, using

a representative molar mass of 300 gmol−1, density of 1400 kgm−3, surface tension of 0.023Nm−1, and accommodation

coefficient of unity. The model retains one prognostic total-HOM gas reservoir rather than nine independently prognostic

chemical tracers.195

2.4 Small-ion balance and ion–aerosol attachment

Positive and negative small ions are produced symmetrically at an ion-pair production rate q. The simulations use q = 5.0cm−3 s−1;

sensitivity simulations use q = 2.0 and 10.0cm−3 s−1. Their concentrations evolve according to

dn+

dt
= q−αn+n− −n+

∑

z,j

K+
z,jNz,j , (7a)

dn−

dt
= q−αn+n− −n−∑

z,j

K−
z,jNz,j . (7b)200

where α= 1.6× 10−6 cm3 s−1 is the bipolar ion–ion recombination coefficient and K±
z,j are the size- and charge-dependent

ion-attachment coefficients (Hoppel and Frick, 1986). K±
z,j depends on the small-ion diffusivity as well as the electrostatic

interaction between the ion and the charged aerosol particle. We assume the positive- and negative-ion diffusivities are constant
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and equal, D+ =D− = 0.035cm2 s−1. Initial small-ion concentrations are obtained from the steady-state solution of Eq. (7)

for the initially neutral aerosol distribution of the corresponding regime.205

Attachment of a positive ion transfers a particle from z to z+1; attachment of a negative ion transfers it from z to z− 1.

The same event rates update both the aerosol charge matrix and the small-ion concentrations. The attachment and ion–ion

recombination operator therefore conserves aerosol number and the net charge of the combined aerosol–small-ion system to

numerical precision. The operator is integrated with adaptive explicit subcycling, a target ion-loss Courant number of 0.05, and

a maximum substep of 5 s. Attempted transitions beyond the finite charge grid are blocked and diagnosed.210

2.5 Ion-induced nucleation

The two regimes use chemically distinct IIN parameterisations. In the polluted C2b and C2c experiments, negative-ion-

mediated binary sulfuric-acid– water nucleation follows Dunne et al. (2016). The uncapped rate at 1.7 nm is

J∗
i,H2SO4

= kbi(T )n
−
(

[H2SO4]

106 cm−3

)3.37

, (8)

where215

lnkbi(T ) =−11.5− exp

[
25.5

(
T

1000K
− 0.181

)]
. (9)

The applied rate is limited by ion production and the available negative small-ion population:

Ji,H2SO4 =min

[
J∗
i,H2SO4

, q,0.95
n−

∆t

]
. (10)

Each event consumes one negative ion and produces a particle in z =−1. Sulfuric acid represented by the new particle is

removed from the vapour budget. This channel does not consume DMA.220

In the clean B2b and B2c experiments, HOM IIN follows Kirkby et al. (2016). Positive- and negative-ion branches are

evaluated separately using the prognostic ion concentrations:

J+
i,HOM = a3n

+Ha4+a5/H , (11)

J−
i,HOM = a3n

−Ha4+a5/H , (12)

Ji,HOM = J+
i,HOM + J−

i,HOM, (13)225

where a3 = 0.001366, a4 = 1.566, and a5 = 0.1863. Each positive or negative branch consumes one ion of the corresponding

polarity and creates a particle with charge z =+1 or z =−1, respectively. New particles are inserted at a physical diameter of

1.4 nm using volume-conserving interpolation. The HOM represented by these particles is removed through Eq. (6).

2.6 Charge-resolved coagulation

The charge-resolved coagulation coefficient for particles in size bins j and k and charge states z and z′ is230

Kzz′
jk = βB

jkA
zz′
jk , (14)
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where βB
jk is the neutral Brownian kernel and Azz′

jk is a precomputed interaction correction containing Coulomb, image-charge,

and van der Waals interactions (Ghosh et al., 2017, 2021). The correction is normalised so that neutral–neutral collisions

reproduce the Brownian kernel exactly. Collisions between particles carrying opposite charge are generally enhanced, whereas

collisions between particles carrying similar charge are generally suppressed. The magnitude depends on both particle sizes235

and both charge states.

A collision produces a particle with charge zp = z+z′ and volume Vp = Vj+Vk. Product volume is mapped between adjacent

size pivots using volume-conserving interpolation. Coagulation is integrated with a sequential semi-implicit sectional solver.

Same-size charge coupling is treated implicitly, while production into larger size bins is passed forward through the grid.

The method conserves aerosol volume and charge, subject to the finite size and charge grids. Charge-boundary population,240

attempted charge overflow, and size overflow are recorded as numerical diagnostics. The neutral-kernel controls set Azz′
jk = 1

for every charge pair.

2.7 Charge-enhanced condensation sensitivity

The complete C2c and B2c experiments apply a bounded sulfuric-acid condensation enhancement to charged particles between

1.8 and 3.2 nm, following the charge–dipole growth enhancement reported by Stolzenburg et al. (2020):245

Cz,j =




1.45C0

j , z ̸= 0 and 1.8≤Dj ≤ 3.2nm,

C0
j , otherwise,

(15)

where C0
j is the neutral sulfuric-acid condensation coefficient. The same coefficient is used in particle growth and in the

corresponding sulfuric-acid condensation sink. The enhancement is applied symmetrically to both charge polarities. In the

clean regime it modifies only the sulfuric-acid component; the nine-bin HOM uptake is not multiplied by this factor. This

treatment is a bounded sensitivity, not a universal charge-dependent growth parameterisation.250

2.8 Dry deposition

Dry removal is represented by a size-dependent first-order column loss (Zhang et al., 2001; Petroff and Zhang, 2010):

Λj =
vdep,j
H

=
vg,j + vdiff,j

H
, (16)

where H = 1000m is the well-mixed column depth, vg,j is the gravitational settling velocity, and vdiff,j is a simplified

diffusion-dependent deposition velocity:255

vdiff,j =
u∗

Sc
2/3
j +10

, Scj =
ν

DB,j
. (17)

Here u∗ = 0.30ms−1, ν is the kinematic viscosity of air, and DB,j is the Brownian diffusivity. Diffusivity and settling velocity

include the Cunningham slip correction. The same Λj is applied to every charge state, so direct charge-dependent deposition

is not included.
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2.9 CCN diagnosis260

CCN concentrations are diagnosed from the dry size distribution using κ-Köhler theory (Petters and Kreidenweis, 2007). We

use κ= 0.30 for the polluted aerosol and κ= 0.18 for the clean biogenic aerosol. The critical supersaturation is

sc,j =

(
4A3

K

27κD3
j

)1/2

, AK =
4σwMw

RTρw
, (18)

and

NCCN(s) =
∑

z

∑

j:sc,j≤s

Nz,j . (19)265

Diagnostics are calculated at supersaturations of 0.05, 0.075, 0.10, 0.15, 0.20, 0.30, 0.50, and 1.00 %. At 0.2 %, the corresponding

dry activation diameters (Dcrit) are approximately 95 nm for the polluted regime and 133 nm for the clean regime. Charge does

not directly modify the activation calculation. Electro-Köhler corrections are excluded because the experiment is designed to

isolate charge effects on particle formation, growth, and survival before activation.

2.10 Process attribution and numerical diagnostics270

Process-resolved particle-number budgets are evaluated by recording the change in the aerosol state immediately before and

after each operator. For process p, the contribution over a model step is

∆N (p) =Nafter,p −Nbefore,p. (20)

The contributions are accumulated separately over active NPF (0–72 h) and aging (72–120 h). Attachment should conserve

total particle number, while condensation should conserve number apart from sectional remapping residuals. During aging,275

physical changes in total number are therefore produced by coagulation and deposition.

Size-banded budgets are constructed from cumulative number changes above threshold diameters of 10, 25, 50, 100, 133,

and 150 nm. For a band Da ≤Dp <Db, the contribution is

∆N
(p)
Da−Db

=∆N
(p)
>Da

−∆N
(p)
>Db

. (21)

The < 10 nm contribution is the total contribution minus the contribution above 10 nm, and the final open band is Dp > 150 nm.280

The 133 nm threshold is retained because it approximates the clean-regime activation diameter at 0.2 % supersaturation.

Budget closure is evaluated after every time step by comparing the summed operator contributions with the diagnosed change

in particle number. The uninstrumented and instrumented trajectories are also compared. Numerical diagnostics include the

charge-grid boundary population, the fraction of attachment attempts at the charge boundary, coagulation charge overflow,

the maximum coagulation-loss Courant number, and conservation of aerosol number, volume, and charge. The accepted285

calculations keep charge-boundary and overflow fractions far below 10−4 and show no numerical instability.

11

https://doi.org/10.5194/egusphere-2026-5224
Preprint. Discussion started: 28 September 2026
c© Author(s) 2026. CC BY 4.0 License.



2.11 Model configuration and limitations

The principal numerical and physical settings are summarised in Table 2. The model is intentionally designed to isolate aerosol

microphysical pathways. It does not represent dilution, entrainment, advection, cloud processing, externally imposed electric

fields, space-charge transport, charge-dependent dry deposition, or direct electrostatic modification of droplet activation.290

Table 2: Summary of the final two-regime ELSA-ICAM configuration and its principal assumptions.

Component Implemented configuration Notes and limitations

Geometry Zero-dimensional, well-mixed box. No spatial gradients, advection, entrainment,

dilution, or cloud processing.

Size grid 80 logarithmically spaced volume bins

from 1 nm to 5µm.

Spherical particles and one representative volume

per bin.

Charge grid 41 integer states, z =−20, . . . ,+20. Boundary transitions and product-charge overflow

are diagnosed.

Integration 120 h with ∆t= 15 s for the

simulations.

Active NPF from 0 to 72 h, followed by 48 h of

aging. Budget terms are interpreted within regime.

Ion production q = 5.0cm−3 s−1 in the runs; q = 2.0

and 10.0cm−3 s−1 in sensitivity runs.

Equal positive- and negative-ion source rates; no

spatial ion transport.

Initial aerosol Delhi SMPS for the polluted regime;

Hyytiälä DMPS for the clean regime; no

number scaling.

Inputs are identical within each neutral–charged

pair but differ between regimes.

Meteorology Regime-specific measured 24 h

temperature and RH cycles repeated

over five model days.

No meteorological response to aerosol evolution.

Polluted vapour system Prognostic H2SO4 with a repeated

external source; fixed DMA.

Gas-phase chemistry is not solved explicitly.

Clean vapour system Prognostic total HOM with fixed

repeated PHOM(t); prescribed low

H2SO4.

The day-1 HOM reference is a high-HOM

sensitivity, not a direct measured time series.

Neutral nucleation H2SO4–DMA in polluted air; Kirkby

HOM parameterisation in clean air.

Nucleation is disabled after 72 h.

Ion-induced nucleation Negative-ion binary inorganic pathway

in polluted air; bipolar HOM pathway in

clean air.

Both consume the corresponding small ions and

vapour represented by the new particles.

Continued on next page
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Table 2 continued

Component Implemented configuration Notes and limitations

Condensation Transition-regime H2SO4 uptake in

both regimes; reduced nine-bin Kelvin-

VBS HOM uptake in the clean regime.

The VBS uses one prognostic total-HOM reservoir

rather than nine independent tracers.

Charged condensation Factor 1.45 for charged particles from

1.8 to 3.2 nm, applied to H2SO4 uptake

in C2c and B2c.

Bounded sensitivity; HOM uptake is not multiplied

by this factor.

Coagulation Brownian kernel multiplied by the

charge-interaction correction of Ghosh

et al. (2017, 2021).

Includes Coulomb, image-charge, and van der

Waals interactions; product volume and charge are

conserved.

Deposition Size-dependent Brownian-diffusion loss

and gravitational settling with H =

1000m and u∗ = 0.30ms−1.

The same loss rate is applied to all charge states.

CCN κ= 0.30 polluted; κ= 0.18 clean;

supersaturation from 0.05 to 1.00 %.

Neutral κ-Köhler diagnosis; all charge states are

summed.

Excluded processes Spatial transport, imposed electric fields,

cloud microphysics, charge-dependent

deposition, and direct electro-Köhler

activation.

The results quantify pre-activation aerosol evolution

and CCN potential within a controlled box-model

framework.
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3 Results

3.1 Effect of charge on CCN

Figure 2. Effect of charge on (a) total particle number, shown as the relative difference ∆Ntotal between the charged and neutral cases

(C2c–C1 for polluted; B2c–B1 for clean) over 120 h; (b) CCN number, ∆NCCN, for the same comparisons across supersaturation at 72 and

120 h, with the dotted line marking 0.2% supersaturation; (c) dry particle size distributions of the neutral and full charged cases at 72 and

120 h; and (d) charged (|z|> 0) and neutral (z = 0) particle fractions in C2c and B2c. In (a) and (d), light- and dark-grey shading indicate

active NPF and post-NPF aging, respectively, and the dashed line marks the end of nucleation at 72 h.

Figure 2 shows the effect of charge on total particle number (panel a), CCN (panel b), the particle size distribution (panel c),

and the evolving aerosol charge state (panel d), for both polluted (orange) and clean (green) regimes. The charge treatment

enhances CCN in both environments despite producing markedly different total-number responses. In the polluted regime, C2c295

contains 3.07% fewer particles than C1 at the end of active NPF, whereas NCCN,0.2 is 2.49% higher. In the clean regime,

B2c contains 84.75% more particles than B1 at 72 h, but the corresponding enhancement in NCCN,0.2 is only 4.76%. The

much larger clean-regime response in total number reflects the additional ion-induced nucleation pathway in B2c. However,

the disparity between the total-number and CCN responses shows that most of these additional particles have not reached

cloud-active sizes by 72 h.300

The responses evolve substantially during the subsequent 48 h aging period. In the polluted regime, the particle-number

deficit reverses, and C2c contains 4.12% more particles than C1 at 120 h. At the same time, the enhancement in NCCN,0.2
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increases from 2.49% to 5.82%. In the clean regime, by contrast, the total-number enhancement decreases from 84.75% at

72 h to 17.81% at 120 h, while the enhancement in NCCN,0.2 increases from 4.76% to 8.87% (Fig. 2a,b). Thus, aging removes

much of the clean-regime excess in particle number while increasing the relative number of particles that reach CCN-active305

sizes.

The CCN response varies substantially with supersaturation (Fig. 2b). In the polluted regime, ∆NCCN remains positive

across the diagnosed supersaturation range at both 72 and 120 h, with the largest response near 0.2−0.3%. In the clean regime,

the response is negative at lower supersaturations during active NPF and becomes positive as supersaturation approaches

0.2%. By 120 h, the transition to a positive response occurs at a lower supersaturation, and ∆NCCN increases steadily with310

supersaturation. Because lower supersaturations activate only larger particles whereas higher supersaturations also activate

smaller particles, this dependence shows that charge redistributes particle number selectively across CCN-relevant sizes rather

than uniformly changing the CCN population.

The corresponding changes in the dry particle size distributions are shown in Fig. 2c. In the polluted regime, the charged case

is depleted at smaller sizes but enhanced across the growing and accumulation modes, including near and above the critical315

activation diameter at 0.2% supersaturation, Dcrit ≈ 95 nm. In the clean regime, B2c contains a large excess of nucleation-

and Aitken-mode particles at 72 h because of ion-induced production. Much of this excess is removed during aging, while the

remaining population shifts towards larger sizes and becomes enhanced near and above Dcrit ≈ 133 nm for the clean regime.

Charging therefore changes both the survival of small particles and their redistribution towards cloud-active sizes, explaining

why the CCN response can increase even when the total particle-number response decreases.320

The charged and neutral particle fractions also evolve substantially over the simulation (Fig. 2d). Each particle-formation

episode perturbs the balance between neutral and charged particles, after which ion–aerosol attachment progressively restores

the charged fraction. Although the polluted and clean cases follow different trajectories during active NPF, both contain

approximately 40% charged particles at 72 h. Once nucleation is switched off, the charged fraction increases steadily in both

regimes and reaches approximately 66% by 120 h. Charge-mediated processes therefore remain active throughout post-NPF325

aging, when the CCN enhancement strengthens in both environments.
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3.2 Charge process contribution

Figure 3. Sequential contributions of charge-dependent coagulation, ion-induced nucleation, and charge-enhanced condensation to

∆NCCN,0.2 at 120 h in the polluted and clean regimes. The contributions are defined by the prescribed experiment hierarchy and sum to

the complete charge-related CCN response in each regime.

The experiment hierarchy in Table 1 separates the sequential contribution of each charge-related process through case comparisons.

In the polluted regime, charge-dependent coagulation is quantified by C2−C1, ion-induced nucleation by C2b−C2, and

charge-enhanced condensation by C2c−C2b. The corresponding clean comparisons are B2a−B1, B2b−B2a, and B2c−B2b,330

respectively. The resulting changes in NCCN,0.2 at 120 h are shown in Fig. 3. Because the aerosol system is nonlinear, the

individual contributions depend on the prescribed sequence of experiments, while their sum recovers the complete charge-

related CCN response in each regime.

Charge-dependent coagulation is the largest individual contribution in both environments (Fig. 3). It increases NCCN,0.2 at

120 h by 5.80% in the polluted regime and by 5.27% in the clean regime. Charge-enhanced condensation contributes only335

0.019% and 0.00162%, respectively, and is therefore negligible in both environments. The neutral-kernel controls reproduce

their corresponding neutral baselines to numerical precision, confirming that the coagulation increment arises from the charge-

dependent collision kernel rather than from the numerical expansion of the population across charge states.

The contribution of ion-induced nucleation is strongly regime dependent. In the polluted regime, it increases NCCN,0.2 by

only 0.00139%. Ion-induced nucleation and charge-enhanced condensation contribute approximately 0.020%, making the340
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coagulation increment almost 300 times larger than the other two increments combined. Consequently, the complete polluted

response of 5.82% is attributable almost entirely to charge-dependent coagulation. The negligible CCN response from ion-

induced production is consistent with global CLOUD-constrained modelling, which found limited present-day CCN sensitivity

to changes in ion-induced particle production (Dunne et al., 2016). The negligible polluted ion-induced contribution results

from the strong pre-existing aerosol sink. The polluted background provides a large surface area for ion–aerosol attachment,345

which rapidly removes positive and negative small ions from the gas phase (Fig. A2). The concentration of negative ions

available to initiate the ion-induced nucleation pathway therefore remains low. The applied ion-induced formation rate reaches a

maximum of only 6.9×10−3 cm−3 s−1, whereas the neutral H2SO4–DMA formation rate reaches values of order 101 cm−3 s−1

during the NPF bursts. Even at its maximum, the ion-induced pathway is therefore more than three orders of magnitude weaker

than the neutral pathway. Under these high-sink conditions of the polluted regime, ion-induced nucleation produces too few350

additional particles to generate a measurable CCN response.

Ion-induced nucleation is considerably more important in the clean regime, where it contributes 3.60% to NCCN,0.2 at 120 h.

The lower pre-existing aerosol sink reduces the scavenging of ions, nucleating clusters, and newly formed particles, while the

HOM nucleation mechanism supports an efficient ion-induced production pathway. However, charge-dependent coagulation

remains the largest individual contribution, providing 5.27% compared with 3.60% from ion-induced nucleation. These two355

processes explain almost all of the 8.87% CCN enhancement in the clean regime. The very small condensation increment

shows that the clean regime CCN response does not result directly from electrostatically enhanced vapour uptake.

The process attribution shows a common survival pathway and a regime-dependent production pathway. Ion-induced nucleation

contributes substantially to CCN only in the clean regime, whereas charge-dependent coagulation produces a comparable CCN

enhancement in both environments. The latter acts throughout the existing aerosol population by changing which charged360

particle pairs collide, which particles are removed, and how particle volume is redistributed among size classes. Charge-

dependent coagulation is therefore the only substantial charge-related CCN pathway shared by both the polluted and clean

regimes, while ion-induced production provides an additional clean-regime contribution.
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3.3 Charge-dependent coagulation as the source of the response

Figure 4. Contributions of nucleation, condensation, ion–aerosol attachment, coagulation, and deposition to the total particle-number

difference between the charged and neutral cases for (a) polluted regime (C2c–C1) and (b) clean regime (B2c–B1), shown separately for

active NPF (0–72 h) and aging (72–120 h). Aging-period coagulation contribution separated by particle-size range for the (c) polluted and

(d) clean regimes.

Figure 4 shows the mechanistic attribution of the charge-induced particle-number response. Following the identification of365

charge-dependent coagulation as the largest contribution to the CCN response in Fig. 3, this analysis shows how coagulation

interacts with nucleation and particle removal to produce the contrasting total-number responses in Fig. 2. The attribution

closes to numerical precision, with maximum relative closure errors below 10−8. Individual contributions represent cumulative

production or removal normalised by the corresponding neutral particle number. They are particularly large in the clean regime

and should be interpreted together because substantial cancellation occurs between contributions of opposite sign.370

During active NPF in the polluted regime, large nucleation and coagulation contributions oppose one another (Fig. 4a).

Relative to C1, the integrated nucleation contribution in C2c is −130.2%, while the coagulation contribution is +124.4%.

Condensation contributes −9.3%, deposition contributes +12.0%, and the direct contribution from ion–aerosol attachment

is negligible. These terms sum to approximately −3.1%, consistent with the −3.07% difference in total particle number

at 72 h. The positive coagulation contribution does not mean that coagulation creates particles. Instead, it means that the375

charge-resolved case experiences a smaller cumulative net particle-number loss through coagulation than the neutral case.
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Nucleation contributes negatively in the polluted regime even though C1 and C2c use the same neutral H2SO4–DMA nucleation

parameterisation. Charge-dependent coagulation modifies the evolving particle size distribution and hence the condensation

sink for sulfuric-acid vapour. This changes the vapour concentration available for subsequent neutral nucleation bursts. The

nucleation difference is therefore primarily an indirect response to the modified aerosol population rather than a direct electrical380

modification of the neutral nucleation. The ion-induced contribution remains negligible under the polluted, high-sink conditions

as described in Sect. 3.2.

The clean-regime attribution follows a different pattern (Fig. 4b). During active NPF, nucleation contributes +2186.7%

relative to B1, reflecting the strong additional ion-induced production in B2c. Most of this gross particle production is offset by

a −1899.8% coagulation contribution and a −201.8% deposition contribution. Condensation and attachment make negligible385

direct contributions to total number. The remaining balance is approximately +85%, consistent with the +84.75% total number

enhancement at 72 h. Thus, the clean regime produces many additional particles, but coagulation and deposition remove most

of them before the end of active NPF.

The aging-period attribution further distinguish the two environments. With nucleation switched off, the polluted response

is controlled by positive coagulation and deposition contributions of +12.8% and +1.2%, respectively. These contributions390

drive the reversal from a particle-number deficit at 72 h to a surplus at 120 h. In the clean regime, coagulation contributes

−191.4% during aging and deposition contributes −24.9%. These additional losses remove much of the large particle-number

excess produced during active NPF, reducing ∆Ntotal from +84.75% at 72 h to +17.81% at 120 h. The positive CCN response

therefore does not require a positive charge-related contribution to total particle number.

The size-resolved aging contributions show why the particle-number response differs between the polluted and clean regimes395

(Fig. 4c,d). In the polluted regime, the coagulation contribution is positive in every diagnosed size band. The largest contributions

occur at 10− 25 nm and 25− 50 nm, with values of +6.3% and +4.6%, respectively. Smaller positive contributions extend

through 50−100, 100−133, 133−150, and > 150 nm. The charged collision kernel therefore reduces the net loss of particles

across the polluted size distribution, including particles approaching and exceeding the approximately 95 nm activation diameter

at 0.2% supersaturation. In the clean regime, charge-dependent coagulation produces strong net removal from the smaller size400

bands. Its contributions are −114.8% below 10 nm, −46.7% at 10–25 nm, and −19.8% at 25–50 nm. The negative contribution

weakens progressively with increasing diameter, reaching −6.4% at 50–100 nm, −4.7% at 100–133 nm, and −1.1% at 133–

150 nm. Above 150 nm, however, the contribution becomes positive at +2.1%. Charge-dependent collisions therefore remove

numerous small particles in this regime while transferring aerosol volume towards the largest size range.

The requirement for a charge-dependent collision kernel was tested using the neutral-kernel controls C2-NK and B2-NK.405

These cases retain ion production, ion–aerosol attachment, and the charge-resolved population, but apply the neutral Brownian

collision kernel to every particle pair. Both controls reproduce their corresponding neutral baselines to numerical precision,

with differences in total particle number and CCN remaining below the predefined 0.1% acceptance threshold. Ion production,

attachment, and movement between charge states therefore do not independently generate the coagulation response. A charge-

dependent collision kernel is required.410
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Fig. 4 shows that charge-dependent coagulation enhances CCN through different particle-number pathways in the two

environments. In the polluted regime, it primarily reduces cumulative particle loss and preserves particles across the growing

size distribution. In the clean regime, it intensifies the scavenging of the numerous particles produced by ion-induced nucleation

but transfers part of their aerosol volume into particles larger than 150 nm. The sign of the total-number contribution therefore

cannot be used to infer the sign of the CCN response. In both regimes, the charge-dependent collision kernel changes the415

survival and redistribution of aerosol material into cloud-active size ranges, producing a positive CCN response despite

opposing changes in total particle number.

3.4 Robustness and sensitivity

3.4.1 Sensitivity to the ion-pair production rate

Figure 5. Relative difference in total particle number, ∆Ntotal, for (a) C2c relative to C1 in the polluted regime and (b) B2c relative to B1

in the clean regime; under varying ion-pair production rate, q = 2, 5, and 10 ion pairs cm−3 s−1. Relative difference in NCCN,0.2 for (c)

C2c relative to C1 and (d) B2c relative to B1, under varying q; and mean absolute particle charge, ⟨|z|⟩, in (e) C2c and (f) B2c. Light- and

dark-grey shading indicate active NPF and aging, respectively, and the dashed line marks the end of NPF at 72 h.

To determine whether the simulated response depends strongly on the prescribed small-ion source, the charge-resolved cases420

were repeated using ion-pair production rates of q = 2, 5, and 10 ion pairs cm−3 s−1. All meteorological inputs, vapour-
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production fields, background aerosol distributions, initial conditions, and microphysical settings were the same. The resulting

particle-number and CCN responses are shown in Fig. 5.

The polluted-regime response is almost independent of q (Fig. 5a,c). The trajectories of ∆Ntotal and ∆NCCN,0.2 are nearly

identical across the tested q values throughout active NPF and aging. At 120 h, all three simulations produce an enhancement425

of approximately 4.1% in total particle number and 5.8% in NCCN,0.2. Increasing the ion-pair production rate by a factor of

five therefore has almost no influence on the final polluted particle-number or CCN response.

The weak polluted sensitivity results from the strong pre-existing aerosol sink. Most newly produced small ions are rapidly

removed by ion–aerosol attachment, while ion-induced nucleation remains negligible (Sect. 3.2). Consequently, changes in q

primarily alter the rate at which the aerosol approaches its charge distribution rather than the number of new particles entering430

the system. Differences in ⟨|z|⟩ (Fig. 5e) are visible immediately after initialisation and around the repeated NPF bursts, but

subsequently become small. During aging, all three polluted simulations approach ⟨|z|⟩ ≈ 1 by 120 h.

The clean regime is substantially more sensitive to q during active NPF because ion-induced nucleation provides an important

particle-production pathway (Fig. 5b). The initial enhancement in Ntotal increases from approximately 250% at q = 2 to

more than 900% at q = 10. Subsequent NPF cycles produce the same ordering, with the largest particle-number enhancement435

occurring at the highest ion-pair production rate. At 72 h, ∆Ntotal ranges from approximately 35% at q = 2 to approximately

150% at q = 10, with the baseline q = 5 simulation giving 84.75%. However, the particle-number response becomes much less

sensitive to q during aging. Once nucleation is switched off, coagulation and deposition remove a large fraction of the additional

small particles generated at higher q. By 120 h, the clean ∆Ntotal values have converged to a much narrower positive range

of approximately 12–22%. The clean particle-number response is therefore strongly sensitive to ion production during active440

NPF but much less sensitive after 48 h of post-NPF processing.

The clean CCN response further demonstrates that increased particle production does not translate directly into an immediate

CCN enhancement (Fig. 5d). During the first two NPF cycles, ∆NCCN,0.2 becomes negative, and the magnitude of this

temporary deficit increases with q. The minimum response ranges from approximately −8% at q = 2 to approximately −15%

at q = 10. Higher ion production creates more small particles, but these particles also increase competition for condensable445

vapour and undergo stronger coagulation scavenging. Consequently, fewer particles initially reach the activation size even

though the total particle number is much larger. The sign of the clean CCN response reverses before the end of active NPF and

remains positive throughout aging. At 120 h, ∆NCCN,0.2 ranges from approximately +7.5% at q = 2 to approximately +10%

at q = 10, with the q = 5 case producing +8.87%. Thus, a fivefold change in ion production causes very large differences in

the number of newly formed particles but changes the final CCN response by only a few percentage points. Post-formation450

survival and size redistribution strongly damp the sensitivity of CCN to ion-induced particle production.

Differences in the clean mean absolute charge are small relative to the differences in particle number (Fig. 5f). A higher

value of q increases the supply of small ions, but it also produces a larger population of newly formed particles over which

those charges are distributed. The ordering of ⟨|z|⟩ therefore does not follow a simple monotonic relationship with q. By 120 h,

all three simulations approach values between approximately 0.9 and 1.0.455
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The sensitivity experiments demonstrate that the results are robust across the tested ion-production range. The polluted CCN

response is effectively independent of q, consistent with its attribution to charge-dependent coagulation rather than ion-induced

production. The clean regime retains a clear dependence of particle formation on q, but the corresponding CCN sensitivity is

much weaker because most additional particles are removed before reaching cloud-active sizes. In both regimes, NCCN,0.2 is

enhanced over the neutral case at 120 h for every tested value of q.460

3.4.2 Numerical robustness

The resolved size–charge distributions remain centred close to z = 0 in both the polluted and clean regimes at 72 and 120 h

(Fig. A3). Positive and negative charge states are populated on either side of the neutral state, while the mean net particle

charge, ⟨z⟩, remains close to zero. This is distinct from the mean absolute charge, ⟨|z|⟩, which remains finite because a

substantial fraction of the aerosol population is charged. The simulations therefore represent approximately charge-balanced465

bipolar aerosol populations rather than predominantly neutral populations.

The charge distributions decay strongly before reaching the limits of the resolved grid at z =−20 and z =+20. The charge-

boundary population and attachment-boundary fraction remain at least five orders of magnitude below their 10−4 reference

value throughout both simulations (Fig. A4a,b). Similarly, the fraction associated with coagulation charge overflow remains at

least four orders of magnitude below its 10−3 reference value (Fig. A4c). The clean-regime boundary fractions are generally470

several additional orders of magnitude smaller than those in the polluted regime. The simulated particle-number and CCN

responses are therefore not controlled by truncation at the imposed charge-state boundaries.

The maximum coagulation-loss Courant number remains below unity in both regimes (Fig. A4d). Its maximum value is

approximately 0.81 in the polluted simulation and 0.62 in the clean simulation, with the largest values occurring during the

strongest NPF periods. Coagulation is additionally integrated using a semi-implicit solver, which limits sensitivity to rapid475

changes in particle concentration. The charge-boundary diagnostics, coagulation-overflow diagnostics, and Courant numbers

therefore demonstrate that the reported particle number and CCN responses are not numerical artefacts of the charge grid or

coagulation integration.

4 Discussion

4.1 Charge regulates aerosol survival480

Across both regimes, the simulations show a common route by which aerosol charge influences the population that reaches

CCN-active sizes. For the CCN response, the dominant control is not simply the production of additional particles by ion-

induced nucleation, but the modification of particle survival and size redistribution by charge-dependent coagulation. Enhanced

collisions between oppositely charged particles and suppressed collisions between similarly charged particles alter the evolution

of the size distribution over several days. The resulting changes in particle number and size also modify the condensation sink,485

providing a secondary vapour-mediated feedback on subsequent particle growth and nucleation.
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This behaviour produces two features that are not apparent from total particle number alone. First, the number and CCN

responses can have different signs: charging can reduce total particle number while increasing CCN because losses and gains

occur in different parts of the size distribution. Second, the response is stage dependent. During active NPF, charge-enhanced

collisions can remove small particles and reduce total number, whereas during subsequent aging, the redistribution of surviving490

particles and the associated vapour feedback can increase the abundance at larger sizes. The CCN response remains positive

despite these changes in the sign of the total-number response. Total particle number alone is therefore insufficient to diagnose

the cloud-relevant effect of charge; the evolution of the size distribution and the fraction of particles reaching activation sizes

must also be considered.

The neutral-kernel control isolates the role of charge-dependent collision physics, while the process-contribution analysis495

shows that ion-induced nucleation and charge-related changes in condensation make substantially smaller direct contributions

to the final CCN response. In the clean regime, ion-induced nucleation remains important for supplying newly formed particles

to the system. Their subsequent fate is determined primarily by the survival pathway, in which charge-dependent coagulation

controls how much of that newly formed population is removed at small sizes and how much is redistributed toward larger

sizes. We therefore describe the mechanism as charge-regulated aerosol survival: charge modifies which particles persist and500

reach CCN-relevant sizes rather than acting only through changes in the initial particle-production rate. A schematic summary

of this mechanism is shown in Fig. 6.
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Figure 6. Schematic representation of charge-regulated aerosol survival across the polluted and clean regimes. Atmospheric ionisation

establishes a bipolar small-ion population that charges background and newly formed particles. The particle-formation pathway is regime

dependent: neutral H2SO4–DMA nucleation dominates in the polluted regime, whereas ion-induced nucleation provides an additional

particle source in the clean regime. In both environments, charge-dependent coagulation modifies particle survival and redistribution through

enhanced collisions between oppositely charged particles and suppressed collisions between similarly charged particles. The resulting

changes in particle number and size alter the condensation sink and hence vapour availability, providing feedback to subsequent nucleation

and growth. These regime-specific pathways converge on a common charge-regulated aerosol-survival bottleneck that determines the fraction

of particles able to grow toward the regime-dependent critical diameter for CCN activation.
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4.2 A mechanism that persists across contrasting regimes

The two regimes were selected to represent strongly contrasting boundary-layer aerosol conditions. The polluted regime

combines H2SO4-DMA nucleation with a high condensation sink, high background aerosol loading and strong ion depletion.505

The clean boreal regime instead combines biogenic HOM-driven nucleation and volatility-resolved organic growth with a

substantially lower condensation sink and greater small-ion availability. The regimes also differ in aerosol loading, composition,

hygroscopicity and the vapours controlling particle formation and growth. Despite these differences, charge-dependent coagulation

increases NCCN,0.2 by a similar amount in both regimes: +5.8% in polluted air and +5.3% in clean air. The similar response

in these contrasting environments suggests that the survival mechanism is not limited to one chemical or pollution regime.510

The underlying particle-number responses are, however, very different between the two regimes. In the polluted regime, ion-

induced nucleation is weak and the CCN response arises primarily from charge-dependent redistribution of the existing and

newly formed particle population. In the clean regime, ion-induced nucleation provides a substantial additional source of small

particles. Most of this enhanced production does not translate directly into an equivalent increase in CCN, because the newly

formed particles remain subject to strong size-dependent losses during their growth. Charge-dependent coagulation therefore515

acts as a survival filter, removing part of the enhanced small-particle population while redistributing surviving particle number

toward larger sizes.

The same broad survival mechanism consequently produces a positive CCN response in both regimes even though the

corresponding total-number responses differ. In the polluted regime, charge primarily modifies the survival and growth of

a population formed predominantly through neutral nucleation. In the clean regime, charge additionally enhances particle520

production through ion-induced nucleation, but the eventual CCN yield is still controlled mainly by the subsequent survival

of those particles. The clean simulation therefore illustrates an important distinction between particle production and CCN

production: a large charge-induced change in the number of newly formed particles does not imply a proportionally large

change in the number that ultimately reaches cloud-active sizes.

The importance of this distinction becomes particularly clear during the aging period. The clean-regime CCN enhancement525

persists after the active nucleation period, even as the small-particle population is progressively processed. Charge-induced

changes in the size distribution also modify the condensation sink and hence the vapour available for later growth. This feedback

differs chemically between the two regimes, involving H2SO4-related growth in the polluted case and HOM/VBS vapours in the

clean case, but in both cases it links earlier charge-dependent changes in particle number and size to the subsequent evolution

of the CCN population.530

4.3 Relation to prior ion-aerosol-cloud mechanisms

Previous assessments of ionisation effects on CCN have focused mainly on the particle-production pathway, particularly

whether changes in ion-pair production alter ion-induced nucleation sufficiently for additional particles to survive to cloud-

active sizes. Global and chamber-constrained studies have shown that this pathway is strongly limited by the loss of newly

formed particles before they reach CCN sizes (Pierce and Adams, 2009; Dunne et al., 2016). Our results are consistent with535
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this interpretation but add an important distinction between ion-induced particle production and charge-dependent particle

survival.

In the clean regime, ion-induced nucleation responds strongly to the ion source and can substantially alter the abundance of

newly formed particles. However, the corresponding CCN response is much smaller because only a fraction of that additional

population survives the transition from nucleation sizes to cloud-active sizes. The simulations show that charge-dependent540

coagulation is central to this filtering process. A framework based only on changes in the nucleation rate can therefore miss an

important part of the ion-aerosol interaction: charge can influence CCN even when its effect on nucleation is small, because

the charge carried by the aerosol modifies collisions throughout the subsequent particle-evolution pathway.

This distinction also refines the interpretation of the cosmic-ray-cloud hypothesis (Svensmark and Friis-Christensen, 1997;

Carslaw et al., 2002). Across the ion-production rates examined here, changes in the ion source have a much larger effect545

on small-particle production than on CCN. This behaviour is particularly evident in the clean regime, where ion-induced

nucleation responds strongly to the ion source but the resulting change in CCN is small. The survival bottleneck therefore

reduces the propagation of ion-production variability from nucleation to CCN.

At the same time, the charge-dependent coagulation effect does not require a large temporal perturbation in the ion source.

Ambient ion production continually maintains a bipolar population of small ions, while ion attachment and recombination550

regulate the aerosol charge distribution. The mechanism identified here should therefore be interpreted primarily as a consequence

of the persistent charged state of atmospheric aerosol rather than as evidence for a large CCN response to short-term variability

in cosmic-ray or other ionisation sources.

The mechanism considered here is also distinct from cloud-edge electrification, in which charge accumulated near cloud

boundaries can modify aerosol scavenging, droplet interactions or activation locally (Nicoll and Harrison, 2016; Tinsley, 2008).555

Charge-regulated aerosol survival operates earlier in the aerosol life cycle, during the multi-hour to multi-day evolution of the

particle population before cloud activation. These processes are not mutually exclusive. Charge-dependent aerosol evolution

can modify the population arriving at cloud base, after which cloud-scale electrical processes may further influence activation

or collection.

4.4 Limitations and outlook560

The present framework is zero dimensional and assumes a well-mixed air parcel. It therefore omits dilution, entrainment,

spatial gradients and advection. In the atmosphere, air-mass exchange over several days could modify the aging phase, during

which the size distribution continues to evolve and the CCN enhancement develops. The active NPF period is less exposed to

this limitation, but the magnitude and persistence of the multi-day response should ultimately be tested in a spatially resolved

framework.565

Particle growth is represented using chemistry appropriate to each regime, with sulfuric-acid-amine chemistry in the polluted

case and volatility-resolved organic vapours in the clean case. Charge acts primarily on the evolving particle population rather

than on a specific condensable vapour, but the resulting survival pathway is coupled to growth. Different precursor mixtures,

oxidation chemistry and vapour-production histories could therefore alter both the growth timescale and the strength of the
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condensation-sink feedback. The present two-regime comparison demonstrates that the mechanism persists under strongly570

contrasting conditions, but it does not define its magnitude for all atmospheric environments.

The simulations also represent a finite period of repeated NPF and aging rather than the full life cycle of an atmospheric

aerosol population. Longer simulations and observationally constrained air-mass histories would be useful for determining

how long the charge-induced redistribution persists and whether it remains detectable after additional mixing, deposition and

chemical aging.575

CCN are diagnosed from the dry particle-size distribution using κ-Köhler theory rather than by explicitly simulating cloud

activation. The present study therefore establishes a response in CCN abundance, not a direct response in cloud-droplet number,

liquid-water path, precipitation or radiative forcing. Charge-dependent activation itself is not included because the electro-

Köhler correction is negligible for the charge states represented at CCN-relevant sizes. A natural next step is therefore to

couple the charge-resolved aerosol population to spatially resolved and cloud-resolving models in order to determine how580

much of the diagnosed CCN response propagates to cloud-droplet number and cloud radiative properties.

5 Conclusion

Using matched neutral and charge-resolved simulations with the ELSA-ICAM model, we show that electrical charging under

ordinary atmospheric ionisation can modify the pathway from new particle formation to cloud condensation nuclei. The

response persists across two strongly contrasting atmospheric regimes, although the relative roles of nucleation, coagulation585

and vapour feedback differ between them.

In the polluted regime, bipolar charging reduces total particle number by 3.07% at 72 h while increasing NCCN,0.2 by

2.49%. By 120 h, the total-number response reverses to +4.12% and the CCN response increases to +5.83%. The neutral-

kernel control and mechanistic attribution identify charge-dependent coagulation as the dominant mechanism responsible for

this response. The opposite signs of the number and CCN changes demonstrate that charge does not simply increase or decrease590

the aerosol population uniformly. Instead, it redistributes particle number across the size distribution and changes the fraction

that survives to cloud-active sizes.

The clean regime follows a different particle-production pathway. Ion-induced nucleation produces a substantial additional

population of small particles, but much of this enhanced production is removed before reaching CCN-active sizes. At 120 h,

the complete charge-resolved case increases NCCN,0.2 by 8.87% relative to the neutral case. Charge-dependent coagulation595

provides the largest individual contribution, +5.27%, while ion-induced nucleation contributes an additional +3.60%. Charge-

enhanced condensation is negligible. Thus, despite the much larger effect of ion-induced nucleation on particle production,

charge-dependent coagulation remains the dominant shared contribution to CCN in both regimes.

The central result is therefore a distinction between particle production and CCN production. Ion-induced nucleation can

strongly affect the number of particles formed, particularly under clean conditions, but the eventual CCN yield is governed600

mainly by the survival of those particles during subsequent growth and coagulation. Charge-dependent coagulation provides a
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common microphysical control on that survival in both regimes. Its effect can persist into the aging period and can be reinforced

by changes in the condensation sink and vapour availability generated by the earlier redistribution of particle number and size.

The simulations further show that the CCN response is much less sensitive to the ion-production rate than the small-particle

population itself. This implies that variability in ionisation does not propagate directly from nucleation to CCN because the605

intervening survival bottleneck strongly filters the additional particle production. The mechanism identified here is therefore

better viewed as a consequence of persistent bipolar aerosol charging maintained by ambient ionisation than as a direct CCN

response to variations in the ion source.

We term this mechanism charge-regulated aerosol survival. It is distinct from both ion-induced particle production and

electrical effects occurring at cloud boundaries. The polluted and clean simulations show that it remains relevant under strongly610

contrasting boundary-layer aerosol conditions and can produce several-percent changes in CCN even when the corresponding

particle-number responses differ substantially. Because charge-resolved coagulation is not represented in most conventional

aerosol-cloud models, testing this mechanism in spatially resolved aerosol and cloud simulations is an important next step.

Such simulations will determine whether the CCN response identified here propagates to cloud-droplet number and ultimately

to cloud radiative properties.615

Appendix A: Supplementary figures

The following figures document the two-regime precursor forcing and particle response, the small-ion budget, the joint size–

charge distributions, and the numerical diagnostics referenced in the main text.

A1 Two-regime forcing, nucleation, and number response

Figure A1 compares the polluted and clean simulations under the matched 120 h protocol. The upper panels show the prescribed620

precursor production and the resulting gas-phase concentration: sulfuric acid in the polluted regime and highly oxygenated

organic molecules (HOMs) in the clean regime. The middle panels separate the neutral nucleation rate, Jn, from the total

ion-induced rate, Ji = Ji,+ + Ji,−. Ion-induced nucleation is negligible in the polluted regime but is a substantial production

pathway in the clean regime. Consequently, the polluted C1 and C2c total-number responses remain very similar, whereas the

clean B2c simulation maintains a larger particle number than B1. Precursor production and nucleation are switched off after625

72 h, after which the existing aerosol population continues to evolve during post-NPF aging.
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Figure A1. Two-regime forcing, nucleation, and total-number response. Panels (a,b) show precursor production and gas-phase concentration

for the polluted regime [PH2SO4 and [H2SO4]] and the clean regime [PHOM and [HOM]], respectively. Panels (c,d) show the neutral

nucleation rate, Jn, and the total ion-induced nucleation rate, Ji = Ji,+ + Ji,−. Panels (e,f) compare the neutral and charge-resolved total

particle numbers: NC1
total and NC2c

total for the polluted regime, and NB1
total and NB2c

total for the clean regime. Grey shading distinguishes active

NPF (0–72 h) from post-NPF aging (72–120 h).

A2 Small-ion concentrations and budgets

Figure A2 shows the positive and negative small-ion concentrations, their relative imbalance, ϵn, and the per-polarity rate

budgets. The budget terms are ion-pair production, q; ion–ion recombination, Rrec; ion attachment to aerosol particles, A±;

and ion-induced nucleation, J±
IIN. In the polluted regime, attachment balances almost all ion production, while recombination630

and ion-induced nucleation are small. In the clean regime, attachment and ion-induced nucleation jointly consume small ions

during active NPF. The ion-induced nucleation terms vanish when NPF is switched off at 72 h. The close agreement between

n+ and n− and the very small ϵn confirm that both simulations remain effectively bipolar and net-neutral.
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Figure A2. Small-ion concentrations and per-polarity budgets in the polluted (left) and clean (right) simulations. Panels (a,b) show the

positive and negative small-ion concentrations, n+ and n−, and their relative imbalance, ϵn. Panels (c,d) show the positive-ion budget,

and panels (e,f) show the negative-ion budget. The terms are ion-pair production, q; ion–ion recombination, Rrec; ion–aerosol attachment,

A±; and ion-induced nucleation, J±
IIN. Attachment dominates the polluted ion sink, whereas attachment and ion-induced nucleation jointly

consume ions during active NPF in the clean regime. Grey shading distinguishes active NPF from post-NPF aging.

A3 Joint size–charge distributions

Figure A3 shows dNz/dlog10Dp as a joint function of dry-particle diameter, Dp, and charge state, z, for the polluted and clean635

simulations at 72 and 120 h. The 72 h distributions represent the end of active NPF, whereas the 120 h distributions show the

populations after 48 h of post-NPF aging. A common logarithmic vertical and colour scale permits direct comparison between

regimes and times. In both regimes, the populated charge states remain well inside the finite z =−20, . . . ,+20 grid.
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Figure A3. Joint particle size–charge distributions, dNz/dlog10Dp, for (a) the polluted simulation at 72 h, (b) the clean simulation at 72 h,

(c) the polluted simulation at 120 h, and (d) the clean simulation at 120 h. The horizontal coordinates are dry-particle diameter, Dp, and

integer charge state, z. All panels use the same logarithmic vertical and colour scales. The two times correspond to the end of active NPF

and the end of the subsequent 48 h aging period, respectively.

A4 Numerical diagnostics

Figure A4 compares the charge-boundary fraction, fbnd; the attachment-boundary fraction, fatt,bnd; the coagulation charge-640

overflow fraction, fcoag,z; and the maximum coagulation-loss number, Ccoag,max, in the final q = 5 cm−3 s−1 and ∆t= 15 s

simulations.

All boundary and overflow fractions remain many orders of magnitude below their reference values. Their respective maxima

in the polluted and clean simulations are 1.40× 10−9 and 1.84× 10−14 for fbnd, 2.74× 10−9 and 2.06× 10−14 for fatt,bnd,

and 5.43×10−7 and 2.01×10−11 for fcoag,z . The maximum coagulation-loss number also remains below unity, reaching 0.81645

in the polluted simulation and 0.62 in the clean simulation.

These results confirm both charge-grid sufficiency and the numerical adequacy of the final matched simulations.
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Figure A4. Numerical diagnostics for the polluted (orange) and clean (green) charge-resolved simulations. Panels show (a) the charge-

boundary fraction, fbnd; (b) the attachment-boundary fraction, fatt,bnd; (c) the coagulation charge-overflow fraction, fcoag,z; and (d) the

maximum coagulation-loss number, Ccoag,max. The dashed horizontal lines are numerical reference values rather than physical thresholds.

Boundary and overflow fractions remain far below their reference values, and Ccoag,max < 1 in both final ∆t= 15 s simulations. Grey

shading distinguishes active NPF from post-NPF aging.
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