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S1. Expressions for P;; and L;; in Eq. (9)

The expression for the mass production rate P;; and loss rate L;, are given as follows:

P =X 205 Yx+y=k B(a, b, %, Y)Ng x Ny, f(i,a, b, x,y) (Mg + M) (S1)

Lije = 2421 N2 o B(a %, k)Nax (S2)

The subscript i, k are the mass bin number and charge state, respectively, NS is the number of mass
sections, [(a,b,x,y) is the collision rate coefficient between collision rate coefficients between
bin (a,x) and bin (b,y) (a,b are mass bin numbers and x, y are charge bin numbers), N,, and Ny,
are the particle number concentration in bin (a,x) and (b,y), m, and m, are the average particle
mass in mass bin a and mass bin b, respectively, Q is maximum number of charges on the particle.
The implementation of Egs. (S1) and (S2) does conserve particle mass during coagulation (Matsui,

2017) . Therefore, a correction factor is multiplied to P; ;, which is expressed as

NS yvQ Pik
Zi:l Z:k=_Ql+d['Li_'k

(S3)

corr =

M. o L;
NS vQ iLk'~ik
Zi:l z =_Q1+d['l’i,k

where M;; is mass concentration in bin (i, k) and dt is the time step for coagulation (set to 2 s in

the model).
S2. The evaluation of GR

The growth of particles mainly originates from the condensation of vapors, including SA and
OOMs, when the particle number concentrations are low. In the CDMS-ion we adjusted the particle
growth rate by controlling the concentration of condensing vapors in seven volatility bins by
multiplying their default concentration by a scaling factor. The relative abundance of these vapors
were fixed and was based on the vapor concentration observed during a typical event observed in
urban Beijing, China (Fig. Sla). To extract particle growth rate, we simulated the growth of an
individual particle exposed under a given vapor concentration for a few hours. As shown in Fig.
S1b, the particle size increases almost linearly with time, and the particle growth rate by fitting the

the particle size with a first order fitting curve.
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Figure S1. (a) The relative abundance of sulfuric acid and oxygenated organic molecules. The
organic species are classified into 6 bins (OOMs1-6) with logioC*= -9, -7, -5, -3, -1,0 (C* is the

saturation concentration in unit of pug m=). (b) Simulated particle size as a function of time.
S3. Analytical equations for g

At particle sizes relevant for atmospheric new particles (1-100 nm), most of particles are
neutral or singly charged. Therefore, here we only consider singly charged and neutral particles. To
be consistent with the main text, we also assume that the positive and negative ions have the same
mobility and concentrations. For this simplified system, the following equations describe the

dynamic charging process of a monodisperse particles,

dN,

= = BosniNo = fon_No + i1, -n_Niy + B_q4nN_y (54)
dN

d;d = Bo,+N+No = B+1,-1-Nyyq (S5)
dN_

dtl = Po-n-No = B-1 414 N_4 (56)

where Ny, Nyq, N_; represent the concentration of particles with zero, +1 and -1 charge, n,,_
is the concentration of positive/negative ions, S, ,,_ is the collision rates between particles with n
charges and positive/negative ions. Because the system is symmetrical with respect to polarity, we

have Nyy =N_y =Ny, ny =n_=mny, o+ = Bo- = Bo, B+1,- = B-1,+ = P1. This leads to

dn
d_to = —2Bon;No + 21n; Ny (S7)

dN
d_tl = BoniNg — B1n; Ny (S8)



During the charging process, the total number of particles is conserved, i.e., N; = Ny + 2Nj;.

Substituting this relation to Eq. S8 leads to
dN1
= Bon;(Ny — 2N;1) — By Ny (89)
The solution of Eq. S9 is

Ny (8) = 752 (1 = exp (—(26o + Bmit)) + Ny (0)exp (—(2B0 + BImit))  (S10)

According to Eq. S10, the steady-state N; valueis N; o3 = Zgof; . Rearranging Eq. S10 leads to
0 1

N1(f)

1- = exp(=(2B + BIn;t), ifN;(0) =0

Nq(t) —1= %exp(_(ZﬁO + ﬁl)nlt) ) lf Nl(O) ==

Nyss

(S1la, b)

Equations S11a and S11b correspond to initially neutral and charged particles, respectively. The left

hand side of Eq. S11 are the difference between lel(t) and unity. According to our definition (see

1,55

main text) of the characteristic time 7y, setting the left hand side of Eq. S11 to 1/e leads to the

expression for 7g,:

1 . _
@horpmy TN (0)=0 S12a. b
Ts =4 11n (£2) 2
" \2Bo/
@arpon S N1(0) =

Note that f5; is considerably larger than 2, for small particles due to Coulombic attraction and

In (/;1 ) is positive. Therefore, tgs for initially charged particles are larger than initially neutral
0

particles, which explains the difference between Fig. 2a and 2b in the main text.



S4. Parametrization of dj
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Figure S2. A comparison between the near-steady-state size (dp) from the simulation and the
correlation of Eq. S13.

As shown in section 3.1.2, during neutral NPF the particle charge fraction gradually approach
the steady state value (i.e. 1. gradually increases to unity). To determine size boundary d, above
which the charge fraction of the new particle approximately reaches their steady state value , we
obtained dp from the simulations and parameterized its value as a function of particle growth rate
(GR, in nm/h), ambient ion concentration (Njon, in #/cm?), the coagulation sink (Coag$, in s*') and
the nucleation rate (J, in # cm™ s') . Here dy is defined as the size at which the singly charged
fraction of new particles reach 63%-136% (i.e., 1-1/e - 1+1/e) of the steady state value. In other
words, we have treated a relative error of 1/e in particle charging fraction as acceptable in SMPS
measurements.

The parametrized function is expressed as

GR GR 2 GR 3
dy, = (ao +a; Nee +a, (Nion) +a; (Nion) )Coang]C (S13)
where ap=1.41, a;=889.53, a,=-10210.73, a3=52421.03, b =-0.0025, c = 0.0077. Figure S2 shows
the comparison of Eq. S13 and dy retrieved from the simulations. The simulated and the

parametrized values are in good agreement, with an R? value of 0.996 and a maximum deviation of

40.1%. In Eq. S13, the dominant contributing variable is GR/Nicn, While the dependence of dy on



CoagS and J is weak, in agreement the trend shown in Figure 3. At typical conditions in urban
Bejing with GR= 3-4 nm h'! and Nijoz=122-224 ¢cm™, d,, is 12.2-22.5 nm. This value is consistent
with the observation by Li et al. (2022), who have shown that SMPS yields similar particle size
distributions above the size of 13 nm, whether X-ray sources or atmospheric ions are used as a

neutralizer for ambient particles.



100 - —
] —Coagulation off
30 —Coagulation on
10 -
& !
3
L s s
0.3 ' '
1 3 10 30 100

Particle diameter (nm)

Figure S3. The simulated r. with coagulation on and off in the simulations. The simulation

conditions are as follows: Fin = 1, Nion = 50 cm, CoagS = 0.005 s, GR =4 nm h!, J = 100 cm™

st



S5. Particle number concentration and mode size

Figures S4a and S4b illustrate the effect of particle charging on Nmax (the maximum particle

number concentration during an NPF event) for neutral nucleation and IIN at CoagS = 0.005 s™!, J

Nmax,with charging

=5 cm? s, respectively. The colors in the heatmap represent the ratio ry = . For

max,without charging

neutral nucleation (Fin=0) , ry is less than one by only a few percent (Fig. S4a). The decrease of
ry to below 1 arises because charged particles interact with pre-existing particle through Coulombic
force, resulting in an elevated coagulation sink (see Fig. S6). In the case of IIN with Fin=100%, the
reduction in ry is more pronounced (Fig. S4b). This is due to both the higher CoagS for charged
particles and the enhanced coagulation between oppositely charged new particles. The maximum
decrease in Nmax is about 25%, which occurs at low Nion: in this situation the newly formed particles
are only slowly neutralized by the atmospheric ions and charge effect of higher CoagS and enhanced
coagulation persists. As shown by Fig. S5b, when the NPF rate is higher (J = 50 cm™ s!), rx further

decreases due to stronger coagulation between particles.

Neutral NPF IIN
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Figure S4. Comparison of the maximum particle concentration and particle mode diameter between
simulations with and without considering the particle charging. (a)-(b) the ratio of the maximum
particle number concentration Nmax. The magnitude of this ratio is represented by the colormap for

different GR and Njon values. (¢)-(d) the mode diameter dp mode as a function of Njo, for different GR



values. Nion =0 corresponds to the case in which charging is not included in the simulation. The J
and CoagS are set to 5 cm3s! and 0.005 s™! in these simulations.

Figures S4c and S4d compare the simulated mode diameter dpmode at a time of 8 hours after
NPF onset across several GR values. Notably, including charging in the simulation does not
significantly alter the particle mode diameter: the change of dj, mode is smaller than size bin resolution
used in the model. This observation still stands when the NPF rate J is increased from 5 cm? s°! to
50 cm™ s7! (Fig. S5¢-d).

Neutral NPF IIN
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Figure S5. Comparison of the maximum particle concentration and particle mode diameter between
simulations with and without considering the particle charging. The J and CoagS are respectively
setto 50 cm™ s and 0.005 s™! in these simulations. (a)-(b) the ratio of the maximum particle number
concentration Nmax. The magnitude of this ratio is represented by the colormap at different GR and
Nion values. (¢)-(d) the mode diameter dpmode at t = 8 h as a function of Nion for different GR values.

Nion =0 corresponds to the case in which particle charging is not included in the simulation.
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Figure S6. The ratio of the CoagS for singly charged particles and neutral particles as a function of
particle size. In this calculation the pre-existing particles (which serve as the coagulation sink for
newly formed particles) are lognormally distributed with a geometric mean diameter of 100 nm and
a geometric standard deviation of 1.4. We also assume that the charge state of the pre-existing
particles have reached steady state. Coulomb interactions between particles are considered in the
calculation (Chahl and Gopalakrishnan, 2019; Gopalakrishnan and Hogan, 2011), but charge-dipole

interactions are not.
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Figure S7. Comparison between the simulated 1. (rcsim) , the ResFWD-predicted rc (re,m) and the
rc calculated with Eq. (11) (rc,anat) at particle diameters of 2.2 nm, 3nm, 5 nm and 8 nm. The numbers

in the subscript of r. denote the particle size. The R> and MSE obtained from testing the ResFWD

model against rcgim are shown in the panels.
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Figure S8. A comparison of the charge state of the particles in the smallest size bin (rcpin1) and rco
(the ratio of Fun and the theoretical charge ratio in the first bin). repini should be used in Eq.
(11)(Kerminen et al., 2007), but must be found out through simulation with CDMS-ion. In contrast,
rc0 can be calculated with Finy, which is a model input as we develop ResFWD. The conditions for
(a) are Nion = 350 cm™, CoagS = 0.003 s”!, GR = 4 nm/h, and the colors represent different values
of J. The increase of J causes stronger coagulation between oppositely charged particles and
decreases the value of 1cpini. The conditions for (b) are Nion = 350 cm, CoagS = 0.003 s”!, J = 10

3571, and the colors represent different values of GR. The increase of GR, which is an indicator

cm
of condensing vapor concentration in this study, causes the charged particles to move faster out of
the first bin than neutral particles since vapor condensation on the charged particles is slightly faster

due to the charge-dipole interactions. Both (a) and (b) show that rc pin1 is less than rc o, which partially

causes Eq.(11) to overestimate the charge fraction of larger particles (see Fig. S7).
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