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Text S1. The measurement of chemical species

For the measurement of sulfuric acid (SA) and oxygenated organic molecules (OOMs), a sample flow (8.8 L min™!) was
positioned centrally along the axis of the nitrate chemical ionization source, encased by a sheath gas flow (20 L min™')
consisting of high-purity air containing trace gaseous nitric acid to minimize wall loss of analyte molecules. Under the
influence of an electric field, nitrate ions were driven toward the center of the sample flow and charged sample molecules.
After chemical ionization, approximately 0.8 L min™! of the ionized sample flow was directed through a 0.3 mm pinhole into
three successively evacuated chambers under differential pressure and guided electric fields. [SA] was determined by (Lu et
al., 2019):

(HNO3)(_,SA™ +_SA§ 1)
(HNO3),-,NO;3
where Cga is the calibration coefficient for SA; (HNO3)o2SA", SA;™ and (HNO3)o2NOs™ represent the signals (cps). The
fractional part on the right side represents the normalized signal of SA. [OOMs] was determined by (Kirkby et al., 2016):
Csa OOMy - NO3
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[SA] = Csa -

(52)

where Tx is the mass-to-charge-dependent transmission efficiency relative to SA; OOMx-NOjs™ represent the signals (cps).
For the measurement of dimethylamine (DMA) at Wangdu (WD) and Dianshan Lake (DL), the Vocus proton-transfer-
reaction time-of-flight mass spectrometer generated protonated water ions through specific voltage (450 V) and current (1.4-
1.5 A) settings. The ion source introduced ultra-pure water vapor (20-30 sccm) into focusing ion-molecular reactor (FIMR),
where it underwent proton transfer reactions with DMA. Efficient ion-molecule reactions were ensured by a precise control of
temperature (100 °C) and pressure (2 mbar). The electric field strength in the FIMR was set to 170 Td, effectively focusing
and accelerating the generated ions. The radio frequency amplitude and frequency in big segmented quadrupole were set at
240V and 2.2x10° Hz, respectively. At WD, DMA standard gas was generated by a self-made permeating tube. The permeation
rate of the tube was determined by an acid-base calibration. At DL, six species (methyl ethyl ketone, benzene, toluene, m-
xylene, 1,3,5-trimethylbezene and a-pinene) were calibrated to obtain the sensitivity for DMA, as the fitting ratio of proton-
transfer reaction rate constants to sensitivity of these gases is very close to that of DMA (Wang et al., 2020). The ambient
mixing ratio of [DMA] at WD and DL was calculated by (Krechmer et al., 2018):
I
Spma
where / is the signal of C;HgN™ (cps); Spma is the sensitivity for DMA.

[DMA] =

(83)

For the measurement of DMA at Taihu Lake (TL), a pure air flow (1 L min"!) was directed through an ethanol-filled
bubbler and subsequently entered a radioactive source to generate protonated ethanol reagent ions. A sample flow (1.35 L min
1) was introduced into the ion-molecule reaction (IMR) chamber, where it mixed with the reagent ion. The pressures in the
IMR chamber and the small-segmented quadrupole were maintained at approximately 100 mbar and 2.8 mbar, respectively, to
enhance instrument sensitivity. To minimize wall losses, a high sampling flow rate (15 L min™!) was employed, and the
sampling line was heated to 50 °C. The calibration method was similar to that at WD. The ambient mixing ratio of [DMA] at
TL was calculated by (Yao et al., 2016):
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(DMA)(C,HsOH),_,H*
(C;Hs0H), sH*
where Cpwma is the calibration coefficient for DMA. (DMA)(C,HsOH),.;H" and (Co;HsOH),sH" represent the signals (cps).

For the measurement of NH3, the sampling process involved drawing ambient air at a flow rate of 0.5 L min™! for 60

[DMA] = Cpma -

(54)

minutes through a 0.45 um filter and into a 10 mL SA absorption solution (0.01 mol L) held in a porous glass absorber, with
a typical sample volume of 30 L. After sampling, the absorption solution was transferred to a 10 mL tube, diluted with water,
and then filtered through a 0.22 pm membrane. The analysis was performed using ion chromatography with a cation exchange

column and a conductivity detector. The quantification of [NH3] was achieved using an external standard method.
Text S2. Data analysis

New particle formation (NPF) events were identified based on the characteristics of particle size distributions (PSDs),
following two essential criteria: (1) A distinct increase in the number concentration of particles with diameters less than 25 nm
need to be observed. The upper size limit of 25 nm is defined, because nucleation events may occur at a certain distance from
the observation station in some cases. By the time new particles are detected, their size may have already grown to 25 nm or
even larger. (2) Sustained formation and growth of nucleation-mode particles last for at least 1 h accompanied by the
characteristic banana-shaped PSD. If the second point is not met, it suggests that the particle formation event is non-regional
and may originate from point or line sources of nanoparticles.

Particle formation rate quantifies the growth flux at a specific particle diameter. It was calculated using a balance formula
developed by Cai and Jiang (2017), which offers an improved accuracy in estimating coagulation scavenging under conditions
of elevated aerosol loading:

dy-1 +00

AdNjay, a)
Jie = dt =+ z Z ﬁ(ing)N[di:di+1)N[dg:dg+1)
dg=dg di = dmin

dy—1 A}y +dGe sd
) z Z Bii.g) N[dirdi+1)N[dg,dg+1) +n,GRy, (S5)
dg=dmin dgzmax(d?nin ’ dli_dsnin)

where J is the formation rate of particles at size d (1.4 nm or 1.7 nm in this study); d, is the calculated upper size bound
selected according to different nucleation characteristics; dmin is the lower limit of instrument measurement; N is defined as
the total number concentration of particles in the corresponding subscript range; f refers to the coagulation coefficient of two
particle sizes; n is the particle size distribution function that equals dV/ddp; and GR, is the growth rate of the nearest particle
size segment of d,.

Condensation sink (CS) characterizes the condensing vapor sink caused by pre-existing aerosols and was calculated using

the following equation (Kulmala et al., 2013):

cs = zmjz Bmay Na, (S6)
dp

where D represents the diffusion coefficient of the condensing vapor (SA), and f3,.4, is the transitional regime correction factor.
The coagulation scavenging of particles was estimated through CS:
4.\~
_ P
CoagSy, = CS <0.64> (87)
The volatility of OOMs was estimated by the following formula (Mohr et al., 2019):
2(ng — 3ny)n
logao C* (300 K) = (25 — ne)bg — (no — 3y)bo — o0 —mNMey (s8)
n¢ +ng — 3ny
where C” is the saturation mass concentration of the molecule at 300 K, and nc, no and ny represent molecular number of
carbon, oxygen and nitrogen, respectively. bc=0.475; bo=0.2; bco=0.9; bx=2.5. At different ambient temperatures, C* was

estimated by (Donahue et al., 2011):

C*(T) = €*(300 K)exp (% (- %)) (S9)
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where R is the gas constant, 7 is the temperature in Kelvin, and AH.,p, is the vaporization enthalpy, which was calculated by
(Epstein et al., 2010):
A Hyap = —5.71logqo C*(300 K) + 129 (S10)

Text S3. Introduction of modules in the cluster dynamics-multicomponent sectional model

The cluster dynamics module simulated the evolution of clusters. Clusters with more than five SA or DMA molecules
were not included in the simulation. Collision rate coefficients between molecules and clusters were calculated based on kinetic
gas theory (Ortega et al., 2012). Temperature modulates nucleation processes by altering the evaporation rates of clusters,
which were derived from collision coefficients and the cluster formation free energy referenced from the literature (Olenius et
al., 2017). Among these clusters, SA|DMA, exhibits the most pronounced temperature dependence, and its net formation
represents the dominant pathway through which temperature modulates nucleation processes. Reported values for the Gibbs
free energy of formation (AG) of SA|DMA, at 298.15 K range from -11.0 to -15.4 kcal mol ™! (Olenius et al., 2017; Myllys et
al., 2019; Ge et al., 2020; Han et al., 2020). Here, it was set to be -13.5 kcal mol ! at 298.15 K, according to the value from
Myllys et al. (2019).

The sectional module simulated particle growth through condensation, evaporation, coagulation and loss. Particles were
distributed into discrete size bins in terms of their geometric diameters, ranging from 1.1 nm to 115.9 nm. Each bin was further
divided into two parts, which recorded the mass of SA-DMA clusters and OOMs, respectively. Particles in each bin were
assumed to be totally mixed with these condensable species, meaning they shared the same chemical composition.
Theoretically, this module can simulate the initial growth of newly formed particles, enabling the prediction of .J; 7. However,
the sectional module was limited in some cases, because simulated PSDs might exceed the model boundaries.

The sectional module focused on the formation and growth of newly formed particles, and particles that were obviously
not from new particle formation needed to be excluded from the simulation. This was achieved by implementing a time-varying
simulation domain, whose bounds were determined for each NPF event by applying a polynomial fit to the observed PSD to
identify the size range attributable to NPF. Particles within the domain underwent condensation, evaporation, and coagulation,
while particles outside were pre-existing and contribute to the coagulation sink of particles within the domain. This approach
not only reduces computational costs, but also focuses on NPF itself rather than the evolution of pre-existing or large primary
particles. The model performs well for some NPF events (Fig. S2a). However, in other cases, high OOMs concentrations lead
to extremely rapid growth, and particles generated by NPF quickly exceed the boundary of the simulation domain (Fig. S2b).
This causes a decrease on the simulated particle number concentration (N) beyond the critical size (k) when calculating particle
formation rate in Eq. (S5), resulting in smaller or even negative values. Even without an explicit domain boundary, simulated
particles can exceed the intrinsic size limit of the model (Fig. S2c). If OOMs are not treated as condensable vapors and only

the effect of SA and its clusters are considered, the simulated particles do not exceed the boundary (Fig. S2d).
Text S4. The derivation of scaled nucleation rate

The scaled process of particle formation rate is similar to that of SA dimer concentration. The scaled Ji4 (Ji 4,scaled) Was

derived below:

]1.4,scaled = ]1.4,meas ' C1.4(CSmedian' [DMA]med) (511)
where J) 4 meas refers to the measured Ji 45 Ci.4 (CSmedian, [DMA Imedian) 18 defined as the scaling coefficient for Ji 4, meas, and was
calculated by:

J1.4,5immedi
C1.4(CSiedians [DMA]pedian) = —smmedian (512)
]1.4,sim

where J 44im 1S the simulated J; 4, which is calculated by inputting measured data in the model; Ji 4 simmedian 1 the simulated J; 4
with median inputs of CS and DMA concentration ([DMA]), and is calculated by inputting measured SA monomer
concentration ([SA;]) and temperature, but the median [DMA] (2.3 pptv) and the median CS (0.017 s!) in all NPF events.
Ji4simmedian can be regarded as the theoretical Ji 4meas When measured [DMA] and CS reach the median values. A crucial

assumption of this scaled method is that J; 4 sim and Ji 4 meas are approximately equal.
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Based on Ji 4, the scaled Ji.7 (Ji.7,scaled) Was derived below:

]1.7,scaled = ]1.7,meas ' C1.7(Csmedian: [DMA]median' pmedian)

]1.7,sim,median

= ]1.7,meas '
]1.7,sim
_ ]1.4,sim,median : Pmedian
- ]1.7,meas ’ P (513)
]1.4,sim '

where Ji 7meas 18 the measured Ji7; Ci7 (CSmedian, [DMA Jmedian, Pmedian) 18 the scaling coefficient for Ji7meas; J1.7sim 1S the
simulated Ji 7sim; J1.7.simmedian 18 the simulated J, 7 with median measured inputs, except for [SA,] and temperature; P is the

survival probability from 1.4 nm to 1.7 nm calculated by Eq. (1); Pmedian is the median P (0.67) in all NPF events.
Text S5. The simulation of J1.4

There is an acceptable consistency between Ji 4 meas and Ji 4sim When observational and model uncertainties are considered
(Fig. S7). Deviations reported in previous laboratory or field studies were typically within 1 order of magnitude (Kiirten et al.,
2018; Cai et al., 2021; Xiao et al., 2021), smaller than those in our study. This discrepancy likely arises from differences in
uncertainty ranges. For a single observation, the measurement uncertainty is relatively low (Freshour et al., 2014), and the
resulting simulation uncertainty can be controlled within a narrow range. However, our measurement spanned several years
and involved multiple sites, may amplifying the overall uncertainty in J 4.

The uncertainty range of J) 4 sim need to be analyzed basically. Overall, the output range spans approximately 3 orders of
magnitude, indicating high model sensitivity to input parameters. Theoretically, particle formation rate is approximately
proportional to [SA;]* in SA-DMA nucleation, and this relationship is particularly evident under high CS and high [DMA]
(Caietal., 2021). In actual observations, the measured data (Fig. 1) did not fully conform to this functional relationship. which
might arise from other influencing factors. For example, the substantial temperature variations likely accounted for the large
fluctuations in particle formation rate observed at a given [SA] (Fig. 6). If data points at TL (high temperature) are removed
in Fig. 6, it is not difficult to find that the rest of data points generally follow the functional relationship. Considering the
uncertainty of [SA;] merely (+100%/-50%, Table S1), the propagated uncertainty of .J; 4sim is estimated to be +1600%/-94%.
Since there is no simple algebraic relation between [DMA] and J; 4, their quantitative dependence need be inferred empirically.
An urban study reflected that J; 4 roughly varied in proportion to twice of the change of [DMA] (1-5 pptv) accounting for other
influencing factors (Cai et al., 2021). Considering the uncertainty of [DMA] (+150%/-60%) merely, the uncertainty of Ji 4sim
is estimated to be +400%/-80%. In short, by superimposing the uncertainty of input values, the overall uncertainty in modeled

J.4, resulting from the propagation of measured precursor uncertainties, is quantitatively reasonable.
Text S6. The effect of temperature on J1.7

Similar to Ji4scaled (Fig. 6), Ji7scalea also exhibits strong temperature dependence (Fig. S9). After incorporating the
contribution of OOMs to the growth rate of 1.4-1.7 nm particles (GR.4.17), Ji.7sim improves significantly, reaching a level
comparable to Ji 45im (Fig. S7). The survival probability (P) mainly depends on GR;4.17 and CS, and is not directly related to
temperature. It is notice that temperature indirectly influences GR; 4.1 7 through three pathways. The first path is the effect on
condensation process, including collision rate between molecules and particles and Kelvin effect (Trostl et al., 2016), which
are minor and are considered by Eq. (2). The second is the effect on the volatility of individual OOMs species (Epstein et al.,
2010), corrected using Eq. (S10). The third is the effect on organic oxidation rates, which alter the number of effective oxygen
of OOMs to change their volatilities. This path involves the whole system of organic oxidation in the atmosphere and is beyond
the scope of this study. The third effect has been identified to be weaker than the second one in a chamber investigation

(Caudillo et al., 2021), and can be relatively neglected to some extent.
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Figure S1: The location of the measurement sites: (a) The overall distribution in the eastern region of China (© d-maps 2025); (b1)

WD (© Google Maps 2025); (b2) DL (© Google Maps 2025); (b3) TL (© Google Maps 2025). The location of Beijing site (BJ) and
160 Shanghai site (SH) was introduced in the corresponding studies (Yao et al., 2018; Cai et al., 2021).
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Figure S2: Comparison between the observation and simulation for two events. The color bar shows the logio values of the particle
size distribution (dV = dlogiodp in units of cm™) (a) The NPF events on January 20th, 2019 at WD, consists of (al) the observed PSD
and (a2) the simulated PSD considering both OOMs and the domain boundary. (b)-(d) The NPF events on January 27th, 2023 at DL.
The observed PSDs are the same in (b1), (c1) and (d1). The simulated PSDs in (b)-(d) have different simulation settings: (b2) with
OOMs and the domain boundary; (c2) with OOMs but without the domain boundary; (c2) without OOMs but with the domain

boundary. The dashed curves are the upper boundary of the simulation domain for NPF.
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Figure S4: Parameters related to NPF: (a) [DMA], (b) OOMs concentration ((OOMs]) and (c) NH3 concentration ([NH3]) during
NPF periods and non-NPF periods. The NPF period is defined as the period with the maximum value of J1.7 in each NPF event, and
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influence of precipitation, only sunny and cloudy days are selected for non-NPF. The transverse lines and square markers inside the
boxes indicate mean values and median values, respectively. The bottom and top edges of the box indicate the 25" and 75" percentiles,

respectively. The bottom and top edges of the whisker lines outside of the boxes indicate the 10" and 90" percentiles, respectively.



1074
1 Temperature =278 K

Temperature = 293 K

10

v?Y 6

[SA2]meas (Cm-s)

10° -

[DMA] (pptv)

(a) | | (b) .

10° 107 108 107
[SA,] (em™) [SA,] (cm™)

10*

Figure S5: [SAz]meas as a function of [SAi1] under a [DMA] gradient in two temperature ranges, 278+3 K and 293+3 K. Each
185 temperature rang is indicated by its median value. The simulated lines are calculated by the discrete-sectional model the median

value of the temperature range, i.e., 278 K or 293 K. CS for the simulated lines is its median value (0.017 s') in all NPF events.

(a) (b)
0.1+ F -
o © ¢ ® . L
5 oo ° ° 4 o ® ®
.'. .. : ¢ ‘ * ‘ ’.. ....
1 eo ® . ° . ° ° )
- I [ ] — -
0.0 : 00‘.0 2= 031 1 R r-=0.39

0 2 4 6 8 0 2 4 6 8

[DMA] (pptv) [NH;] (ppbv)

Figure S6: Correlations between the concentrations of basic precursors and CS during NPF periods: (a) [DMA] at WD, DL and TL;
190 (b) [NH3] at WD and DL. The NPF period is defined as the period with the maximum value of J1.7 in each NPF event.



. | 1 | 11 1 | | ITm
jl ¢ wp ! O
4 7 |
10 ; A DLW o mD ® //
v DLS JER, v F
— - ¢ TL A tA ,/ =
TUJ E o SH A o /’/
«@ o BJ Ae * i
2 b , |
§ 1003 1 o oY f
~ o
£ oe
<3 il it 3
Ny i F 305
] ) i G
10° - L7 3 295
3 V2 v F =
7 3 285 2
ER g
i 275 =
102 e e 265
107 10° 10? 10*
-3 -1
']1 4, meas (Cm S )

Figure S7: The comparison between J1.4,meas and J1.4,sim. Horizontal and vertical error bars connected with each symbol indicate the

uncertainties of x-axis and y-axis, respectively.

195
[ IsA [ ]sA+OOMs Grey: SA  Blue: SA+OOMs
~ 1@ 10*5 (b) q Tk
i 2 e
g 0 . 3: A DE%DD
< T = R B VOIS ¥ = 3
: ] S B o 8
E — _ HI\E “KA //
% 10"+ ] L ‘ 5 1024 &33 i
g = = £ ] 3A 8 - © WD
5 Il <] e | A DLW
E = 10" e o | O TL ||
% 1004 o SH
5 I ----1:1
T T T T 100 R | R | R | L |
WD DLW TL SH 10° 10" 10° 10°  10*
J1.7,meas (cm'3 S-l)

Figure S8: The simulation of GR1.4-1.7 and J1.7. (a) The comparison of simulated GR1.4-1.7 contributed by SA and its clusters (i.e. SA
in the legend), as well as SA and its clusters plus OOMs in different campaigns. The transverse lines and square markers inside the
boxes indicate mean values and median values, respectively. The bottom and top edges of the box indicate the 25" and 75" percentiles,
200 respectively. The bottom and top edges of the whisker lines outside of the boxes indicate the 10™ and 90 percentiles, respectively.
The shade boxes indicate the ranges of uncertainties. (b) The comparison between J1.7,meas and J1.7sim. Horizontal and vertical error

bars connected with each symbol indicate the uncertainties of x-axis and y-axis, respectively.

10



205

210

215

220

225

—
el
S

WD
DLW
DLS
TL
SH
BJ

J—
S
)

sl L1

oo e 4 p e

S
S}
wl 44y

FE —— 265K
——275K

285 K
: 295 K
F —— 305K

—
<
wul P

-3.-1
J1.7.scaled (Cm S )

305
295
285
275
265

—_
S
=

_
<

Temperature (K)

107 108
[SA,] (cm™)

—_
S
=N

Figure S9: J1.7,scaled as a function of [SA1] under the temperature gradient. Each symbol indicates one NPF event with a time resolution
of 30 min, which was selected when J1.7,meas reaches maximum. [DMA], CS and P for the simulated lines by the discrete-sectional
model are their median values in all NPF events, i.e., 0.017 s ,2.3 pptv and 0.67, respectively. To visualize the effect of temperature,

the color of the simulated lines corresponds to the color bar.

Table S1: The range of uncertainty associated with parameters in models.

Particle
Input [SA] [DMA] [OOMs] CS )
formation rate

+200%/-66%
Uncertainty ~ +100%/-50%  +150%/-60% o +10% +100%/-50%
(logC*+1)
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