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FIGURES 

Fig. S1. Volatility distribution of OOM taken from Qiao et al.1 input into the script. 

 

Fig. S2. Testing of formation rate simulations of sulphuric acid with 107 cm-3 DMA, MEA, and 

NH3, showing (a) the dependence of JA4B4 on temperature with 107 cm-3 sulphuric acid, 0.01 s-1 CS, 

and 50% RH, (b) the dependence of JA4B4 on CS with 107 cm-3 sulphuric acid, 278 K temperature, 

and 50% RH, and (c) dependence of JA4B4 on sulphuric acid concentrations, with 278 K 

temperature, 0.01 s-1 CS, and 50% RH. Also plotted are J1.7 values from chamber studies performed 

at 278 K and 50 % RH as points, chamber data from Almeida et al.2 and Kürten et al.20 

 

Fig. S3. The dependence of growth rate on particle diameter for (grey) sulphuric acid vapour) and 

(coloured) OOM of different log10(C
*) deciles. Data were taken from the Baseline 2020 run at 

midday, where particle growth rates are highest. 

 

Fig. S4. Effect of multiplying the particle count across all bins in the initial size distribution on the 

Baseline 2020 scenario, showing the effect on (a) the initial condensation sink, (b) the initial size 

distribution, (c) the mean GR3-8, (d) the JA4B4, and (f) the particle counts. Here, 1E-1 refers to a 

multiplication of 10-1 to all bins in the initial size distribution. 

 

Fig. S5. Effect of changing temperature on the Baseline 2020 scenario, showing the effect on (a) the 

mean GR3-8, (b) the JA4B4, (c) the <100 nm particle counts, and (d) the evaporation rate of H2SO4-

DMA (A1B1) clusters. 

 

Fig. S6. Effect of changing VOC concentration on the Baseline 2020 scenario, showing the effect 

on (a) the OOM concentration, (b) the mean GR3-8, (c) the JA4B4, (d) <100 nm particle counts. 

 

Fig. S7. Effect of changing SO2 concentration on the Baseline 2020 scenario, showing the effect on 

(a) the OOM concentration, (b) the mean GR3-8, (c) the JA4B4, (d) <100 nm particle counts. 

 

Fig S8. Particle mass distribution of particles at the end of each model run. Conditions are identical 

as those for Figure 3. 

 

Fig. S9. Diurnal variation in particle number concentration for <10 nm, <100 nm, and <1,000 nm 

fractions. 

S.1 MATERIALS AND METHODS 
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We constructed a script simulating new particle formation and growth across a NPF day. The script 

simulates the formation of sulphuric acid and OOMs. The rate of formation of these particles is 

simulated by estimating the formation of clusters with 4 acid and 4 base molecules (referred to as 

JA4B4). Growth of molecules is due to both condensation of acid and base clusters and OOMs, where 

the volatility distribution of OOMs was taken to be the same as that observed in Beijing 1 (Fig. S1). 

The concentrations and diurnal profiles of these species, and the resultant formation and growth 

rates of new particles are similar to those in Beijing. 

 

OH and O3 concentrations were taken to be similar to those reported previously for Beijing 2, 3 

Particles exist in 100 bins between 1.5 and 2500 nm. All simulations were performed at 293 K and 

50 % RH. The model runs through 1,440 1-minute timesteps for 24-hours. Sensitivity tests for 

temperature, CS, OOMs and H2SO4 concentration are provided in Fig. S4 through Fig. S7. Particles 

are formed with 4 acid and 4 base molecules from sulphuric acid and a base molecule with the same 

properties as DMA, accounting for collisional formation, and losses due to evaporation and 

coagulation into larger particles.  

 

The DPEC model was used to generate total emission estimates for NH3, SO2, VOCs and NOx in 

Beijing for the base year (2020) and future years (2040/2060). The climate constraints, socio-

economic drivers, and air pollution control measures are summarized in Table 2. Total emissions 

were used instead of pollutant concentrations due to the availability of data. However, pollutants 

with relatively short atmospheric lifespans are tightly coupled with emission rates, and therefore 

fluctuations are reflected in their concentrations4. Further documentation and access to the DPEC 

model is available at http://meicmodel.org, and in refs5, 6. 

 

The initial size distribution for the base case scenario is taken from the mean size distribution from 

TSI SMPS (TSI 3080 EC, 3082 Long DMA, 3775 CPC, TSI, USA) data measured in Beijing in the 
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summertime 7. For each subsequent scenario, the size distribution was scaled so that the 

condensation sink increased proportionally to the expected changes to PM2.5 mass. Deng et al.8 find 

a strong correlation (r = 0.75) between PM2.5 mass concentration and condensation sinks. 

 

Photochemistry of the model is driven by OH and O3 concentrations replicating summertime 

diurnal cycles 3. These are consistent between scenarios. SO2 in the model is oxidised by OH to 

produce H2SO4 according to the proxy of Mikkonen et al.9. A model organic molecule is oxidised 

by both OH and O3, according to the following equation: 

 

[𝑂𝑂𝑀] =
([𝑂𝑟𝑔] ∙ [𝑂𝐻] ∙ 𝑘𝑂𝐻) +  ([𝑂𝑟𝑔] ∙ [𝑂3] ∙ 𝑘𝑂3)

𝐶𝑆
 

Where CS is the condensation sink, Org is the organic molecule, and kOH and kO3 are reaction rate 

constants for HOM formation, here adjusted to give a 2% yield at typical atmospheric conditions for 

Beijing, in line with typical OOM yields10. These OOM are then binned into 15 volatility bins 

modelled after the volatility distribution of OOMs in springtime Beijing as calculated from the 

molecular formulae as measured by NO3
- CIMS. The species were presumed to either arise from 

autoxidation, and therefore contain mostly hydroperoxide groups, or multi-generational OH 

oxidation, therefore containing mostly hydroxyl and carboxylic acid groups, depending on their O:C 

and H:C ratios1. Equations following those proposed by Donahue et al.11 were then used to estimate 

saturation vapour concentration. The condensation sink, or loss rate of particles is calculated thus 12: 

𝐶𝑆 = 2𝜋𝐷 ∑ 𝛽𝑚,𝑑𝑝
𝑑𝑝𝑁𝑑𝑝𝑑𝑝

  

Where D is the diffusion coefficient of the diffusing vapour. Here, the diffusion coefficient of 

sulphuric acid is used for all molecules. βm is a transition regime correction, dp is particle diameter, 

and Ndp is the number of particles at diameter dp.  
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Molecular cluster formation was not explicitly modelled, instead, the formation rate of a cluster of 4 

acid and 4 base molecules was calculated as according to the following equation 13.  

𝐽𝐴4𝐵4 =
𝛽(𝐴1𝐵1)2

3

2(𝐶𝑆 + 𝛽𝐴1𝐵1[𝐻2𝑆𝑂4])2
∙ [𝐻2𝑆𝑂4]4 ∙ 𝜂4 ∙ [1 + 2 ∙

𝛾 + 𝐶𝑆

𝛽𝐴1𝐵1 ∙ [𝐵] + 𝐶𝑆
]

∙ [1 +
1

4
∙ (1 + 2 ∙

𝛾 + 𝐶𝑆

𝛽𝐴1𝐵1 ∙ [𝐵] + 𝐶𝑆
)] 

Where 

𝜂 =  
𝛽[𝐵]

𝛾 + 𝐶𝑆 +  𝛽𝐴1𝐵1[𝐵]
 

And where B represents the base molecule, β(A1B1)2 is the collision coefficient between two clusters 

containing one acid and one base molecule, and γ is the temperature dependent evaporation rate of a 

cluster containing one acid and one base molecule (in s-1). In the model, this is treated as the 

formation rate of particles in the smallest size bin (1.5 nm). The evaporation rate γ is calculated 

according to 

𝛾 =  
𝛽𝐴1𝐵1 ∙ 𝑃

𝑘𝐵 ∙ 𝑇
∙ 𝑒

∆𝑓𝐺𝑚,𝐴1𝐵1
𝜃

𝑅𝑇
⁄

 

where P is pressure, kB is Boltzmann’s constant, ∆fGm,A1B1
θ is the Gibbs free energy of formation of 

a cluster containing one acid and one base, and R is the molar gas constant. ∆fGm,A1B1
θ
 at 

temperature T is calculated from the Gibbs Function, presuming that formation enthalpies and 

entropies change insubstantially over the experimental temperature range. Formation enthalpies and 

entropies for acid-base clusters are taken from the literature: Paasonen et al. 14 for sulphuric acid-

dimethylamine clusters, Kürten  et al. 15 for sulphuric acid-ammonia clusters, and Xie et al. 16 for 

sulphuric acid-monoethanolamine clusters. The growth of particles is driven by the condensation of 

both oxygenated organic molecules and sulphuric acid. Growth due to an organic molecule is 

calculated: 
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𝐺𝑅 = (
𝑑𝑝 +  𝑑𝑖

𝑑𝑝
)2 ∙

𝑐�̅�,𝑝

2 ∙ 𝜌𝑝
∙ 𝛼𝑖,𝑝 ∙ 𝛽𝑚,𝑑𝑝

[𝐶𝑖
𝑣 − 𝑎𝑖,𝑝𝐶𝑖

0] 

Where dp is the diameter of the particle, di is the diameter of the vapour, c̅i,p is the mean relative 

thermal velocity of the gas and particle, ρp is the density of particle, here presumed to be 1.5 g cm-3, 

αi,p is the accommodation coefficient (here presumed to be 1), βm is a transition regime correction, 

ai,p is particle phase activity, 𝐶𝑖
𝑣 is the vapour phase concentration of i, and 𝐶𝑖

0 is the saturation 

concentration of vapour i. c̅i,p is calculated by 

𝑐�̅�,𝑝 = √
8 ∙ 𝑅 ∙ 𝑇 ∙ (𝑀𝑖 + 𝑀𝑝)

𝜋 ∙ 𝑀𝑖 ∙ 𝑀𝑝
 

where Mi and Mp are the molar mass of the gas and particle, respectively. ai,p is calculated as 

𝛼𝑖,𝑝 = 𝑦𝑖,𝑝 ∙ 𝐾𝑖,𝑝 ∙ 𝑋𝑖,𝑝  

yi,p is the mass based activity coefficient, here presumed to be unity. Ki,p is the Kelvin coefficient. 

Ki,p is equal to  

𝐾𝑖,𝑝 = 10
𝐷𝐾10

𝑑𝑝
⁄

 

where DK10 is calculated thus 

 

𝐷𝐾10 = 𝑙𝑜𝑔10(𝑒) ×
4𝜎𝑖𝑀𝑖

𝑅𝑇𝜌𝑖
 

where σi is the surface tension of molecule i, here taken as the surface tension of oxidised α-pinene 

derived particles, 0.044 N m-1 17. Mi is the mass of molecule i, and ρi is the density of molecule i. 

Xi,p is the mass fraction of vapour i in the particle phase 

𝑋𝑖,𝑝 =
𝐶𝑖,𝑝

𝑠

𝐶𝑝
𝑠  
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where 𝐶𝑖,𝑝
𝑠  is the mass of vapour i in the particle phase, and 𝐶𝑝

𝑠 is the sum of 𝐶𝑖,𝑝
𝑠  for all vapours. 

This was calculated for each size bin and vapour in the model for each timestep. The coagulation 

coefficient in the free molecular regime is calculated as follows18: 

𝑘𝑗,𝑙 = (
3

4𝜋
)

1
6⁄ ∙ √

6𝑘𝐵𝑇

𝜌𝑝
∙ (

1

𝑣𝑗
+

1

𝑣𝑙
)

1
2⁄

∙ (𝑣𝑗
1

3⁄ + 𝑣𝑙
1

3⁄ )2 

For each timestep, particles in each size bin coagulate into all larger size bins iteratively, resulting 

in a decrease in particle number with a maintenance in particle volume. 
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Fig. S1. Volatility distribution of OOM taken from Qiao et al.1 input into the script. 
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Fig. S2. Testing of formation rate simulations of sulphuric acid with 107 cm-3 DMA, MEA, and 

NH3, showing (a) the dependence of JA4B4 on temperature with 107 cm-3 sulphuric acid, 0.01 s-1 CS, 

and 50% RH, (b) the dependence of JA4B4 on CS with 107 cm-3 sulphuric acid, 278 K temperature, 

and 50% RH, and (c) dependence of JA4B4 on sulphuric acid concentrations, with 278 K 

temperature, 0.01 s-1 CS, and 50% RH. Also plotted are J1.7 values from chamber studies performed 

at 278 K and 50 % RH as points, chamber data from Almeida et al.19 and Kürten et al.20
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Fig. S3. The dependence of growth rate on particle diameter for (grey) sulphuric acid vapour) and 

(coloured) OOM of different log10(C
*) deciles. Data were taken from the Baseline 2020 run at 

midday, where particle growth rates are highest. 
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Fig. S4. Effect of multiplying the particle count across all bins in the initial size distribution on the 

Baseline 2020 scenario, showing the effect on (a) the initial condensation sink, (b) the initial size 

distribution, (c) the mean GR3-8, (d) the JA4B4, and (f) the particle counts. Here, 1E-1 refers to a 

multiplication of 10-1 to all bins in the initial size distribution. 
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Fig. S5. Effect of changing temperature on the Baseline 2020 scenario, showing the effect on (a) the 

mean GR3-8, (b) the JA4B4, (c) the <100 nm particle counts, and (d) the evaporation rate of H2SO4-

DMA (A1B1) clusters. 
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Fig. S6. Effect of changing VOC concentration on the Baseline 2020 scenario, showing the effect 

on (a) the OOM concentration, (b) the mean GR3-8, (c) the JA4B4, (d) <100 nm particle counts. 
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Fig. S7. Effect of changing SO2 concentration on the Baseline 2020 scenario, showing the effect on 

(a) the H2SO4 concentration, (b) the mean GR3-8, (c) the JA4B4, (d) <100 nm particle counts.  
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Fig S8. Particle mass distribution of particles at the end of each model run. Conditions are identical 

as those for Figure 3. 
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Fig. S9. Diurnal variation in particle number concentration for <10 nm, <100 nm, and <1,000 nm 

fractions.  
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