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Abstract. Coagulation modifies the particle size distributions (PSD) of atmospheric aerosols, affecting their 12 

optical properties, cloud droplet activation, and gravitational deposition. While Coulomb forces may impact 13 

coagulation processes between charged aerosols, such as dust, most coagulation models neglect the effects 14 

of aerosol charge. Here, we address the lack of single-particle charge measurements for dust aerosols by 15 

developing a method to retrieve their joint size-charge distributions. By incorporating aerosol charge into the 16 

coagulation kernel, simulations in a dust-only scenario at typical environmental concentrations show that, on 17 

hourly timescales, electrostatic force leads to a reduction of up to ~64% in number concentration relative to 18 

Brownian coagulation. Moreover, electrostatic coagulation between dust and ambient sub-500 nm aerosols 19 

modifies the latter's PSD by ~10% compared with Brownian coagulation. These results strongly suggest that 20 

electrostatic coagulation should be considered in air quality models. 21 

1 Introduction 22 

Changes in the aerosol particle size distribution (PSD) alter aerosol optical properties and deposition behavior. 23 

These changes affect atmospheric radiation, cloud droplet activation, and aerosol removal processes (Tegen 24 

et al., 1996; Pöschl, 2005). One important driver of PSD evolution is coagulation. Coagulation shifts aerosols 25 

toward larger sizes and reduces the total number concentration. Quantifying PSD evolution due to 26 

coagulation is essential for assessing atmospheric effects. Aerosol coagulation can be driven by Brownian 27 

motion, van der Waals and Coulomb interactions, and hydrodynamic (shear/turbulence-induced) processes. 28 

Different mechanisms lead to different coagulation kernels and thus distinct PSD evolution (Seinfeld et al., 29 

2016). 30 

Most widely used coagulation models use Brownian coagulation as the fundamental mechanism and include 31 

no explicit charge terms in the coagulation kernel (Lee et al., 2009; Ramnarine et al., 2019; Grell et al., 2005). 32 

When aerosols carry charge, Coulomb forces alter aerosol collision and coalescence processes. Oppositely 33 
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charged aerosols experience Coulomb attraction and collide more frequently, whereas like-charged aerosols 34 

experience Coulomb repulsion and collide less often (Harrison and Carslaw, 2003). Experimental and 35 

numerical studies show that when aerosols carry large opposite charges or the charge distribution is highly 36 

asymmetric, the electrostatic coagulation rate is significantly higher than the Brownian coagulation rate 37 

(Adachi et al., 1981). Therefore, using such Brownian models to assess the coagulation of highly charged 38 

atmospheric aerosols may introduce bias for charged aerosols. Explicit consideration of Coulomb interactions 39 

in the coagulation process is necessary to improve the accuracy of modeled PSD evolution. 40 

Highly charged aerosols are common in the atmosphere, typically including dust aerosols, volcanic ash, sea 41 

spray, and urban coarse aerosols (Harrison and Carslaw, 2003; Cimarelli and Genareau, 2022). Dust aerosols 42 

with geometric diameters up to 20 µm have an emission of approximately 5000 Tg yr-1 and possess long-43 

range transport capability (Kok et al., 2021). These features produce significant environmental effects by 44 

influencing atmospheric radiative forcing and cloud condensation nuclei (CCN) number concentration. 45 

Meanwhile, the PSD of dust aerosols strongly influences their radiative properties, CCN concentration, and 46 

deposition rate (Tegen et al., 1996; Lee et al., 2009). Thus, dust aerosols are a highly representative system 47 

for investigating coagulation processes in highly charged aerosol populations. Quantifying the evolution of 48 

the PSD of dust aerosols during coagulation is essential for improving such assessments. Based on physics-49 

based numerical calculations, Mallios et al. (2022) predicted mean net dust aerosol charges of approximately 50 

0.5–2000 e, exceeding those expected under Boltzmann equilibrium. The existence of such charge states 51 

suggests that electrostatic interactions may become non-negligible, highlighting the potential importance of 52 

electrostatic coagulation in dust aerosol systems (Adachi et al., 1981). The specific differences between 53 

electrostatic and Brownian coagulation of dust aerosols in driving the PSD evolution of ambient aerosols in 54 

dust-laden environments are not yet well understood. 55 

Techniques for measuring single-particle charges on dust aerosols are required to quantify PSD evolution 56 

driven by electrostatic coagulation. Such techniques must provide polarity discrimination and size-resolved 57 

precision. Existing approaches can be broadly classified into three categories: bulk net-charge measurements 58 

(e.g., Faraday-cup or induction electrometry), single-particle trajectory or deflection measurements, and 59 

high-precision single-particle instruments based on levitation or trapping (e.g., electrodynamic balance; 60 

Zhang et al., 2020; Li et al., 2022). These methods usually deliver only some of the above capabilities—61 

rarely all at once, especially in high-throughput, in situ settings. Obtaining single-particle charge 62 

measurements for dust aerosols that are directly applicable to electrostatic coagulation modeling remains a 63 

major technical challenge.  64 
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The core objective of this study is to quantify the differences between electrostatic and Brownian coagulation 65 

of dust aerosols in driving the PSD evolution of ambient aerosols during dust events. To address this objective, 66 

we develop a new method to obtain single-particle charge values of dust aerosols that can be directly used 67 

for electrostatic coagulation modeling by means of laboratory measurements and computational inversion. 68 

The measured charges serve as initial conditions for subsequent coagulation simulations, and the method 69 

provides a reusable workflow for related research. Based on the comparative simulation results, the role of 70 

explicit charge inclusion in coagulation modeling is evaluated.  71 

2 Materials and Methods 72 

This section describes the measurements, data processing, and coagulation model. The PSDs and electrical 73 

mobility diameter distributions of laboratory-generated dust aerosols were obtained from measurements, 74 

while single-particle charge distributions were derived from measurements and computational inversion. The 75 

PSDs of ambient sub-500 nm aerosols were obtained from field measurements, and their charge distributions 76 

were obtained through computation. The number concentrations of dust aerosols, with or without ambient 77 

sub-500 nm aerosols, were mapped onto a common size-charge matrix and used as model initial conditions. 78 

The model simulated Brownian and electrostatic coagulation and updated the aerosol number concentration 79 

matrix over time. 80 

2.1 Laboratory Dust Aerosol Generation 81 

2.1.1 Soil Samples 82 

This study used eight soil samples to produce laboratory-generated dust aerosols. Two were collected from 83 

the Dunhuang dust source area, Gansu Province, China (S1, S2). Three were collected from the Inner 84 

Mongolia dust source area (Ulanqab and Hohhot), China (S3–S5). Three were collected from non-dust-source 85 

areas in Qingxi Country Park, Shanghai (S6), Fudan University’s Jiangwan Campus, Shanghai (S7), and 86 

Baoshi Town in Anju District, Suining, Sichuan Province (S8). All samples were passed through a 100 mesh 87 

nylon sieve to remove coarse particles and organic debris. Site coordinates and soil texture are listed in Table 88 

S1. 89 

2.1.2 Dust Aerosol Generator    90 

A dust aerosol generator (SyGAVib) was used to produce laboratory-generated dust aerosols (Qu et al., 2020). 91 

The device consists of a cylindrical acrylic chamber, a loudspeaker, and an aluminum cup with an open top. 92 

Operating parameters were set following Qu et al. (2020) to generate a stable dust plume. Each experiment 93 

used 0.3 g of soil placed in the aluminum cup, with the cup fixed to the loudspeaker diaphragm. The 94 

loudspeaker was driven at 100 Hz with medium output power to loosen particles via collisions. Three bottom 95 
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inlet ports supplied dried and filtered air at a total flow rate of 8 liters per minute (LPM). The two lower side 96 

ports each supplied 3.5 LPM of sheath air to provide upward momentum, and the port above the cup delivered 97 

air of 1 LPM into the cup to simulate turbulence and loft the dust aerosols. To avoid the effect of humidity 98 

on Coulomb forces between aerosols (Ma et al., 2023), the plume relative humidity was maintained at 25–99 

35%. A temperature-humidity probe was placed at the top of the chamber. The setup is shown in Figure S1. 100 

It should be noted that these aerosols are more representative of freshly generated dust aerosols under near-101 

source conditions than of aged atmospheric dust after long-range transport. 102 

2.2 Dust Aerosol Measurements 103 

2.2.1 Size and Electrical Mobility Distributions 104 

Size distributions of dust aerosols were measured with an Aerodynamic Particle Sizer (APS, TSI Inc. Inlet 105 

flow rate: 1 LPM) over 0.5–20 μm, whereas aerosols < 0.5 μm were measured with a Scanning Mobility 106 

Particle Sizer (SMPS, TSI Inc. Sampling flow rate: 0.3 LPM). For consistency, all aerosol sizes were 107 

converted to electrical mobility diameter, which more accurately approximates the geometric diameter of 108 

non-spherical aerosols. The detailed conversion formula is provided in Eq. (3). Electrical mobility 109 

distributions were measured with an SMPS without a neutralizer, covering 1.56×10-9–1.07×10-6 m2·V-1·s-1. 110 

The schematic is in Figure S1. 111 

2.2.2 Single-Particle Charge Measurement 112 

The experimental setup is shown in Figure 1. The laboratory-generated dust aerosols were then directed into 113 

the Differential Mobility Analyzer (DMA, Models 3080 and 3082, TSI Inc., inlet flow rate: 1 LPM, sheath 114 

flow rate: 10 LPM) at prescribed electrical mobilities Zp (Table S2), and the aerodynamic diameter of the 115 

classified aerosols was measured with an APS. The single-particle charge distribution was retrieved through 116 

joint analysis of the set electrical mobility and the electrical mobility diameter (Dp). 117 

Electrical mobility equation: 118 

𝑍𝑝  =  
𝑛𝑒𝐶

3𝜋𝜇𝐷𝑝
(1) 119 

Zp is the electrical mobility (m2·V-1·s-1), n is the single-particle charge, e is the elementary charge (1.6×10-19 120 

C), π is the circular constant, and μ is the dynamic viscosity of air (1.85×10-5 Pa·s at 25 ℃), Dp is the electrical 121 

mobility diameter (m). 122 

where C is the Cunningham slip correction factor, calculated as (Seinfeld et al., 2016): 123 
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𝐶 = 1 +
2𝜆

𝐷
[1.257 + 0.4exp (−

1.1𝐷

2𝜆
)] (2) 124 

D is the aerosol diameter (m), λ is the molecular mean free path (68×10-9 m). 125 

The aerodynamic diameter was converted to the electrical mobility diameter using the size conversion 126 

relationship (Seinfeld et al., 2016): 127 

𝐷𝑝  =  𝐷𝑎√𝜒3
𝜌0𝐶(𝐷𝑚)2𝐶(𝐷𝑎)

𝜌𝑝𝐶(𝐷𝑣𝑒)3
(3) 128 

is derived from the following two equations: 129 

𝐷𝑝

𝐶(𝐷𝑝)
 =  

𝐷𝑣𝑒𝜒

𝐶(𝐷𝑣𝑒)
(4) 130 

𝐷𝑎  =  𝐷𝑣𝑒√
𝜌𝑝𝐶(𝐷𝑣𝑒)

𝜒𝜌0𝐶(𝐷𝑎)
(5) 131 

𝜒 is the dynamic shape factor under the experimental conditions (set to 1.0 assuming spherical dust aerosols), 132 

 𝐷𝑎 is the aerodynamic diameter (m), 𝐷𝑣𝑒 is the volume equivalent diameter (m), 𝜌0 is the reference density 133 

(1 g/cm3), and 𝜌𝑝 is the density of dust aerosol particles, taken as 2.65 g/cm3 (Haywood et al., 2003a). Missing 134 

charge bin concentrations were obtained by linear interpolation along the charge axis.  135 

Under each prescribed electrical mobility condition Zp, the APS provided the PSD (dN/dlogDp) of the DMA-136 

classified dust aerosols for different aerodynamic diameter bins. The aerodynamic diameter Da measured by 137 

the APS was converted to the electrical mobility diameter Dp using Eq. (3). For each logarithmic particle-138 

diameter bin （logDp bin）, the corresponding number of charges per particle n was then calculated from 139 

Eq. (1) using the prescribed Zp and the converted Dp. Therefore, each prescribed electrical mobility condition 140 

produced one aerosol number concentration line in the two-dimensional size-charge space. 141 

For simplicity, the concentration was not jointly normalized over the particle-size and charge dimensions. It 142 

was expressed as dN/dlogDp, rather than as a combined two-dimensional concentration form such as 143 

dN/(dlogDp dn) or dN/(dlogDp dlogn). Each dN/dlogDp value was assigned to the corresponding calculated 144 

charge number n. The full two-dimensional size-charge distribution was reconstructed from multiple 145 
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measured lines obtained under different prescribed electrical mobility conditions, and the bins not directly 146 

covered by these measured lines were filled by linear interpolation between adjacent lines. 147 

 The interpolation uncertainty is mainly associated with the high-charge tail, where aerosol number 148 

concentrations are inherently low and therefore more sensitive to data-processing methods. However, the 149 

prescribed electrical mobility range in this study is relatively broad and still includes measured points in the 150 

high-charge tail. Therefore, the uncertainty associated with the high-charge tail is expected to have a limited 151 

influence on the reconstructed size–charge distribution. 152 

It should also be noted that a dynamic shape factor of χ = 1 was assumed in the conversion from aerodynamic 153 

diameter to electrical mobility diameter as a simplifying assumption. Since irregular mineral dust aerosols 154 

typically have χ > 1, this assumption may shift the particle size range associated with highly charged aerosols, 155 

while this assumption affects the converted particle size, but does not change the measured charge 156 

characteristics. This uncertainty does not affect the qualitative comparison between the two cases, because 157 

both cases start from the same initial PSD and therefore share the same underlying Brownian coagulation 158 

pathway, with the only difference being whether electrostatic interactions are include. 159 

In addition, the finite DMA mobility selection range may introduce a small bias toward higher inferred charge 160 

states for large aerosols. This is because aerosols with large diameters and only a few charges may fall below 161 

the lower DMA mobility selection limit and therefore cannot be fully selected. According to the electrical 162 

mobility definition equation, the lower DMA mobility selection limit used in this study, 4.68 × 10-9 m2·V-
163 

1·s-1, corresponds to a minimum required charge of only ~5 e for aerosols with diameters of ~1 μm, ~10 e for 164 

~2 μm, and ~35 e even near the upper end of the measured size range (~7 μm). Importantly, ~59% of the 165 

total dust aerosol number concentration is distributed within the 1–2 μm size range, where the lower DMA 166 

mobility boundary corresponds to only ~5–10 e. However, the mean charge level of dust aerosols in this 167 

dominant 1–2 μm size range is still on the order of 102 e, much higher than the lower-boundary charge 168 

values. 169 

The number fraction of dust aerosols outside the lower DMA mobility limit was estimated on a particle size 170 

bin basis. For each particle size bin, the charge value corresponding to the lower DMA mobility boundary 171 

was first calculated based on the electrical mobility definition equation. The number concentration below this 172 

boundary was then estimated from the fitted charge distribution for that particle size bin. Specifically, the 173 

charge distribution in each particle size bin was empirically fitted using a Gaussian-shaped function in ln(n) 174 

space: 175 
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NDp
(n)=ADp

exp[-
(ln n-𝜇𝐷𝑝

)
2

2σDp

2
] (6) 176 

where n is the number of charges per particle, Dp is the particle diameter of a given size bin, NDp
(n) is the 177 

number concentration at charge state n for particles with diameter Dp, and ADp
, 𝜇𝐷𝑝

, and 𝜎𝐷𝑝
 are empirical 178 

fitting parameters obtained separately for each particle size bin. Based on this particle size bin based 179 

estimation, only ~0.6% of the dust aerosols in this study are estimated to fall below the lower DMA mobility 180 

limit. Therefore, under the present operating conditions, the dust aerosols considered in this study would 181 

generally remain above the lower DMA mobility selection limit. 182 

A custom charged particle remover (CPR) operated at 3.5 kV was used to determine the neutral fraction of 183 

dust aerosols (Zhang et al., 2023). The CPR consists of two coaxially aligned stainless-steel tubes that create 184 

a radial electric field, which removes charged aerosols and allows only neutral aerosols to pass through 185 

unaffected (design and operation details in Figure S2). 186 

2.3 Ambient Sub-500 nm Aerosol Size Distribution Measurement and Charge Calculation  187 

The PSD of representative ambient sub-500 nm aerosols was determined from measurements collected during 188 

periods without dust events at the seventh floor of the Environmental Science Building, Jiangwan Campus 189 

of Fudan University, Shanghai, China, on 30 September 2024. The detailed geographic coordinates of the 190 

measurement site are provided in Table 3. Given that ultrafine aerosols (<100 nm) in urban environments 191 

typically contribute the majority of the total number concentration (>80%) (Kumar et al., 2014; Morawska 192 

et al., 2008), and that the WMO Global Atmosphere Watch (GAW) multi-site analysis also used the 10–193 

500 nm size range to represent total number concentration (Rose et al., 2021), the electrical mobility diameter 194 

distribution of ambient sub-500 nm aerosols was measured with an SMPS over 14 – 500 nm. The 195 

measurement setup is shown in Figure S4. Assuming a natural bipolar ion background (Tigges et al., 2015), 196 

aerosol charge states were assumed near Boltzmann equilibrium. The charge distribution for each size bin 197 

was computed from the measured size distribution using the Boltzmann formulation (Liu and Pui, 1974; 198 

Table S4). 199 

2.4 Coagulation Modeling 200 

2.4.1 Input Matrix Construction 201 

In the coagulation model, aerosol number concentrations are represented on a unified matrix in size and 202 

charge. Dust aerosol model inputs were derived from three Inner Mongolia soil samples. Given that Mongolia 203 
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accounted for more than 42% of dust concentrations in northern China during March–April 2023 (Chen et 204 

al., 2023) and shares a dust source belt and similar emission and transport pathways with Inner Mongolia 205 

(Mu and Fiedler, 2025), dust aerosols generated from Inner Mongolia soils are representative. The dataset 206 

was discretized on a two-dimensional size-charge matrix, defined by electrical mobility diameter 𝐷𝑝 (Table 207 

S5) and single-particle charge number z ∈{-1000, -999, ... , 999, 1000}. The size matrix comprised 131 208 

logarithmically spaced bins from 14.1 nm to 7 μm. This yielded three number concentration matrices Nk (Dp, 209 

z) for k = 1, 2, 3. Each Nk was normalized to a joint probability density matrix: 210 

𝑓𝑘(𝐷𝑝, z)  =  
𝑁𝑘(𝐷𝑝, 𝑧)

∑ 𝑁𝑘(𝐷𝑝, 𝑧)𝐷𝑝,z
(7) 211 

and the representative joint probability density function was obtained by taking the element-wise arithmetic 212 

mean: 213 

𝑓(̅𝐷𝑝, 𝑧)  =  
1

3
∑ 𝑓𝑘(𝐷𝑝, 𝑧)

3

𝑘=1

(8) 214 

Following Chen et al. (2023), the dust aerosol number concentration of ~300 #/cm3 (~3 mg/m3) observed in 215 

Beijing during transport from Mongolia was mapped onto the matrix according to the above representative 216 

joint probability density matrix, yielding a representative number concentration matrix of dust aerosols. This 217 

matrix was combined with the ambient sub-500 nm aerosol matrix, or used alone, to form the initial mixed 218 

field that served as the model input. For sensitivity analysis under dust-only conditions, additional 219 

simulations were performed with initial dust aerosol number concentrations of 50, 100, 200, 300, 500, and 220 

1000 #/cm3 (Figure 4). This range of concentrations was used to evaluate model stability under varying initial 221 

conditions and to examine the concentration dependence of electrostatic coagulation. 222 

2.4.2 Brownian Coagulation 223 

Under Brownian coagulation, the generation and loss terms are computed on the size matrix for each size bin, 224 

following Zebel (1958) and Oron and Seinfeld (1989a): 225 

d𝑁(𝐷𝑝)

d𝑡
 =  

1

2
∑ ∑  𝛽𝐵 (𝐷𝑝

′ ,𝐷𝑝
′′) 𝑁(𝐷𝑝

′ ) 𝑁(𝐷𝑝
′′)  −  𝑁(𝐷𝑝) 

𝐷𝑝
′′𝐷𝑝

′

∑ 𝛽𝐵(𝐷𝑝,𝐷𝑝
∗ ) 𝑁(𝐷𝑝

∗)

𝐷𝑝
∗

(9) 226 
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N is the aerosol number concentration in a size bin (#/cm3), Dp’ and Dp’’ are the aerosol diameters (m), Dp∗ 227 

denotes the representative size of aerosols colliding with Dp (m), and βB is the Brownian coagulation kernel 228 

(m3 /s), calculated using the Fuchs (1964) formulation at 25 ℃.  229 

The Brownian coagulation kernel is given by: 230 

𝛽𝐵 = 2𝜋(𝑑1 + 𝑑2)(𝐷𝑝1 + 𝐷𝑝2) ×

(
𝐷𝑝1 + 𝐷𝑝2

𝐷𝑝1 + 𝐷𝑝2 + 2(𝛿1
2 + 𝛿2

2)1/2
+

8(𝐷1 + 𝐷2)

(𝑐1̅
2 + 𝑐2̅

2)1/2(𝐷𝑝1 + 𝐷𝑝2)
)−1 (10)

 231 

where: 232 

𝑐𝑖̅ = (
8𝑘𝑇

𝜋𝑚𝑖
)1/2 (11) 233 

𝜆𝑖 =
8𝐷𝑖

𝜋𝑐𝑖̅
(12) 234 

𝛿𝑖 =
1

3𝐷𝑝𝑖𝜆𝑖
[(𝐷𝑝𝑖 + 𝜆𝑖)

3 − (𝐷𝑝𝑖
2 + 𝜆𝑖

2)3/2] − 𝐷𝑝𝑖 (13) 235 

𝑑𝑖 =
𝑘𝑇𝐶𝑐

3𝜋𝜇𝐷𝑝𝑖
(14) 236 

𝐷𝑝𝑖 is the aerosol diameter (m), k is the Boltzmann constant (1.380649 × 10-23 J·K-1), T is the temperature 237 

(298.15 K), and 𝑚𝑖 is the aerosol mass (kg). 238 

Coagulation satisfies volume conservation: 239 

Dp = (Dp
'3 + Dp

''3)
1/3

(15) 240 

At each time step a pairwise collision rate matrix is formed. Columns correspond to the size bins being 241 

depleted and rows correspond to the pairing size bins that collide with them. The total coagulation rate for a 242 

given size bin is obtained by summing all elements in its column. The remaining number concentration in 243 

the size bin Dp after one time step is: 244 

𝑁𝑟𝑒𝑚(𝐷𝑝)  =  𝑁(𝐷𝑝)  −  ∆𝑡 𝑁(𝐷𝑝) ∑ 𝛽𝐵(𝐷𝑝, 𝐷𝑝
∗) 𝑁(𝐷𝑝

∗)

𝐷𝑝
∗

(16) 245 

The time step ∆t was 1 s for 0–100 s, 10 s for 100–1000 s, and 100 s for 1000–10000 s.  246 
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For the formation term, the upper-triangular part of the rate matrix was used to avoid double counting. For 247 

each pair in the upper triangle of the pairwise collision rate matrix, the equivalent product size was computed 248 

from volume conservation and mapped to the nearest discrete size bin. The number of newly formed aerosols 249 

was then added to the corresponding product bin. After traversing the upper triangle, the formation term for 250 

each size bin was obtained. The field N(Dp) was updated by adding the formation matrix to the remaining 251 

concentration matrix. 252 

2.4.3 Electrostatic Coagulation 253 

Electrostatic coagulation was modeled using the Brownian framework with a Coulomb correction applied to 254 

the coagulation kernel: 255 

d𝑁(𝐷𝑝, 𝑧)

d𝑡
 =  

1

2
 ∑ ∑ ∑ 𝛽𝐸(𝐷𝑝

′ ,𝑧−𝑧′),(𝐷𝑝
′′,𝑧′) 𝑁(𝐷𝑝

′ , 𝑧 − 𝑧′) 𝑁(𝐷𝑝
′′, 𝑧′)

𝑧

𝑧′=−1000𝐷𝑝
′′𝐷𝑝

′

− 𝑁(𝐷𝑝, 𝑧) ∑ ∑ 𝛽𝐸(𝐷𝑝,𝑧),(𝐷𝑝
∗ ,𝑧∗) 𝑁(𝐷𝑝

∗ , 𝑧∗)

𝑧∗𝐷𝑝
∗

 (17)

 256 

βE  is the electrostatic coagulation kernel (m3/s), derived from the Brownian kernel with a Coulomb 257 

interaction correction. In this study, all parameters were set to 25 ℃. z′ denotes particles with charge 258 

number smaller than z, and z* denotes the representative charge of aerosols colliding with z. 259 

The electrostatic coagulation kernel is given by (Brownian kernel with Coulomb correction): 260 

𝛽𝐸 =
𝛽𝐵

𝑊𝑐
(18) 261 

𝑊𝑐 =
𝑒𝜅 − 1

𝜅
(19) 262 

𝜅 =
𝑧1𝑧2𝑒2

4𝜋𝜀0𝜀(𝑅𝑝1 + 𝑅𝑝2)𝑘𝑇
(20) 263 

𝑧𝑖  is the aerosol charge number, 𝑒 is the elementary charge (1.60217662 × 10-19 C), 𝜀0𝜀 is the dielectric 264 

permittivity of air (8.854737 × 10-12 F/m), and 𝑅𝑝𝑖 is the aerosol effective radius (m). 265 

Simulating electrostatic coagulation requires accounting for atmospheric ions. Dust aerosols are typically 266 

transported at altitudes of ~2–5 km, where they are influenced by cosmic-ray ionization (Kok et al., 2021; 267 

Xie et al., 2022). The initial ion number concentration is 440 #/cm3 and the ion production rate is 2 #/cm3·s 268 
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(Tammet et al., 2006; Israel et al., 1970, 1973; Hoppel et al., 1986a). At each time step, the ion balance and 269 

aerosol charging are updated first and coagulation is then applied. 270 

The pairwise collision rate matrix in electrostatic coagulation is indexed by paired size and charge (Dp, z). 271 

As in Brownian coagulation, the loss for any source cell is obtained by summing the column of the pairwise 272 

collision rate matrix corresponding to that cell. The formation term differs in that the product is indexed by 273 

both size and charge. The size of newly formed aerosols is computed from volume conservation and mapped 274 

to the nearest discrete size bin. The charge of newly formed aerosols is computed from charge conservation 275 

and assigned to the corresponding integer charge bin. The resulting size and charge indices are then used to 276 

add the newly formed aerosols to the corresponding matrix cell. 277 

It should be noted that certain features of the coagulation model may introduce slight biases. The calculation 278 

of the size of the product aerosol follows volume conservation and the computed size may deviate from the 279 

true volume-equivalent diameter because aerosols are not ideal spheres. Moreover, although a relatively fine 280 

size discretization is adopted, binning still introduces errors, which are more apparent when the size 281 

difference between dust aerosols and ambient sub-500 nm aerosols is large. Coagulation products are often 282 

binned near the size of the larger precursor aerosol. This underestimates the contribution of small aerosols, 283 

causes a numerical loss of total aerosol volume, and subtly shifts the PSD toward smaller sizes. 284 

3 Results and Discussion 285 

3.1 Size and charge characteristics of laboratory-generated dust aerosols 286 

This study used a DMA–APS measurement system combined with inversion of the electrical mobility 287 

equation to obtain size-resolved single-particle charge distributions of individual dust aerosol particles. The 288 

experimental setup is shown in Figure 1. These measurements provide the basis for subsequent size–charge 289 

coupled analyses and coagulation simulations, and enable a standardized workflow for in situ measurement 290 

of charged dust aerosols. 291 
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 292 

Figure 1. Schematic of the experimental workflow for measuring single-particle charge. 293 

The laboratory-generated dust aerosols are shown to be representative of real atmospheric dust (Shao et al., 294 

2016). Figure 2 shows that the peak diameters of the eight dust aerosol samples fall within 1–3 µm, 295 

consistent with long-range transported atmospheric dust aerosols (Maring et al., 2003). This size distribution 296 

also agrees well with field APS measurements of transported dust in Yinchuan, China, further supporting the 297 

atmospheric representativeness of the laboratory-generated aerosols (Shao and Mao, 2016). Investigating 298 

coagulation within this size range therefore provides greater atmospheric relevance. 299 

 300 

Figure 2. Particle size distributions of dust aerosol samples S1–S8 from 23 nm to 10 µm. 301 

The data in Figure 3 indicate that the charge distribution of the laboratory-generated dust aerosols spans a 302 

range of ~10–1000 e, with a peak around 100 e. These values are much higher than those at the bipolar 303 

Boltzmann equilibrium. The distributions are nearly symmetric between positive and negative charges, 304 
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indicating no pronounced polarity preference. This near-symmetric bipolar character is further supported by 305 

the nearly identical positive and negative electrical mobility distributions in Figure S5. These measurements 306 

directly resolve the size-dependent charge distribution of individual dust aerosols, providing observational 307 

constraints that are typically unavailable in coagulation studies. This nonequilibrium bipolar charge 308 

distribution enhances Coulomb interactions and consequently leads to a higher coagulation rate (Adachi et 309 

al., 1981). 310 

 311 

Figure 3. Maps of the joint distribution of number of charges carried by single-dust aerosol and electrical 312 

mobility diameter for dust aerosol samples S1–S8. The x axis is electrical mobility diameter on a logarithmic 313 

scale from 0.7–12.5 μm. The y axis is the number of elementary charges per aerosol on a logarithmic scale 314 

from 1–4000 e. Color encodes number concentration on a logarithmic scale from 10-3–102 #/cm3. Red 315 

indicates positively charged aerosols and blue indicates negatively charged aerosols. 316 

3.2 PSD evolution of dust aerosols in dust-only scenario under Brownian and electrostatic coagulation 317 

The PSD evolution under electrostatic coagulation of dust aerosols differs significantly from that under 318 

Brownian coagulation. The size-charge number concentration matrix of dust aerosols was used as the model 319 

input, with an initial total number concentration of 300 #/cm3. This value was chosen to represent a 320 

characteristic peak in dust number concentrations commonly observed under non-extreme dust conditions in 321 
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northern China, based on long-term measurements in Beijing and nearby regions (Chen et al., 2023). The 322 

choice of dust aerosol number concentration is described in Methods Section 2.4.1.  323 

The PSD evolution under Brownian and electrostatic coagulation from 0 to 10000 s was then simulated, as 324 

shown in Figure 4. From 0 to 10000 s, the PSD is essentially unchanged under Brownian coagulation (Figure 325 

4a), whereas under electrostatic coagulation the peak diameter shifts from ~0.9 to 1.5 µm and the peak 326 

number concentration falls from ~700 to 250 #/cm3 (Figure 4b). These results show that dust aerosols change 327 

the PSD on hourly timescales through electrostatic coagulation. Therefore, calculations of coagulation 328 

processes involving highly charged aerosols should explicitly account for the influence of Coulomb forces.  329 

 330 

Figure 4. Temporal evolution of the PSD and total number concentration for dust aerosols (dust-only with 331 

an initial concentration at 300 #/cm3), simulated at 25 ℃. (a) Dust aerosols’ PSD under Brownian coagulation, 332 

remaining essentially unchanged. (b) Dust aerosols’ PSD under electrostatic coagulation. (c) Total aerosol 333 

number concentration under Brownian coagulation. (d) Same as (c), but for electrostatic coagulation. 334 

In addition, sensitivity tests of dust-only electrostatic coagulation with initial dust aerosol number 335 

concentrations from 50 to 1000 #/cm3 (Figure 5) show that the qualitative features of PSD evolution remain 336 

consistent across this concentration range. The simulations further show that higher initial dust aerosol 337 

number concentrations experience a stronger decrease in the PSD peak over 0–10000 s. This behavior is 338 

consistent with coagulation kinetics, where the collision frequency scales with the square of the number 339 
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concentration (dN/dt ∝ -KN2; Seinfeld et al., 2016). This effect is likely to occur in dense dust plumes or 340 

severe dust-storm events in the real atmosphere. 341 

 342 

Figure 5. Temporal evolution of the PSD due to electrostatic coagulation under dust-only conditions at 343 

different initial number concentrations at 25 ℃. (a) 50 #/cm3; (b) 100 #/cm3; (c) 200 #/cm3; (d) 300 #/cm3; 344 

(e) 500 #/cm3; (f) 1000 #/cm3. The corresponding temporal evolution of aerosol charge distributions is shown 345 

in Figures S6–S11. 346 

The dust aerosols used in this study are more representative of freshly generated dust aerosols. As coagulation 347 

and related processes proceed during atmospheric transport, the charge states of dust aerosols are generally 348 

expected to decrease. Therefore, the PSD evolution trend shown here is more representative of dust source 349 

regions and near-source conditions. However, in real atmospheric transport, dust plumes may continuously 350 

mix with newly emitted or entrained aerosols that retain relatively high initial charges. Such continuous input 351 

could delay charge decay and sustain stronger electrostatic coagulation over a longer timescale, thereby 352 

affecting PSD evolution during transport. The above discussion suggests that the transition from freshly 353 

generated, highly charged dust to more aged and weakly charged dust during atmospheric transport deserves 354 

more explicit consideration in future modeling studies. 355 

3.3 PSD evolution of ambient aerosols containing a dust fraction of 300 #/cm3 under Brownian and 356 

electrostatic coagulation  357 

This section examines the PSD evolution of ambient aerosols containing a dust fraction of 300 #/cm3 under 358 

Brownian and electrostatic coagulation using a mixed aerosol system. The model input consisted of the PSD 359 

and charge information for (1) ambient sub-500 nm aerosols assuming a Boltzmann-equilibrium charge 360 

distribution, and (2) dust aerosols with a total number concentration of 300 #/cm3. These inputs were used to 361 
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simulate PSD evolution under Brownian and electrostatic coagulation from 0 to 10000 s. Comparison with a 362 

dust-only scenario indicates that dust PSD evolution remains essentially unchanged under both Brownian 363 

and electrostatic coagulation over 0–10,000 s in the mixed system (Figures 4 and 6). 364 

The difference between the PSD evolution of ambient sub-500 nm aerosols under electrostatic and Brownian 365 

coagulation in a mixed system containing a dust fraction of 300 #/cm3 is modest but noticeable. As shown in 366 

Figure 6, under Brownian coagulation the peak number concentrations at 100 and 1000 s are ~11000 and 367 

7700 #/cm3, corresponding to diameters of 71 and 113 nm, whereas under the electrostatic coagulation at the 368 

same times the peak number concentrations are ~10700 and 7100 #/cm3, with the peak diameter unchanged. 369 

These changes in peak number concentration show a maximum difference of ~10%, indicating that dust 370 

aerosols exert only a modest but noticeable influence on the PSD of ambient sub-500 nm aerosols. Although 371 

the magnitude of this difference is modest compared with the much larger the PSD changes of highly charged 372 

dust aerosols, the ~10% difference indicates that electrostatic interactions affect the evolution of ambient 373 

sub-500 nm aerosols. This effect is environmentally relevant because these aerosols are closely related to 374 

aerosol radiative effects and CCN number concentrations. At the same time, it should still be regarded as a 375 

secondary effect, as it is much smaller than the PSD changes observed for highly charged dust aerosols 376 

themselves. 377 

 378 

Figure 6. Temporal evolution of the PSD and total number concentration of ambient aerosols, containing a 379 

dust aerosol fraction of 300 #/cm3, simulated at 25 ℃. (a) PSD of ambient aerosols under Brownian 380 

coagulation, with the dust fraction primarily concentrated in the size range greater than 0.5 μm. Curves 381 
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correspond to the times indicated in the legend. (b) PSD of ambient aerosols under electrostatic coagulation. 382 

(c) Temporal evolution of total number concentrations of ambient sub-500 nm aerosols and dust aerosols 383 

under Brownian coagulation. (d) Same as (c), but for electrostatic coagulation. 384 

The rate of electrostatic coagulation between dust aerosols and ambient sub-500 nm aerosols first increases 385 

and then decreases on hourly timescales. Specifically, during the early stage of electrostatic coagulation, the 386 

number concentration of ambient sub-500 nm aerosols declines markedly faster than under Brownian 387 

coagulation. However, by 10000 s, the peak number concentration under electrostatic coagulation is even 388 

slightly higher than under Brownian coagulation (Figure 6a, b). Mechanistically, high initial dust aerosol 389 

concentration increases collision frequency, and high charge enhances Coulomb interactions, which together 390 

accelerate coagulation within dust and with ambient sub-500 nm aerosols. As time progresses, dust aerosol 391 

concentration and charge decrease (Figure S9), thus reducing electrostatic coagulation with ambient sub-500 392 

nm aerosols. This indicates that the electrostatic enhancement of coagulation between dust aerosols and 393 

ambient sub-500 nm aerosols is strongly time-dependent and gradually diminishes during long-range 394 

transport. 395 

It should be noted that, in the mixed aerosol system, the numerical mass loss is more pronounced for 396 

coagulation between dust aerosols and ambient sub-500 nm aerosols because of their large size difference. 397 

This mass loss mainly arises from the representation of a physically continuous increase in aerosol volume, 398 

and thus equivalent diameter, using discrete size bins in the sectional coagulation model. When a dust aerosol 399 

coagulates with a much smaller ambient sub-500 nm aerosol, the equivalent-volume diameter of the 400 

coagulation product may increase only slightly and may still remain within the original dust aerosol size bin 401 

rather than entering the next larger bin. For example, when a 1.085 μm dust aerosol coagulates with a 21.7 402 

nm ambient sub-500 nm aerosol, the equivalent-volume diameter of the coagulation product is only 403 

approximately 1.085003 μm, which is still below the next larger size bin of 1.166 μm. Therefore, the 404 

coagulation product remains assigned to the original 1.085 μm dust aerosol size bin, and the small increase 405 

in aerosol volume is not fully reflected as a rightward shift of the dust aerosol PSD. Assuming constant 406 

aerosol density and the cubic relationship between aerosol mass and aerosol diameter, a ~10–20% mass loss 407 

corresponds to only a ~3%–7% equivalent-diameter difference because aerosol mass scales with the cube of 408 

aerosol diameter. Thus, this numerical uncertainty mainly affects the quantitative magnitude of the dust 409 

aerosol PSD shift, but is unlikely to alter the qualitative differences in PSD evolution between Brownian 410 

coagulation and electrostatic coagulation in the mixed aerosol system. 411 

To summarize these processes, Figure 7 provides a conceptual comparison of the two coagulation 412 

mechanisms. Enhanced Coulomb interactions among highly charged dust aerosols promote faster coagulation 413 
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and accelerate number concentration decay, while interactions with ambient sub-500 nm aerosols produce 414 

smaller but still observable PSD changes. These results indicate that electrostatic effects may play an 415 

important role in shaping aerosol size distributions and their atmospheric impacts. 416 

 417 

Figure 7. Conceptual schematic illustrating the contrasting PSD evolution under electrostatic and Brownian 418 

coagulation. The nonequilibrium bipolar high-charge state of dust aerosols enhances the effective coagulation 419 

rate via Coulomb interactions, accelerating PSD evolution and number concentration decay. Highly charged 420 

dust aerosols also modestly accelerate coagulation among ambient sub-500 nm aerosols. 421 

4 Conclusions 422 

Air quality models usually omit the charge term in the coagulation kernel, thereby neglecting Coulomb 423 

interactions during collisions of charged aerosols. In this study, a dedicated DMA–APS configuration is used 424 

to retrieve size-resolved single-particle charge distributions for dust aerosols, providing key inputs resolved 425 

by particle size and charge amount to the coagulation model. For a dust-only scenario at typical 426 

environmental concentrations (300 #/cm3), over 0–10000 s the PSD remains essentially unchanged under 427 

Brownian coagulation, whereas under electrostatic coagulation the peak diameter shifts from ~0.9 to 1.5 µm 428 

and the peak number concentration decreases by ~64%, demonstrating that the PSD evolution of dust aerosols 429 

on hourly timescales clearly differs between Brownian and electrostatic coagulation. These results 430 

demonstrate that Coulomb interactions can substantially influence the coagulation of highly charged aerosols 431 

and must therefore be included explicitly in the coagulation kernel.  432 
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Given that dust aerosols in the atmosphere mix with abundant ambient sub-500 nm aerosols, it is necessary 433 

to quantify how highly charged dust aerosols modify the PSD evolution of ambient aerosols under Brownian 434 

versus electrostatic coagulation. When ambient sub-500 nm aerosols are introduced, dust PSD evolution 435 

shows no detectable change relative to the dust-only scenario under both Brownian and electrostatic 436 

coagulation. Electrostatic coagulation by dust aerosols exerts modest but measurable effects on ambient sub-437 

500 nm aerosols, leading to ~10% differences in peak number concentration relative to Brownian coagulation.  438 

Overall, PSD evolution under electrostatic coagulation differs from Brownian coagulation and exhibits 439 

pronounced temporal and spatial dependence in systems containing highly charged aerosols. These results 440 

indicate that assessments of radiative effects, cloud droplet formation and aerosol deposition should explicitly 441 

account for aerosol charge, particularly for highly charged aerosol populations. 442 

  443 
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