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Abstract 12 

The aerosol particle number size distribution (PNSD) is pivotal in estimating the corresponding transport, transformation, 13 

environmental impacts, and climate effects. This study explores the statistical thermodynamic characteristics of PNSD during 14 

new particle formation (NPF) and growth in clean atmospheric environments. Using the maximum entropy principle, we 15 

demonstrate that the PNSD follows the Weibull distribution of 
qq-

0

1( ) Dpn Dp N Dp e  (q is the shape parameter). Field observation 16 

and theoretical analysis show that q would evolve from above 6 to 3 during different stages of NPF due to the various strengths 17 

of condensation, indicating that the aerosol is in the statistical thermodynamic equilibrium state. The findings provide insights 18 

into the underlying physical mechanisms governing aerosol behavior and have implications for model simulations of aerosol 19 

evolution. 20 

1 Introduction 21 

The particle number size distribution (PNSD) of aerosols plays a pivotal role in atmospheric science and climate research, 22 

significantly impacting the optical characteristics of aerosols, their efficacy as cloud condensation nuclei, and the Earth's 23 

radiative balance (Che et al., 2024; Gong et al., 2020; Kopanakis et al., 2013; Liu et al., 2014; Schmale et al., 2018; Chen et al., 24 

2023). Aerosol particles, ranging from nanometers to micrometers,  exhibit significant heterogeneity, with their PNSD reflecting 25 

the different characteristics of atmospheric chemical processes, and physical dynamics (Kopanakis et al., 2013; Tie, 2015; 26 

Izhovkina et al., 2018; Zhang et al., 2020). A comprehensive understanding of the PNSD is essential for unraveling its 27 

environmental and climatic impacts. 28 

The evolution of PNSD is governed by different physico-chemical processes such as coagulation, sedimentation, diffusion, 29 

convection, growth, and deposition (Elgarayhi, 2002). The ratio of aerosol number concentration at different times at a specific 30 

size  follows the equation: 31 

 
∂n(𝑣,t)

∂t
= −𝑛(𝑣, 𝑡) ∫ 𝐾(𝑣, 𝑢)𝑛(𝑢, 𝑡)𝑑𝑢

∞

0
+

1

2
∫ 𝐾(𝑢, 𝑣 − 𝑢)𝑛(𝑢, 𝑡)𝑛(𝑣 − 𝑢, 𝑡)𝑑𝑢

𝑣

0
+ ∫ 𝐿(𝑢)𝑛(𝑢, 𝑡)𝑑𝑢

∞

0
+ 𝑆𝐶(𝑣, 𝑡) −32 

𝑆𝐾(𝑣, 𝑡),                      (1) 33 

Where 𝑛(𝑣, 𝑡) represents the aerosol number concentrations with particle size 𝑣; 𝐾(𝑣, 𝑢) is the coagulation ratio of aerosols 34 

at particle size 𝑣 and 𝑢; 𝐿(𝑢) is condensation ratio of aerosols increase from u to 𝑣; 𝑆𝐶(𝑣, 𝑡) represents the source emission of 35 

aerosol particles, and 𝑆𝐾(𝑣, 𝑡) represents the sink term for aerosol particles (Riemer et al., 2010; Zaveri et al., 2010). Although 36 

equation 1 can capture the temporal variations in aerosol concentration accurately, it fails to provide a comprehensive picture of 37 

the PNSD. 38 

Various statistical distributions have been employed to characterize PNSD. The lognormal distribution, defined by its 39 

geometric mean diameter and geometric standard deviation, is widely used due to its ability to describe aerosol populations with 40 

a single mode and a relatively narrow size range from specific sources (Unfer et al., 2024; Schuster et al., 2006). The Gamma 41 
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distribution, with its additional shape parameter, offers more flexibility and can capture broader size distributions, including 42 

those with multiple modes, making it valuable for complex atmospheric conditions(Nyaku et al., 2020; Unfer et al., 2024). The 43 

exponential distribution is also used to describe aerosol populations with a constant removal rate, such as those influenced by 44 

dry deposition processes (Schuster et al., 2006). The multi-lognormal distribution extends the lognormal model to account for 45 

multiple modes, allowing for a more comprehensive representation of aerosol populations with distinct size fractions, such as 46 

those influenced by both natural and anthropogenic sources (Ma et al., 2011; Chen et al., 2014; Shang et al., 2018). The Weibull 47 

distribution, with the equation: 48 

𝑛(𝐷𝑝) = 𝑁0𝐷𝑝𝑞−1𝑒−𝛼𝐷𝑝𝑞
,                                                                    (2) 49 

characterized by its shape parameter (𝑞) and scale parameters (𝛼), is particularly useful for modeling size distributions with 50 

a skewed shape (Fisenko et al., 2021; Robin et al., 2013; Zhou et al., 2021). The Weibull distribution has garnered significant 51 

attention in aerosol and cloud research due to its flexibility and ability to describe a wide range of size distributions (Liu et al., 52 

1995; Liu and Liu, 1994). Each of the above distributions provides unique insights into aerosol behaviors in the atmosphere. 53 

Many of the above statistical distributions are based on the measured PNSD shape, and then the corresponding statistical 54 

distributions were adopted without truly considering the underlying physical process. However, there is no satisfying theoretical 55 

explanation as to why certain distribution forms preferentially occur instead of others. 56 

Previous studies show that the cloud particle size distribution would follow the Weibull distribution using the principle of 57 

maximum entropy when the cloud particles were in statistical thermodynamic equilibrium(Wu and Mcfarquhar, 2018; Liu et al., 58 

1995). Similarly, the aerosol PNSD may also follow a Weibull distribution if aerosols are in statistical thermodynamic 59 

equilibrium. However, a critical challenge remains in determining whether the PNSD is in statistical thermodynamic equilibrium 60 

in the real atmosphere.  61 

In this study, we would demonstrate that the PNSD in the clean atmosphere during new particle growth procession would 62 

follow the Weibull distribution. The consistency between the theoretical analysis and field measurement implies that the aerosol 63 

is in statistical thermodynamic equilibrium in the clean atmosphere. The findings provide insights into the underlying physical 64 

mechanisms governing aerosol behavior and have implications for improving model simulations. Understanding these elements 65 

helps in modeling and predicting the behavior of aerosol particles in a clean atmosphere, shedding light on their impacts on air 66 

quality and climate. 67 

2 Theoretical analysis of aerosol PNSD in the clean atmosphere 68 

In the clean atmosphere, the coagulation of aerosols is weak, and thus the impact of coagulation on aerosol PNSD can be 69 

neglected. The total aerosol number concentrations  should be constant with: 70 

1 0

( )
N

i

i

N N n Dp dDp





  
,          (3) 71 

Where iN  is the number of aerosols at a small specific diameter range corresponding to the aerosol number size distribution 72 

( )n Dp . The number of microscopic configurations where the N aerosols can be located over the different diameter is given by 73 

1 2

!

! ! !n

N
W

N N N



,                         (4) 74 

When the aerosol is in statistical thermodynamic equilibrium, the Shannon’s information entropy, which can be defined as: 75 

S ln( )Bk W ,                   (5) 76 

should reach its maximum number. Another constraint condition is necessary when solving the above equation. We would 77 

discuss the corresponding solution when (1) the mass of the aerosol is constant when the condensation is weak, and (2) the 78 

inertial moment of aerosols is invariant when the effect of condensation is strong.  79 

2.1 PNSD in a clean atmosphere when the condensation effect is ignorable 80 

When the condensation effect is not strong, the total mass concentration of aerosols is constant and can be expressed as: 81 

3 3

1 1 0

1 1
( )

6 6

N N

i i i

i i

m m N Dp n Dp Dp dDp   


 

     ,                       (6) 82 
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Where   is the effective density of aerosol. With equations (1), (2), (3), and (4), the maximum number of W  can be derived 83 

using the Lagrange multiplier with: 84 

0 1

1 1

ln( ) 0
n n

i i i

i i

d W N N N m m 
 

   
       

   
  ,                 (7) 85 

Where 0  and 1  are the Lagrange multipliers. The corresponding solution of equation 3-7 should be: 86 

32

0( ) Dpn Dp N Dp e  .                                  (8) 87 

Details of deriving equation 8 can be found in the supplementary material. 88 

Based on the above results, the PNSD should follow the Weibull distribution in a clean atmosphere when the condensation 89 

effect is not strong, and the corresponding shape factor q is 3. 90 

2.2 PNSD in a clean atmosphere when the condensation effect is not ignorable 91 

When the condensation effect is strong, the total mass concentration of aerosols is not constant. However, the moment of 92 

inertial should be invariant when the gas vapor condenses onto the aerosol surface uniformly with: 93 

2 3 2 5

1 1 1 0

1 1 1
( ) ( ) ( )
6 4 24

N N N

i i i i i i

i i i

I I M R N Dp Dp n Dp Dp dDp   


  

       ,                  (9) 94 

With equations (3), (4), (5), and (9), the maximum number of W  can be derived using the Lagrange multiplier with: 95 

0 1

1 1

ln( ) 0
n n

i i i

i i

d W N N N I I 
 

   
       

   
  ,                 (10) 96 

The corresponding solution should be: 97 

54

0( ) Dpn Dp N Dp e  .                                  (11) 98 

Details of deriving equation 11 can be found in the supplementary material. 99 

Based on the above result, the PNSD should follow the Weibull distribution in a clean atmosphere when the condensation 100 

effect is strong, and the corresponding shape factor q should be equal to 5. 101 

2.3 PNSD distribution under different stages during new particle formation and growth in a clean atmosphere 102 

Based on sections 2.1 and 2.2, the PNSD in a clean atmosphere follows the Weibull distribution, with the shape parameter 103 

q varying across different stages of new particle formation and growth:  104 

(1)  The first time stage is NPF. During this stage, the particle number concentrations would increase rapidly. As the 105 

number concentration varies, the PNSD fails to meet equation 6, and thus the aerosol PNSD may not follow the Weibull 106 

distribution. 107 

(2) The second time stage is shortly after the NPF, and the aerosol particle number concentrations stabilize. However, the 108 

condensation effects should be strong due to the high gas precursor concentrations. The aerosol during this state corresponds to 109 

rapid aerosol diameter growth. If the aerosol particle is in a statistical thermodynamic equilibrium state, the aerosol PNSD 110 

should follow the Weibull distribution, and the corresponding shape factor q should be 5. 111 

(3) The third stage corresponds to those times when the condensation effects are less strong than those in stage 2. However, 112 

the condensation effects are still not ignorable as the gas precursors remain at a relatively high concentration. 113 

(4) The fourth stage corresponds to those times when the condensation effects are ignorable. At the same time, the effects 114 

of background aerosol on aerosol PNSD are ignorable as the NPF generates a large amount of aerosols. During this state, the 115 

aerosol PSND should also follow the Weibull distribution, and the corresponding shape factor q should be 3. 116 

(5) The last stage is that the aerosol mixes with the background aerosols, and the processing of emission, transformation, 117 

and coagulation on aerosol PNSD is not ignorable. The PNSD during these stages would not follow the Weibull distribution. 118 

In summary, if aerosols are in statistical thermodynamic equilibrium, the shape parameter q decreases from around 5 to 3 as 119 

aerosols transition from stage 2 to stage 4. Additionally, q may exceed 5 at the initial stages of new particle formation. 120 
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3 Field measurement of the PNSD in a clean atmosphere 121 

A  field measurement was conducted at the University of Tibet, China (29°38′34.65″ N，91°10′56.22″ E; 3650 m a.s.l.) to 122 

study the PNSD at a clean atmosphere between 10 October and 13 November, 2024. The measurement site is located on a 123 

campus without direct emissions that influence the aerosol PNSD, thus the site can be used as a representative site for the 124 

Plateau urban atmospheric environment. During the field measurement, a nanoparticle scanning mobility particle sizer (Nano-125 

SMPS, Model 3087, TSI Inc., USA) and a scanning mobility particle sizer (SMPS, Model 3080, TSI Inc., USA) were used to 126 

measure the PNSD over the size range of 3~40 nm, and 20~800 nm, respectively with a time resolution of 5 minutes. During the 127 

field measurement, the instruments were placed in a container on the roof of the teaching building, which is about 20 meters 128 

above the ground. The temperature was adjusted to be around 25 oC in the container.  The aerosol median diameter, 129 

condensation sink (CS), coagulation ratio (Coag), number concentration (N), volume concentration (V), and corresponding 130 

shape factor q were calculated and further analyzed. Details of calculating the above parameters can be found in the 131 

supplementary materials. 132 

  133 

Figure 1. Measured time series of (a) aerosol PNSD, (b) number concentration (green dots), volume concentration (orange 134 

dots), (c) condensation sink (green dots), coagulation ratio (orange dots), and (d) the shape factor. The black dots at panel (a) 135 

show the corresponding median diameter of PNSD. 136 

Fig. 1 gives the measured and calculated results of aerosol parameters between 9 November and 13 November, as NPF 137 

happens during these days. Thus, we only provide the results of these days to elucidate the main conclusions. From Fig. 1, the 138 

aerosol PNSD was mainly influenced by the NPF. The median diameter varies between 6.56 and 76.57 nm. The median 139 

diameter would drop suddenly from around 40 nm to around 7 nm due to the large amount of small newly formed aerosol 140 

particles. The measured mean aerosol number concentrations (N) and volume concentrations are 1.52±1.15x104#/cm3 and 141 

13.23±7.76cm3/cm3. The corresponding mass concentration is around 19.8 3/g cm  for these aerosols with a diameter lower than 142 

1 m , indicating that the surroundings are very clean with lower aerosol mass. N would increase significantly by more than five 143 

times during the NPF period. Due to its small size and mass, the corresponding mass concentrations didn’t experience a 144 

remarkable change. During these days, the mean CS is 0.013±0.008s-1, which is larger than those of the Plateau background sites 145 

in China with a mean value of 0.0014 (Tang et al., 2023), but smaller than those of the Chinese main city environment in Beijing 146 

(Du et al., 2017). The corresponding coagulation ratio is also very small, with a mean value of 8.5±4.2x10-11s-1. 147 
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The PNSD was also fit using the Weibull distribution (examples of fitting using the Weibull distribution are shown in Fig.s 148 

S1), and the corresponding shape factor q values are shown fig. 1(d). From Fig. 1(d), q values follow the same variation of 149 

diurnal cycles during these days. At first, the q would be around 6 at the initial of new particle formation, this period 150 

corresponding to the time stage 1 of 2.3, and the particle number concentration increases significantly. As the aerosol PNSD is 151 

not a statistical thermodynamic equilibrium state, there is no brief explanation of why the q is larger than 5. After the N reaches 152 

its maximum, the q would decrease to around 5, indicating that the aerosol PNSD was mainly influenced by the condensation 153 

sink, which corresponds to stage 2. With the weakening of the condensation sink, the q values continue to decrease to lower than 154 

3, which indicates that those aerosols are mixed up with the ambient aerosols. However, the q values finally reach around 3 as 155 

the aerosol would finally be in a statistical thermodynamic equilibrium state, which corresponds to stage 4. However, the shape 156 

factor would vary around 3 as the aerosol from other sources may mix with the existing aerosols from NPF. From the above 157 

analysis, we can conclude that the measurement results of the variation of q values from field measurement agree well with our 158 

theoretical analysis, which, to some extent, validates that the aerosol PNSD would follow the Weibull distribution when the 159 

aerosol is in a statistical thermodynamic equilibrium state. 160 

4 Conclusions 161 

Our study reveals that the aerosol PNSD in the clean atmosphere follows the Weibull distribution during the new particle 162 

formation and growth process. The shape parameter q of the Weibull distribution decreases from around 6.0 to 3.0 as the new 163 

particle formation and growth progress, suggesting that the aerosol tends to reach a statistical thermodynamic equilibrium state. 164 

This finding is supported by both theoretical analyses based on the maximum entropy principle and field measurements 165 

conducted at a clean atmospheric site in Tibet, China. 166 

The theoretical analysis demonstrated that the PNSD should follow the Weibull distribution in a clean atmosphere, with the 167 

shape factor q varying under different stages of new particle formation and growth. The field measurements showed that the q 168 

values followed diurnal cycles, starting from around 6 at the initial stage of new particle formation, decreasing to around 5 169 

shortly after the formation, and finally stabilizing around 3 as the aerosol reached a statistical thermodynamic equilibrium state. 170 

These results provide insights into the underlying physical mechanisms governing aerosol behavior in the clean atmosphere 171 

and have implications for improving model simulations of aerosol evolution. The findings are important for tracking pollution 172 

sources, predicting climate impacts, and enhancing air quality models. Furthermore, the study suggests that the Weibull 173 

distribution could potentially simplify the parameterization scheme of aerosol number size distribution in model simulations.  174 
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