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a b s t r a c t 

Under the global warming, the significant changes in atmospheric water cycle lead to drying in arid re- 

gion, which is strengthening the effect of aerosol on Fog-Haze generation and accelerating the emergence 

of infectious diseases. However, the production process of the Fog-Haze is lack of quantitative descrip- 

tion based on atmospheric water cycle. In this paper, we modeled the process of Fog-Haze generation, 

evolution and disappearance fundamentally and theoretically. The budget functions for water vapor and 

aerosol were coupled by the physical and chemical interaction between water vapor and aerosol. The ob- 

tained results may provide new insights on the control of Fog-Haze and the related infectious diseases 

induced by Fog-Haze. 

© 2017 Published by Elsevier Ltd. 

1. Introduction 

In recent years, many areas, especially China, are suffering a 

serious impact of Fog-Haze [1–5] . It was reported that no more 

than one percent of the first 500 largest cities in China reached the 

air quality standards recommended by World Health Organization 

[3,6] . The main negative impact of haze on human being includes 

increasing mortality, chronic diseases exacerbate, respiratory sys- 

tem and worsen heart disease [1] , reducing the reproductive abil- 

ity and changing the structure of the body’s immunity. It will also 

affect the formation of clouds and rainfall, lead to arid region be- 

coming drier, wet zone getting wetter, climate-induced disasters. 

Generally, Fog-Haze forces the spread of infectious diseases 

mainly in three ways: (1) As a result of the weakened Ultraviolet in 

the near-surface layer, the activity of infectious bacteria in the air 

is enhanced and infectious diseases are increased; (2) Hazardous 

substances carried by Fog-Haze damage human respiratory system 

and reduce human immunity to infectious diseases; (3) Haze par- 

ticles as carriers of infectious bacteria, spread in the air, increased 

the probability of transmission through the transmission. Physi- 

cal processes of the atmosphere decides the generation, Evolution 

and disappearance of Fog-Haze, through accumulating, transport- 

ing and exchanging atmospheric aerosol and water vapor [5] . At- 

mospheric moisture and condensation nuclei, that is aerosol, are 

generally the internal factors of the generation of Fog-Haze. There 

is a complex interaction between water vapor and aerosol. From 
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the monomer to the storm cloud systems, due to the feedback of 

different scales, water vapor and the aerosol affecting the physi- 

cal processes of atmosphere, especially the atmospheric water cy- 

cle process, through participation in the formation of clouds, fog 

and haze [7] . For example, condensation nuclei changes will sig- 

nificantly alter the storms of spatial-temporal distribution of pre- 

cipitation, the frequency distribution of rainfall rate and the height 

of cloud base and top [8–10] . Air pollution causes an increase in 

the density of aerosol, and leads to more very small cloud droplets 

[7,11] . The anthropogenic pollutants emitted from vehicles and un- 

favorable meteorological conditions exerted a great influence on 

PM2.5 and black carbon loading and increased the cloud conden- 

sation [12] . The continuing role of aerosols leading to reduced pre- 

cipitation [13] often induces a more stable atmosphere, which is 

more conducive to the accumulation of air pollutants and con- 

tributes to the formation of haze events [14] . Meanwhile, the haze 

layer will cause thermal diffusion, which occupy the sky lasting 

moisture, so that rain events decrease during dry season, but in- 

tensify during the rainy season [15] . In addition, the pollution of 

haze droplets may be related to droplet mean volume radius and 

may depend on the temperature and atmospheric humidity [16,17] . 

On the contrary, the atmospheric water cycle will also affect the 

production, Evolution and disappearance of haze. The relative hu- 

midity determined by atmospheric water vapor content affects the 

microstructure of haze, clouds and precipitation [18] . The moisture 

content tends to produce larger more rain clouds and precipita- 

tion in the form of clean air in the atmosphere [2,19] , which re- 

duces haze generation to a certain extent. In general, the efficiency 

of clearing wet aerosol particles is strongly influenced by the rain- 
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fall intensity and depends on the haze particle size [20] . The larger 

particles is the better rain washes [19] . On the other hand, increas- 

ing aerosol can in turn make the precipitation rate decrease [21] , 

which is more conducive to the generation of haze. Aerosol par- 

ticles mainly consist of biomass combustion, industrial emissions, 

mine dust, dust and so on. They will diffuse and transfer between 

adjacent area. The particulate ingredients were different in differ- 

ent regions [22–25] . The influence of water vapor on aerosols de- 

pended on the components of aerosol [26,27] and regional char- 

acteristics [28] . After complex chemical-physical interaction, such 

as oxidation, vapor phase nucleation, phase nucleation and growth 

processes [29–31] , the original emission particles and water vapor 

generate secondary aerosol particles. 

Projected changes in the water cycle over the next few decades 

show similar large-scale patterns to those towards the end of the 

century, but with smaller magnitude. Changes in the near-term, 

and at the regional scale will be strongly influenced by natural 

internal variability and may be affected by anthropogenic aerosol 

emissions [32] . 

It can be concluded from above that, water vapor and its con- 

densation nuclei, that is atmospheric aerosol particle, play the 

leading roles in the formation of Fog-Haze. The circulating of at- 

mospheric water vapor and aerosol particles timely control the dy- 

namic distribution of regional water vapor and aerosol, which di- 

rectly affects the formation, evolution and disappearance of Fog- 

Haze. Since global warming, the significant changes in atmospheric 

water cycle caused reducing precipitation and drying in arid re- 

gion [33–35] , which strengthen the effect of aerosol on haze gen- 

eration [7,36] . However, the quantitative description and associated 

prediction mode for the production process of the haze based on 

water cycle is still unclear. In this paper, to reveal the mechanism 

of the interaction between atmospheric water vapor and conden- 

sation nuclei during atmospheric physical processes from the per- 

spective of hydrological cycle, we model and simulate the process 

of Fog-Haze generation, evolution and disappearance fundamen- 

tally and theoretically. 

2. Mathematical modeling of the generation, evolution and 

disappearing of Fog-Haze 

2.1. The function of transformation between water vapor and aerosol 

In the atmosphere, many secondary aerosol particles are pro- 

duced from the complex interactions between any two of aerosol 

particles and water vapor. In this study, all processes of physical- 

chemical effects including oxidation, vapor and liquid phases nu- 

cleation, and growth, are defined as the material conversion. The 

related conversion equation is: 

( j) a �i + (k ) H 2 O + (l) O 2 = h �i , (1a) 

where a �i is the i-th aerosol particles; h �i is the corresponding sec- 

ondary aerosol particles; ( l ) O 2 is optional and only exists in the 

material oxidation reaction. For example, the interaction among 

SO 2 , H 2 O and O 3 can be represented as 

3 S O 2 + 3 H 2 O + O 3 = 3 H 2 S O 4 (1b) 

2.2. The budget functions for water vapor and aerosol 

The factors of weather and climate conditions and human ac- 

tivities affecting on the generation of Fog-Haze are very complex. 

The factors of weather and climate conditions, such as evapora- 

tion, precipitation, wind, temperature and so on, and human fac- 

tors like pollutant emissions, emission type and distribution, as 

well as physical and chemical reactions between different parti- 

cles, may lead to changes of water vapor and aerosol concentra- 

tion in the area. But no matter how change they do, their quality 

must comply with the law of conservation of matter. Therefore, the 

dynamic distribution of the water vapor and aerosols within the 

region and can be calculated and monitored by the balance equa- 

tions. 

We suppose that the atmospheric water vapor content in region 

� at time t is W �(t) , then 

∂ W �(t) 

∂t 
+ 

∂[ W �(t) u ] 

∂x 
+ 

∂[ W �(t) v ] 
∂y 

= E �(t) − P �(t) + β�(t) , 

(2) 

where x and y denote the longitude and latitude respectively; 

∂ [ W �(t) u ] /∂ x and ∂ [ W �(t) v ] /∂ y are the divergence term due to 

atmospheric movement; u and v are macroscopic horizontal ve- 

locities of water vapor and particles and mainly related with the 

meridianal and zonal wind speed; E �(t) and P �(t) are evaporation 

and precipitation respectively; β�(t) is the reaction diffusion term, 

it is namely the additional items generated from the random dif- 

fusion of water vapor and aerosols in the unit time and generating 

substance after material conversion. β�(t) is expressed as: 

β�(t) = d 

{
∂ 2 W �(t) 

∂ x 2 
+ 

∂ 2 W �(t) 

∂ y 2 

}
− f �(t) (3) 

where f �(t) is the reaction term obtained by the substance- 

conversion equation, d is the diffusion coefficient. 

Similarly, we assume that there are n kinds of primary aerosol 

particles in region � and the content of the i- th particle at time t 

is Q �i ( t ), then 

∂ Q �i (t) 

∂t 
+ 

∂[ Q �i (t) u i ] 

∂x 
+ 

∂[ Q �i (t) v i ] 
∂y 

= A �i (t) + α�i (t) (4) 

where A �i ( t )is the quality of i th aerosol particle generated by 

natural or human emissions within the region per unit time at 

time t ; ∂[ Q �i ( t ) u i ]/ x and ∂[ Q �i ( t ) v i ]/ ∂y are divergence term gener- 

ated from the atmospheric motion; u i and v i are the macroscopic 

meridianal and zonal velocity of i th aerosol particle and are af- 

fected by the wind speed and physical properties of the particles; 

α�i ( t ) is an additional item resulting in the physical-chemical re- 

action (material conversion), random diffusion and sedimentation 

and meets to 

α�i (t) = d i 

{
∂ 2 Q �i (t) 

∂ x 2 
+ 

∂ 2 Q �i (t) 

∂ y 2 

}
− f �i (t) − s �i (t) (5) 

where d i is the diffusion coefficient; f �i ( t ) is the reaction term, de- 

termined by the material conversion equation; s �i ( t ) is the sedi- 

mentation item, aerosols will gradually settle and disappear when 

their gravity or density is large enough. 

2.3. Coupling the matter transformation into the budget equation 

Since atmospheric aerosols are composed of variety particles, 

they have different physical and chemical properties, such as par- 

ticle size, water-soluble and so on. These different physical and 

chemical properties of aerosols determine the way and speed they 

combined with water vapor are not the same. This correspondingly 

leads to different secondary aerosol particles systems and different 

influences of climate change on the process of their generating, de- 

veloping and disappearing. Therefore, a substance conversion-mass 

balance coupled model need to establish to characterize the for- 

mation of aerosol particles system. Here, we add the material con- 

version equation as coupling terms to balance equations. 

Fig. 1 is the framework of the substance converted-balance 

equation coupled model. Firstly, the amount of n kinds of aerosol 

particles and water vapor within region � at time t are calcu- 

lated respectively according to the initial conditions, and the wa- 

ter vapor and aerosols net input are computed based on zero-flux 
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