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Abstract 
Air pollution and global warming are two of the greatest threats to human 
and animal health and political stability. The primary global warming pollu-
tants are, in order, carbon dioxide gas, fossil-fuel plus biofuel soot particles, 
methane gas, 4, 6 - 10 halocarbons, tropospheric ozone, and nitrous oxide 
gas. About half of actual global warming to date is being masked by cooling 
aerosol particles. Increased concentrations of ozone and fine particulate mat-
ter (PM2.5) since preindustrial times reflect increased emissions, but also 
contributions of past climate change. Recent analyses have shown that re-
ducing black carbon (BC) emissions, using known control measures, would 
reduce global warming and delay the time when anthropogenic effects on 
global temperature would exceed 2˚C. Likewise, cost-effective control meas-
ures on ammonia, an important agricultural precursor gas for secondary in-
organic aerosols (SIA), would reduce regional eutrophication and PM con-
centrations in large areas of Europe, China, and the USA. Thus, there is much 
that could be done to reduce the effects of atmospheric PM on the climate 
and the health of the environment and the human population. 
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1. Global Warming Introduction with Atmospheric  
Chemistry and Physics 

1.1. Climate Change Introduction 

Air, water, and land are associated with the atmosphere by exchanging gases, 
which is important for the weather and property of climate. The climate has un-
dergone considerable changes due to natural processes in recent decades. How-
ever, the last five to ten decades have witnessed the obvious warming of Earth 
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(Shove, 2010). Intergovernmental Panel on Climate Change (IPCC) found that 
the warming of the climate system was undoubtedly and observed changes have 
never occurred for decades or even thousands of years since the 1950s. Global 
warming has been extremely apparent and the average global temperature has 
been increasing since the Industrial Revolution. The year from 1880 to 2000 saw 
a gradual increase in the mean temperature, and the average temperature rose 
for around 0.6 degrees Celsius in 2000 (Figure 1) (n.d.). Global warming is a 
continuous process and the mean temperature is predicted to rise another 0.3 to 
0.7 degrees Celsius by 2035. 

Human activities, especially the burning of fossil fuels, are related to the gen-
eration of greenhouse gases which mainly contain carbon dioxide (Santer et al., 
1996). Human activities have caused the increase the radiative forcing which led 
to the atmospheric carbon dioxide arisen for around 30%. The research (Liu & 
Rodríguez, 2005) for the double concentration of carbon dioxide found that the 
average global temperature would increase between 2.15 to 3.4 degrees Celsius. 
In the early twenty century, few studies suggested that temperatures in polar re-
ligions had been rising, but these changes have not been formally put down to 
human activities because of the scarcity of observations and spontaneous change 
(Polyakov et al., 2003). However, through analyzing the data for the tempera-
tures of the land surface (Gillett et al., 2008), anthropogenic influences are ob-
vious in the poles and the effects of human activity are detectable in the Arctic. 

1.2. Atmospheric Radiation and Photochemistry 

Atmospheric radiation is mostly absorbed by atmospheric gases which include 
oxygen, water vapor, carbon dioxide, ozone, nitrous oxide, carbon monoxide, 
and methane (Goody & Yung, 1995). Carbon dioxide, water vapor, and methane 
are major greenhouse gases that block the energy from the sun reflecting out to 
space. Atmospheric photochemistry focus on the interaction between green-
house gases and incident solar radiation. Greenhouse gases absorb solar radiation  

 

 
Figure 1. The change of global mean temperature from 1880 to 2020. 
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for the atmosphere and then the atmospheric species would be photoionized 
(Levine, 2012). Earth’s climate is warming due to anthropogenic emissions of 
greenhouse gases, especially carbon dioxide from burning fossil fuel (Montzka, 
Dlugokencky, & Butler, 2011). 

Anthropogenic emissions also generate aerosols. For instance, the concentra-
tion of atmospheric aerosols especially sulfur dioxide is increasing due to indus-
trial activities (Taylor & Penner, 1994). As opposed to the greenhouse gases, the 
effect of aerosols is to cool the atmosphere. The sulfate and some organic aerosol 
particles will scatter solar radiation back into space to cool the Earth’s surface, 
but they also alter the actinic flux of ultraviolet radiation (Dickerson et al., 1997). 

The aerosol optical depth and the photolysis rate coefficient are measured by 
NASA Goddard Space Flight Center. The optical depth and the nature of the 
aerosol column could be observed from the fourth to the sixth wavelength of so-
lar radiation (Ehara, Hagwood, & Coakley, 1996). The aerosol optical depth 
gives information about how much direct sunlight is blocked by aerosols and 
fails to reach the ground. Photochemical smog or ground-level ozone, has been 
the most severe air pollution problem, thus, by reducing sulfur and hydrocarbon 
emissions (Dickerson et al., 1997) may have benefited the air quality. 

1.3. Atmospheric Aerosols 

Atmospheric aerosols are suspensions of submicroscopic and microscopic par-
ticles which originate from a variety of natural and anthropogenic sources. 
Aerosol particles are emitted directly from various sources in the form of liquids 
or solids, such as biomass burning, incomplete combustion of fossil fuels, vol-
canic eruption, wind-driven, or traffic-related roads (Pöschl, 2005). The most 
obvious example of an aerosol in the atmosphere are clouds, which is mainly 
composed of concentrated water with a particle diameter of about 0.01 mm 
(Pruppacher & Klett, 2010). However, in atmospheric science, the term aerosol 
has traditionally referred to suspended particles containing a large amount of 
condensed matter other than water. 

Atmospheric aerosols play an important role in climate and atmospheric 
chemistry. Aerosols affect the climate because they affect the radiation balance of 
the planet. This can happen directly when particles scatter or absorb sunlight, or 
indirectly when particles provide atomic nuclei to help form cloud droplets and 
ice particles, thereby changing the reflectivity and lifetime of the cloud (Andreae 
& Crutzen, 1997). Both direct and indirect aerosol effects act toward reducing 
Sea Surface Roughness (SSR) with increasing aerosol levels. The magnitude of 
these effects depends on the composition of the individual particles and how 
they are assembled in the population. 

1.4. Aerosols and Greenhouse Gases 

The effects of greenhouse gases and aerosols are opposite to the climate system. 
Greenhouse gases which primarily include water vapor (H2O), carbon dioxide 
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(CO2), methane (CH4), nitrous oxide (N2O), and ozone (O3) warm the planet’s 
surface by absorbing infrared radiation and preventing it from escaping from the 
planet (Ehhalt et al., 2001). Combined with the increasing concentration of 
greenhouse gases in recent years, the greenhouse effect is going to have more 
impacts not only global warming. Aerosols affect the climate in two primary 
ways: by changing the amount of heat entering or leaving the atmosphere, or by 
affecting how clouds are formed. The effect of atmospheric aerosols is more 
complicated than greenhouse gases (Mitchell et al., 1995), which means that dif-
ferent aerosols reflecting sunlight to varying degrees depending on their physical 
properties. Generally, bright or translucent particles tend to reflect radiation in 
all directions and return to space, while dark aerosols could absorb a large 
amount of light (Watson et al., 1990). Most aerosols are brighter than land or 
ocean, cooling the earth by reflecting sunlight into space like pure sulfates and 
nitrates reflect almost all the radiation they encounter, cooling the atmosphere. 
However, there are some aerosols absorb sunlight such as black carbon which 
absorbs radiation and warms the atmosphere. 

The Earth’s radiative balance is affected by the absorption, scattering, and 
cloud condensation nodule formation characteristics of atmospheric aerosols. 
However, there still has considerable uncertainty in aerosol radiative forces, 
partly because of the unknown source of atmospheric aerosols (Yamamoto & 
Tanaka, 1969). If the aerosol forcing has a small uncertainty range, the aerosol 
can only offset a small part of the greenhouse effect. However, if the aerosol 
forcing is at the high end of the uncertain range, the aerosol may offset almost all 
current greenhouse gas forcing (Schwartz & Andreae, 1996). If we assume that 
aerosols offset most of the greenhouse effect, a possibility that is entirely consis-
tent with current uncertainty. Then the temperature would increase around 0.5 
K globally and annually (Houghton, 1996) during the industrial period. If tem-
perature sensitivity is high, global warming may accelerate sharply in the future. 

2. Aerosol Science and Interaction 
2.1. Properties of Atmospheric Aerosols 
2.1.1. Aerosol Properties 
Whether in cities or remote areas, the atmosphere contains a large number of 
aerosol particles. A complete description of the aerosol size distribution may also 
include calculations for each particle size. Because the position of aerosols varies 
with time and space, it is difficult to calculate particle size. Besides, changes in 
atmospheric aerosol concentrations over short time scales are also often quite 
significant. The size distribution of a particle swarm can also be described by its 
cumulative distribution (Torres et al., 1998). The cumulative distribution value 
of the particle size segment is defined as the particle concentration that is less 
than or equal to the particle size range. What’s more, the vertical distribution of 
aerosol mass concentration generally decreases exponentially with increasing al-
titude, and the distribution of aerosol mass concentrations above altitude is quite 
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stable. As for the chemical composition, atmospheric aerosol particles contain 
sulfates, nitrates, ammonium, organic matter, crustal matter, sea salt, metal 
oxides, hydrogen ions, and water. Different experts describe particles based on 
their shape, size, and chemical composition. Toxicologists call aerosols super-
fine, fine, or coarse. Fine particles that are less than 2.5 μm in diameter are 
mainly composed of organic aerosol, ammonium nitrate, and sulfate (Mitchell et 
al., 1995). Coarse particles are relatively large particles—greater than 2.5 μm in 
diameter such as dust, pollen, spores, and fly ash and are mainly produced by 
mechanical crushing of larger solid particles. 

2.1.2. Aerosol Classification 
Submicron aerosols are dominated by organic components and nitrates, as well 
as sulfate, ammonium, and black carbon. The contribution of carbon, nitrogen, 
and sulfur to the composition illustrates the role of aerosols in the biogeochemi-
cal cycle. Compounds that exist as organic aerosols in the atmosphere are a 
mixture of aerosols and gaseous organics. Organic aerosols are ubiquitous in the 
atmosphere and account for 20% to 90% (Ng et al., 2010) of the total submicron 
aerosol mass. It is difficult to accurately model them due to the complexity of 
their sources, composition, and atmospheric aging mechanisms. Organic aero-
sols are generally divided into primary organic aerosols and secondary organic 
aerosols (Crippa et al., 2013). Due to the different formation, primary aerosols 
contain particles introduced directly into the gas and secondary aerosols form 
through gas-to-particle conversion. With the development of instrument tech-
nology, measuring the size distribution of aerosols has enabled scientists to un-
derstand the formation of secondary aerosol particles (Turpin & Huntzicker, 
1995). Secondary organic aerosols are formed by the oxidation of volatile organ-
ic compounds in the troposphere, and their low vapor pressure oxidation prod-
ucts are distributed between the gas and the aerosol phase. 

2.1.3. Primary Aerosols 
Primary organic aerosols are atmospheric particles that are emitted or injected 
directly into the atmosphere. These are many kinds of atmospheric primary 
aerosols (Hodzic et al., 2010), such as smoke, dust, and sea salt. Sand dust aero-
sols have not only natural sources, but also man-made sources, including urban 
fugitive dust, which is made of mineral aerosols generated by industrial activities 
such as incompletely burnt coal dust, road excavation, uncovered, construction 
sites and cement, and artificial dust produced by human activities such as agri-
cultural activities (Gillett et al., 2008). As one of the main components of aero-
sol, sand and dust aerosols can not only reflect solar radiation but also act as 
condensation tuberculosis of the cloud to affect the cloud droplet number con-
centration and effective radius, thereby changing the cloud’s optical thickness 
and lifetime. The absorption characteristics (Ginoux et al., 2001) of sand dust 
particles will also affect the heating structure of atmospheric radiation. Sand dust 
aerosols will not only change the regional atmospheric radiation characteristics 
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but also have a great impact on the regional water cycle, monsoon system, and 
local climate environment (Zhang et al., 2005). Comparing the distribution of 
sand and dust in different seasons, the distribution of sand and dust has obvious 
seasonal differences. From the global regional average, spring is the largest, 
summer is the second, then autumn and winter are the smallest. Aerosol optical 
thickness (AOD), single-scatter albedo (SSA), asymmetry factor (ASY), and vo-
lume spectral distribution are the key parameters to estimate its radiative forc-
ing. At present, there is still a lot of uncertainty in the assessment of the climate 
and environmental impacts of sand and dust aerosols. The main reason is the 
lack of understanding of the sand and dust source area (Zhang et al., 2008), the 
sand and dust transmission process, and the feedback mechanism of the climate 
system. Besides, there is a lack of system information on the physical, chemical, 
and optical properties of sand and dust aerosols. 

2.1.4. Secondary Aerosols 
The photooxidation of isoprene results in the formation of secondary organic 
aerosols. A series of controlled experiments (Surratt et al., 2006) showed that 
oligomerization is an important way to form secondary organic aerosols. How-
ever, the characters of oligomers depend largely on the level of nitrogen oxides, 
and acidic products are formed only under conditions of high nitrogen oxides. 
Secondary organic aerosols account for more than 50% of the total organic mass, 
including a high oxidation factor from uncertain and different sources and a low 
oxidation factor related to wood combustion emissions (Crippa et al., 2013). 
Secondary organic aerosols are formed in the air through physical and chemical 
processes such as oxidation and then nucleate or condense. Submicron inorganic 
aerosols are mainly composed of ammonium nitrate and sulfate (Seinfeld, Pan-
dis, & Noone, 1998), while sub-organic aerosols may be composed of thousands 
of compounds, many of which are unknown, and there is further uncertainty in 
the formation path of sub-organic aerosols (Hallquist et al., 2009). Volatile and 
semi-volatile organic compounds in the atmosphere are oxidized in the atmos-
phere to form secondary organic aerosols, which are concentrated and enter the 
atmospheric aerosols and become their constituents. Most secondary organic 
aerosols exist in the troposphere (Torres et al., 1998) and participate in the for-
mation of clouds, fog, and haze. Besides, they have a serious impact on climate 
change and air pollution. 

2.2. Dynamics of Single Aerosols Particle 
2.2.1. The Mean Free Path 
When observing the motion of aerosols in a fluid, we need to start from the 
perspective of the transport process. For the microscopic scale, a fluid molecule 
collides with another molecule after moving in a straight line. The molecule 
changes direction after the collision and collides with another molecule after 
moving for a while (Jennings, 1988). The average distance a molecule collides 
with other molecules is defined as the mean free path (Negele & Yazaki, 1981). 
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The mean free path λ can be expressed as the length of the path divided by the 
number of collisions from the Equation (1) ( ,v d  and vn  represent the average 
velocity, diameter, and number of molecules per unit separately). 

2 2

1

v vd n
vt

d nvt
λ = =

π π
                      (1) 

We can distinguish two cases based on the relative size of the particles sus-
pended in the gas and the average free path of the surrounding gas molecules 
(Signorell et al., 2016). If the diameter of the particles is much bigger than the 
mean free path of the surrounding gas molecules, the gas is considered a conti-
nuous fluid, thus, the mean free path could be expressed by the above formula. 
But if the diameter of the particle is much smaller than the mean free path of the 
surrounding gas, the particle can be unified into another gas molecule because it 
is small enough (Pruppacher & Klett, 2010). In this case, the velocity of target 
molecules should not be ignored and the frequency of the collision depends on 
the average velocity of the randomly moving molecules. Equation (2) shows the 
average relative velocity which is needed to calculate the mean free path λ 

2rv v=                            (2) 

The result of the mean free path is 

2

1
2 vd n

λ =
π

                         (3) 

2.2.2. Stoke’s Law 
According to Avogadro’s constant number and ideal gas law (Deslattes et al., 
1974), the number of molecules per unit volume can be determined 

A A A
v

nN nN N Pn
nRTv RT

P

= = =                     (4) 

Thus, the mean free path could be expressed as: 

22 A

RT
d N P

λ =
π

                        (5) 

As long as the aerosol particles do not move in a vacuum which is not ideal, 
resistance will always exist. To calculate the resistance of a fluid to a particle 
moving in the fluid, you need to solve the fluid motion equation (Arnold, 1911) 
to determine the velocity and pressure fields around the particle. In incompress-
ible Newtonian fluids (Jalaal & Ganji, 2011), the relationship between velocity 
and pressure is determined by a continuous equation: 

0yx zuu u
x y z

∂∂ ∂
+ + =

∂ ∂ ∂
                      (6) 

And the Navier-Stokes equation, where the x component is (where gx is the 
component of gravity in the x-direction): 
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2 2 2

2 2 2
yx x x x xz

x y z x

uu u u u uuu u u g
t x y z x x y z

ρρ µ ρ
∂   ∂ ∂ ∂ ∂ ∂∂ ∂

+ + + = − + + + +  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   
 (7) 

By introducing characteristic velocity Uo and length L, the continuity equa-
tion and Navier-Stokes equation can be made dimensionless. Reynolds number 

0Re u L uρ= , which is the ratio of inertial force to viscous force inflow, is a 
characteristic dimensionless group that appears in a dimensionless equation 
(Collins & Keswani, 2004). For the flow around the submerged body, L can be 
selected as the characteristic size of the body, such as diameter, and u0 can be se-
lected as the velocity of the undisturbed fluid upstream of the body. When the 
particle size is small and the flow velocity is low, the Reynolds number is small 
and the flow is laminar (Sehmel, 1968). In this case, the inertial force is negligi-
ble compared to the viscous force. Newton’s law is no longer valid, and Stokes’ 
law should be used, in the form: 

3D pF Vdη= π                          (8) 

To determine the drag coefficient in the Stokes equation, we can compare the 
above equation with Newton’s drag equation (Howells, 1974): 

2 2

8D D g pF C d Vρπ=                        (9) 

Then we can get the drag coefficient in the laminar flow regime. Inversely pro-
portional to the drag coefficient Rep: 

24 24
D

g p p

C
d V Re
η

ρ
= =                       (10) 

2.2.3. In the External Force Field and Reynolds Number 
The movement of aerosol particles is first caused by certain external forces, such 
as gravity or electricity (Alonso, 2002). When the speed of the particles differs 
from the speed of the fluid, resistance is created. To describe the motion of par-
ticles when they are subjected to external forces in a stationary or flowing fluid, 
the particle’s equation of motion is the basis (where v is the particle velocity and 
Fi is the force i acting on particles). 

d
dP ii

vm F
t
= ∑                         (11) 

The acceleration experienced by a particle is proportional to the sum of the 
forces acting on the particle. The above equations are used for “deterministic” 
forces, namely gravity, drag, and electricity (Alonso, 2002). The combined force 
exerted by the fluid on the sphere in the direction of flow is composed of two 
parts. At each point on the surface of the sphere, there is a pressure on the solid 
perpendicular to the surface of the sphere. This is a normal force. At each point, 
the fluid also exerts a tangential force due to the shear stress caused by the veloc-
ity gradient near the surface. To obtain the reaction force on the spherical sur-
face, it is necessary to integrate the pressure component perpendicular to the 
spherical surface (Ehara, Hagwood, & Coakley, 1996). The normal and tangen-
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tial forces are ( u∞  is the undisturbed fluid velocity upstream of the far sphere): 

2n PF uR u∞= π                         (12) 

4t PF uR u∞= π                         (13) 

A sphere moving at velocity u in a fluid is perfectly equivalent to a sphere 
moving at velocity u in a stationary fluid. The total resistance of the fluid to the 
sphere is: 

6drag n t PF F F uR u∞= + = π                    (14) 

If we include gravity, the total force acting on the sphere is the sum of drag 
and buoyancy. When the direction of flow coincides with the direction of gravi-
ty, the buoyancy added to the resistance is equal to the weight of the fluid dis-
charged by the sphere 

34
3buoyant pF R gρ= π                       (15) 

At Re = 1, the resistance predicted by Stokes’ law is reduced by 13% because 
the inertia term in the equation of motion is ignored. After correction (Gentry, 
1972), the proportion is higher, and the Reynolds number is (Re ≤ 2) 

23 96 1 2
16 160drag PF uR u Re Re In Re∞

 = π + + 
 

            (16) 

To consider the resistance in the entire Reynolds number range, we can ex-
press the resistance with the empirical resistance coefficient CD (Ap is the pro-
jected area of the body normal to the flow) 

2

2drag D p
uF C A ρ ∞=                       (17) 

When the drag coefficient is a function (Choudhury & Idso, 1985), the fol-
lowing correlations are available in Reynolds numbers: 

( )

( )

2

0.687

5

24 0.1 Stoke s law

24 3 91 2 0.1 2
16 160

24 1 0.15 2 500

0.44 500 2 10

D

Re
Re

Re Re In Re Re
ReC

Re Re
Re

Re

 <


  + + < <  =  


+ < <

 < < ×

’

     (18) 

2.2.4. Brownian Motion 
Brownian motion is the random movement of particles suspended in a fluid due 
to the bombardment of surrounding fluid molecules (Karatzas & Shreve, 1998). 
To describe the Brownian motion process, what we need is not considering the 
interaction between particles and fluid but assuming that the particle motion 
consists of statistically independent continuous displacements (Durrett & Dur-
rett, 1984). Brownian motion of a small particle in a stationary fluid is controlled 
by the following Langevin equation in the x-direction. 
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( )d 3
d c

ud u n t
t C m
ν π
+ =                       (19) 

where v is the particle velocity and n(t) is a white noise due to the effect of fluid 
molecules on particles. Because of the noncontinuous forces on the suspended 
fluid molecules, the suspended fluid molecules cause irregular and sharp move-
ments to the particles and the random acceleration n(t) is discontinuous. Due to 
the existence of n(t), the motion of any particle, that is, the trajectory is a ran-
dom process (Gupta & Peters, 1985). To study Brownian motion, the behavior of 
the entire particle swarm or particle ensemble must first be considered. Suppose 
that a particle moves in the y-direction at t = 0, the displacement of the particle 
from the start initial position (y = 0) to the position in time t is called y(t). If a 
large number of particles are released from the origin and all their y displace-
ments at time t are averaged, the expected overall average displacements should 
be zero (Davies, 1979). This is because there is no constant n(t) inherent in a 
specific direction. The mean square displacement of the Brownian motion can 
be expressed as: 

2 2 2 2
3

c

p

kTC t
y z

D
χ

µ
= = =

π
                  (20) 

Brownian motion is a continuous random process and its essence is the ran-
dom motion of brown particles under the random impact of molecules. It is im-
possible that aerosol particles move in a vacuum environment, thus, we need to 
consider the external resistance to know the motion of the particles. The mean 
free path is a good reference variable. 

2.3. Thermodynamic of Aerosols 
2.3.1. Hygroscopicity of Aerosols 
Aerosol hygroscopicity refers to the properties exhibited during the process of 
water absorption and dehydration of atmospheric aerosols (Tang & Munkelwitz, 
1993). Deliquescence and weathering are the two most important phase transi-
tion processes for studying the hygroscopicity of aerosol particles. During the 
water absorption process, due to the irregular shape of the aerosol particles and 
the diversity of the internal structure, water vapor in the environment adheres to 
the aerosol particles through physical adsorption, chemical absorption, and ca-
pillary adsorption. For water-soluble chemical components, when the relative 
humidity of the environment increases to a certain value, atmospheric particles 
will quickly absorb a large amount of water vapor and become droplets (Cruz & 
Pandis, 2000). This relative humidity is called the deliquescent point, which is the 
saturation concentration point of the droplets. When the relative humidity con-
tinues to increase, the droplets can continue to absorb water, which causes the 
concentration in the droplets to decrease and the volume to increase. It is shown 
that solid-phase aerosol particles do not absorb water and their volume and mass 
remain unchanged until the relative humidity doesn’t reach the supernode. For 
chemical components that are insoluble in water, a liquid-water-encapsulated 
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core structure may be formed (Zhang et al., 2008). In the process of dehydration, 
aerosol droplets often do not crystallize into a solid at the deliquescent point. 
When the ambient relative humidity drops below the deliquescent point, the 
droplets tend to form metastable supersaturated aerosol droplets. When the rel-
ative humidity continues to drop, the droplet concentration gradually reaches 
the critical concentration of the supersaturated aerosol, and the water content 
begins to evaporate with solid aerosol particles forming. The deliquescent point 
of the same compound is often higher than the weathering point (Gysel, Wein-
gartner, & Baltensperger, 2002), which is called hysteresis causing by homoge-
neous nucleation or heterogeneous nucleation. 

2.3.2. Aerosols, Clouds and Water Cycle 
As an organic part of the atmospheric hydrosphere cycle, atmospheric aerosols 
mainly affects the microphysical processes of clouds and precipitation, and also 
affects atmospheric stability and cloud albedo. Aerosol particles could serve as a 
kind of cloud condensing nodules and ice nuclei, which play an important role 
in the formation and growth of cloud rain (Hess, Koepke, & Schult, 1998). It not 
only increases or decreases the amount of rainfall, but also changes the type of 
cloud and rain such as converting non-precipitating clouds into precipitation 
clouds. This mechanism is called the indirect effect of atmospheric aerosols 
(Winker, Pelon, & McCormick, 2003). What’s more, through indirect effects, the 
radiation characteristics, cloud cover, and lifetime of clouds will be changed. 

The indirect effects of atmospheric aerosols are closely related to changes in 
the water cycle in the climate system. The most critical parameter that deter-
mines the indirect effects of atmospheric aerosols is the effectiveness of aerosol 
particles as cloud condensing nodules (Winker, Pelon, & McCormick, 2003). If 
the liquid water content does not change, the effect of aerosols on cloud droplet 
concentration or size caused by microphysical processes is called the first type of 
indirect effect. Due to the introduction of more aerosol particles as condensed 
nodules, under a certain water content, cloud droplets compete with each other 
for water vapor, and they cannot grow up to the precipitation mass point 
(Ramanathan et al., 2001). Thus, there are more small cloud droplets in the 
cloud, which results in a decrease in precipitation. Also, due to the enhanced al-
bedo of small cloud droplets (Rosenfeld et al., 2008), a stronger reflection effect 
is generated, resulting in the ground and the atmosphere becomes colder. 
Therefore, this indirect effect is also called the “albedo effect of clouds”. From 
the above, we know that once aerosol particles enter the cloud, they could 
change the precipitation properties and radiation characteristics of the cloud, 
thereby affecting the precipitation and water cycle. 

2.4. Interactions of Aerosols with Radiation 
2.4.1. Mechanism of Aerosol with Radiation 
The energy balance of the earth-atmosphere system is the driving force that de-
termines the climate state of the earth. The short-wave solar radiation received at 
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the top of the atmosphere by the ground-gas system must be equal to the 
long-wave or infrared radiation emitted by the ground-gas system itself 
(Murthy, 1988). For whatever reason, if this balance is disturbed or disrupted, it 
will cause climate change. In other words, this disturbance either reduce or in-
crease the received solar radiation and the emitted long-wave radiation from the 
earth, which could lead to the energy budget of the earth-gas system deviates 
from its equilibrium state. A physical quantity that measures out of equilibrium 
(Sokolik & Toon, 1996) is called radiative forcing (RF). If RF is positive, it means 
that the energy received by the earth’s gas system is greater than the energy lost, 
and then the earth’s gas system will be warmer and warmer (Stier et al., 2007). 
For example, the greenhouse effect caused by the increasing concentration of 
greenhouse gases reduces the long-wave radiation emitted or lost by the 
earth-gas system. Since the incident solar radiation is unchanged, RF is positive, 
and the earth-gas system will warm up (Liao & Seinfeld, 1998), leading to global 
warming. Radiative forcing is, therefore, a very useful physical quantity (Murthy, 
1988) to characterize how much the Earth’s climate system is affected. 

2.4.2. Different Effects of Atmospheric Aerosols and Greenhouse Gases 
Atmospheric aerosols and greenhouse gases affect the Earth’s climate in the 
same way, but aerosols are different from greenhouse gases. Greenhouse gases 
affect long-wave radiation, while aerosols mainly affect solar short-wave radia-
tion (Kiehl & Briegleb, 1993). Aerosols have a cooling effect on the ground, par-
tially offsetting global warming caused by greenhouse gases. While, due to their 
physical properties, different types of aerosol particles have different absorption 
and scattering effects, so that the radiative forcing in the atmosphere is different. 

Atmospheric aerosol particles have two climate effects. The first effect is to 
reduce the solar radiation reaching the ground by scattering and absorbing sun-
light then cool the surface of the earth (Taylor & Penner, 1994), which could 
offset part of the warming effect caused by greenhouse gases. Secondly, used as 
condensed nodules in clouds to change cloud microphysical processes and pre-
cipitation properties, aerosols could change the water cycle of the atmosphere 
which also have important impacts on many aspects of economic society 
(Mitchell et al., 1995), such as agriculture, water resources, human health, and 
urbanization. 

2.4.3. Aerosols and Global Temperature Change 
For climate change in the past centuries, the general trend is warming, which is 
mainly caused by human activities and natural changes. The cooling effect of 
anthropogenic sulfate aerosols in the tropospheric atmosphere on the ground 
surface could offset some of the warming effects (Solomon et al., 1998) caused by 
greenhouse gases. However, the spatial-temporal heterogeneity of aerosol dis-
tribution on the global scale and the differences in the radiation characteristics 
of different components have led to great differences in estimates of direct radia-
tive forcing effects (Rood et al., 1985). Therefore, a clean atmosphere in the fu-
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ture can cause global temperatures to increase faster and higher, leading to a 
more severe global warming situation. 

Black carbon aerosols are ranked second to carbon dioxide in contributing to 
the greenhouse effect. Black carbon aerosol refers to a kind of particulate matter 
emitted to the atmosphere (Highwood & Kinnersley, 2006) from the incomplete 
combustion of fossil and biomass fuels. Black carbon aerosols have a stronger 
absorption of sunlight so that they can heat the atmosphere. At the same time, 
due to reflection and absorption in the atmosphere, a part of the incident solar 
radiation is lost, which also cools the surface. Its main characteristics are high 
endothermic (Anenberg et al., 2012), light absorption properties, and good 
thermal stability. The particles are usually not present alone but are present in 
admixture with other salt particles, especially sulfate particles (Booth & Bel-
louin, 2015). The unique characteristics of the particulate matter determine its 
many complex effects on atmospheric quality, climate, temperature, and human 
health. 

2.5. Effect of Aerosols 
2.5.1. Effect on Agriculture 
Impacts of atmospheric aerosols and storm zones on agriculture and ecosystems 
are mainly caused by the reduction of direct solar radiation reaching the ground 
(Chameides et al., 1999). Firstly, due to the weakened solar light, photosynthesis 
of crops is significantly affected, that is, changing the quantity and quality of pho-
tosynthetically active radiation. Also, other relevant climatic factors and condi-
tions such as temperature, precipitation, and humidity are affected which finally 
hinder the growth of crops (Sharma et al., 2010). Secondly, a large amount of sul-
fur dioxide gas is emitted from the combustion of fossil fuels, causing a gas-particle 
conversion process to form sulfate aerosols. Sulfate pollutants fall from the at-
mosphere to the ground surface through two forms (Liousse et al., 1996): wet 
and dry sedimentation. Wet deposition is mainly manifested by the rinse effect 
of precipitation on sulfate aerosols (Bréon, Tanré, & Generoso, 2002), resulting 
in acid rain. Acid rain has a significant impact on crops and ecosystems, also, it 
could cause soil acidification. The soil contains a large amount of aluminum hy-
droxide, after acidification of the soil, the formation of weathering of primary 
and secondary minerals containing aluminum is accelerated and a large amount 
of aluminum is released (Du et al., 2014). Long-term and excessive absorption of 
aluminum ions in plants can poison and even die. 

Thirdly, nitrogen aerosols also cause acidification when they settle into the 
ecosystem. Nitrogen oxides can produce photochemical smog through photo-
chemical reactions, making the plant dwarf, grow thin, and reduce fruit set rate 
(Lin et al., 2014). Corroded by the fluoride produced by the combustion of coal 
with high fluorine content in the air, the plants are severely damaged, besides, 
the forests were gradually reduced and the growth and quality of crops will be 
significantly damaged. 
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2.5.2. Effect on Human Health 
The composition of atmospheric aerosols is very complex, not only including 
various gases and particulates produced by natural and human activities, but al-
so containing many types of microorganisms (Callahan-Lyon, 2014), both of 
which could pose serious threats to human health. There are three different as-
pects of effects for different sizes of aerosols. The biggest impact on human 
health is the stable atmospheric aerosol particles with a diameter of 0.1 to 10 μm 
(PM 10) that float in the atmosphere for a long time, which can be directly 
sucked into the respiratory tract by the human body. Particles with a diameter of 
0.1 to 2.5 μm (PM 2.5) enter the lungs or into the alveoli directly (Lighty, Ve-
ranth, & Sarofim, 2000). Besides, they can enter the blood to the whole body 
which is very harmful to human health due to their toxicity. The central lung 
disease has the most direct relationship with the particulate matter content in 
the polluted air (Goldsmith, 1986). The second aspect of the health effects for 
atmospheric aerosols is the effect of heavy metal components in aerosol fine par-
ticles could be harmful to human health, which is related to many diseases and 
harms many parts of the human body. The third aspect of the health effects of 
atmospheric aerosols is that there are many carcinogens in aerosols’ chemical 
composition (Davidson, Phalen, & Solomon, 2005), such as polycyclic aromatic 
hydrocarbons and nitrosamines. The example of nitrosamine aerosols are 
harmful is that the detection of nitrosamine compounds in mothers’ blood dur-
ing their pregnancy, which shows that mothers who prolonged exposure to to-
bacco smoke have a high possibility (Myers & Yeakub Ali, 2008) of miscarriage. 

3. Environmental Policy and Solution 
3.1. Significance of Aerosol Research 

The particle size of aerosol particles is similar to the wavelength of visible light 
and has a scattering effect on visible light, which greatly reduces the visibility of 
the atmosphere and forms air pollution (Uchino & Tabata, 1991). It also affects 
many aspects such as transportation and national defense. At the same time, it 
increases the fuel consumption of lighting electricity and increases air pollution, 
which forms a vicious circle and negative feedback. On the other hand, aerosol 
particles can be formed in a wide range of sizes due to the differences in the 
composition, structure, concentration and aerosol sources (Spendlove & Fannin, 
1983), which could lead to the different effects of light such as absorption, scat-
tering, and refraction. These effects directly or indirectly affect the composition 
of the atmosphere, temperature changes, precipitation, and sea-level rise which 
finally affect the stability of the entire ecosystem. 

With the rapid development of the global economy in recent years, a large 
amount of industrial waste gas is emitted into the atmosphere and the environ-
ment, which not only affects the climate change of the atmosphere, but also se-
riously endangers human health and the survival of other animals and plants 
(Fuchs & Sutugin, 1971). In recent years, the level of air pollution in large and 
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medium-sized urban areas worldwide, especially in developing countries, has 
increased, affecting many aspects of human health, production, life, and trans-
portation. As the air contains a large number of industrial waste gases that are 
harmful to our health, these gases can be adsorbed on the aerosol surface or 
react with the aerosol (Dockery, Schwartz, & Spengler, 1992). Besides, the deeper 
and finer particles enter the part of the respiratory tract, the greater the impact 
would affect the respiratory system. Aerosols become carriers of harmful gases, 
bringing harmful gases from the air into the human body, which can cause a va-
riety of heart diseases such as asthma, pneumonia, bronchitis, and heart disease. 
Particles with a size less than 10 μm (PM 10) have large inertia and are generally 
deposited in the nasal mucosa and upper respiratory tract area. Those particles 
whose sizes are less than 2.5 μm (PM 2.5) could be deposited into the bronchi 
and alveoli through diffusion. 

Air pollution is mainly caused by atmospheric aerosols. Atmospheric aerosols 
can be emitted directly as particulate matter or indirectly formed in the atmos-
phere by gaseous precursors through chemical reactions such as photochemical 
reactions (Fan et al., 2004). The main physical process of atmospheric aerosols 
affecting the climate system is to change the radiation balance of the geogas sys-
tem by direct scattering and absorption of solar radiation and long-wave radia-
tion. This mechanism is generally defined as the direct action of aerosols 
(Dickerson et al., 1997). Sulfate aerosols, for example, have a strong effect of re-
flecting solar radiation, thus increasing the earth’s planetary albedo and cooling 
the atmosphere and surface. The increasing concentration in atmospheric aero-
sols reduces the quality of the air and the amount of solar radiation reaching the 
ground. This negative radiative forcing which counteracts the warming in de-
termining surface temperature, precipitation, and evaporation is the opposite of 
the greenhouse gas effect (Dickerson et al., 1997). Once the aerosols are removed 
from the atmosphere, the increase in greenhouse gas emissions will be even 
more dramatic. Therefore, what needs to be considered in the environmental 
strategy is not only the reduction in CO2 emission, but also the consequences of 
improving air quality. 

3.2. Climate Change Legislation around the World 

The Paris Agreement came into effect in November 2016, and then more than 
190 countries around the world made national contributions to reduce emissions 
(Rogelj et al., 2016). This is the third landmark international law in human his-
tory to deal with climate change. Different from previous international emission 
reduction cooperation models, The Paris Agreement is a new global climate go-
vernance model in which countries around the world independently propose 
emission reduction targets (Schleussner et al., 2016). The participation of cities 
in climate governance around the world has become one of the hot spots in the 
current response to climate change. The climate governance model of The Paris 
Agreement for the first time affirmed the important role of non-state actors such 
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as local government and businesses which is multi-layered governance for cli-
mate change (Falkner, 2016). Compared to the governance from a country, cities 
in the country have more governance flexibility and certain advantages in mobi-
lizing resources and implementing regional strategies. The decentralization 
trend under globalization has continuously improved the status and roles of ci-
ties in environmental governance. 

If keep the global average temperature rise within 1.5˚C, cities in Europe, 
North America, and Australia should reach the peak of carbon emission by 2020 
(Dimitrov, 2016), while other cities need to do so by 2030. At present, there are 
roughly two ways for cities to participate in climate governance (Shove, 2010). 
The first one is to formulate policies and regulations related to climate change 
within the city, and propose a path for climate governance under the city’s car-
bon emission mitigation goals. The second one is to promote action on climate 
change among cities through the global alliance of cities. Globally, a large num-
ber of cities are currently actively implementing emission reduction policies to 
mitigate climate change. For instance, TransformTO is approved by City Council 
in July 2017 in Toronto. The strategy proposes a series of long-term low-carbon 
targets (de Vera, 2019), including reducing emissions by 30% from 1990 levels 
by 2020 and 65% from 1990 levels by 2030 (Gu, 2019). Finally achieving net-zero 
emissions by 2050 to reduce local greenhouse gas emissions and improve resi-
dents’ health and economic growth. Besides, the California State Senate passed 
Assembly Bill (AB) in August 2006, which hopes to achieve the goal of reducing 
emissions by 25% (Abrego, 2008) through managing oil and gas refineries. 

3.3. Potential Solutions and Suggestions 

Climate change caused by human activities is a major environmental issue in 
today’s society. Among its many influencing factors, the climate effect of aero-
sols is the most uncertain one (Hiller et al., 1980). It is difficult to accurately un-
derstand today’s climate change from the perspective of atmospheric dynamics 
because abnormal climate change is closely related to aerosols. Due to the dif-
ferences in the distribution of aerosol emission sources and their short residence 
time in the atmosphere (Kaufman & Koren, 2006), they will have a greater im-
pact on the regional climate. It is obvious that we should not fold our hands and 
wait to be slain with regard to certain negative effects of aerosols, but adopt a 
reasonable method to promote strengths and avoid weaknesses when facing how 
to deal with these problems. Here, I suggest some specific control aspects and 
measures that might reduce the effect of aerosols: 

i. Strengthen the control in urban industrial areas. The process of urban indu-
strialization is a major reason for the increase in anthropogenic aerosol emis-
sions. Therefore, reasonable observation of emission sources, scientific devices, and 
effective measures are helpful for emission control. Monitoring in high-emission 
areas can also promote the government’s active performance of administrative 
duties. 
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ii. Establish uniform standards for polluting particles and strengthen moni-
toring. The feasible method is: on the premise of unifying the particle standard, 
the division of functions among the departments is provided by the meteorolog-
ical bureau. For example, the environment division should formulate and man-
age administrative regulations to prevent the untrueness of the data of the des-
ignated meteorological bureaus, cross-spot spot checks could be used for data 
monitoring. 

iii. Treaties and legal mechanisms to strengthen domestic and international 
cooperation. The international restrictions and enact mandatory compensatory 
laws should be strengthened to protect the country from the harm caused by 
unnecessary anthropogenic aerosol emissions. 

4. Conclusion 

From the above analysis, it can be concluded that atmospheric aerosol particles 
also have climatic effects. Firstly, by scattering and absorbing sunlight, reducing 
the solar radiation reaching the ground has a cooling effect, which can offset part 
of the warming effect caused by greenhouse gases. The second is to change the 
microphysical process of clouds and the nature of precipitation as condensed 
nodules in the cloud, and change the atmospheric water cycle. Atmospheric 
aerosols also have important effects on many aspects (Deslattes et al., 1974) of 
economic society, such as agriculture, water resources, human health, and urba-
nization. Besides, climate change and air pollution have a common cause to a 
large extent, that is, they are mainly caused by emissions of fossil fuel combus-
tion. On the one hand, the emitted aerosols not only cause air pollution but also 
have obvious climatic effects and changes in the hydrosphere cycle. On the other 
hand, climate change caused by the increase of greenhouse gases (Turco et al., 
1980) can also affect air pollution, which can aggravate and amplify the impact 
of air pollution on human health, agricultural production, and ecosystems. The 
two are closely related to scientific issues. 

Therefore, a unified rather than separate scientific research strategy should be 
adopted. Especially in the future, with the continuous treatment and improve-
ment of air pollution, their cooling effect will be greatly reduced, which will fur-
ther increase the reduction of greenhouse gas emissions in the future, otherwise, 
the global temperature will increase at a faster rate and magnitude (Miller & Te-
gen, 1998), which will become an important issue in the next 20 to 30 years. At 
present, this issue has been solving internationally. And if we do not consider 
the offset effect of aerosol cooling but only consider how much temperature rise 
the global greenhouse gas will cause, the global emission reduction responsibility 
will increase greatly. Therefore, it is necessary and urgent to adopt and formulate 
collaborative or coupled research and countermeasure strategies. This is an inte-
grated strategy to deal with climate change and air pollution. Solving these prob-
lems from the same source is not only more economically effective, but also 
solves the problems of atmospheric environment and climate change at the same 
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time, which can get the greatest economic savings and a win-win effect (Liu et 
al., 2012). Internationally, it will establish a good image of not only actively pro-
tecting the environment but also striving to mitigate climate change. 
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