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Human economic activities result in emission of a great number of gaseous and aerosol
pollutants into the atmosphere. Then, theses species pass through a series of
transformations that lead to formation of more toxic species than the original emissions.
All these mechanisms are connected with one another, forming part of the general
environmental protection problem. Among the anthropogenic emissions, nitrogen and
sulfur oxides, metallic dust etc. are of particular importance. For example, sulfuric oxide
in the atmosphere can transform into the aerosol phase and give rise to acid rain , which
is harmful to the biosphere. Also, they bring about smog-inherent toxic effects. To
describe these processes in solving environmental protection problems, complex
mathematical models are needed. These models include modules for regional
atmospheric thermohydrodynamics, transport, diffusion, and transformation of gasses
and aerosols, as well as kinetic processes of nucleation, condensation/evaporation, and
coagulation.
In the photochemical transformation model, anthropogenic nitrogen-sulfur-carbon
species emissions typical for large industrial areas are accounted for and spatio-temporal
variability of secondary environmental pollutions is studied. The kinetic models of
condensation and coagulation allow one to study the new-particle formation and their
further growth, which leads to aerosol formation and development in the environment.
The results of numerical experiments performed using these models are demonstrated
for specific environmental applications in the regional and global scales.
1. Introduction

At present, aerosol particles are undoubtedly known to play a critical role in forming the
physical and chemical state of the atmosphere. However, many atmospheric aerosol
related processes have not yet been clearly understood. In particular, the micro-tomacro-scale transition path has not yet been fully studied. The impact of aerosol
macrotransport on microprocesses, which control essentially the composition and size
distribution of aerosols, is treated in a very simplified form. The macroscopic transport
and atmospheric turbulence play an important role in setting boundary conditions far
away from the particle surface. Particularly, the turbulence results in fluctuations of
condensing particle concentrations as well as in spontaneous generation of particles,
whose concentration fluctuations lead to formation of super-critical particles in the
atmosphere. Currently, this mechanism of particle formation has not been clearly
studied. So, some difficulties arise in constructing complex mathematical models
(consisting of dynamical and turbulence factors, generation, transformation, and
removal of gases and aerosols, gas- and aqueous-phase chemistry, and atmospheric
circulation). Also, there is no reliable estimate for the influence of particle size
distribution on the oxidation processes in liquid particles and for the role of turbulent
fluctuations in condensation, coagulation, and photochemistry.
The atmosphere is a complex dynamical system with a number of different physical and
chemical processes whose intensity depends on the features of a specific region and
latitude-longitude-altitude localization. The gas-phase chemical reactions take place
with some intensity in the bulk of the atmosphere, while the heterogeneous reactions
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occur only on the surfaces of liquid and solid particles in the troposphere and
stratosphere. It should be noted that the natural aerosols play a significant role in the
chemistry of the lower stratosphere: stratospheric sulfate aerosols (SSA), triple
supercooled solution particles, and polar stratospheric clouds as cooled solution (PSC-1)
and as crystalline (PSC-2). At midlatitude temperatures (205○ < T < 220○ K), the SSA
exist as binary supercooled solutions of H2SO4/H2O. The formation and removal of
aerosol particles are due to a number of processes: nucleation, condensation /
evaporation, coagulation, gas- and aqueous-phase chemical transformations, thermohydrodynamical processes, interphase exchange, dry and wet deposition, etc. The
chemical composition of particles mainly depends on size distribution, which is of great
significance for aerosols physics and atmospheric chemistry. In the atmosphere, sulfate
aerosols are of particular importance; they can have climate effects both directly and
indirectly. These particles are formed in different parts of the atmosphere: free
troposphere, marine boundary layer, Arctic region, etc. Numerical experiments indicate
that new sulfate particles can nucleate both in the stratosphere and urban polluted air;
they are formed through homogenous nucleation, for example, of water and sulfuric
acid. Aerosol particle size distribution is known to be affected by coagulation and gasto-particle conversion. Gas-to-particle conversion rate can be determined from the rate
of diffusion of vapor molecules to the surface of particle and the rate of reaction
between a molecule of the adsorbed vapor and a species of the particle surface.
Most three-dimensional aerosol dynamics models assume an instantaneous equilibrium
in the gas-aerosol system. However, under some conditions, this equilibrium is
established rather slowly relative to the timescales of other processes. Thus, it is
necessary to use a non-equilibrium distribution function in the numerical models, which
are required to meet the laws of particle mass-number conservation.

In modeling the aerosol formation processes, the species resulting in photochemical
transformations are of prime importance. Saturation of these species’ vapors leads to
formation of primary clusters and aerosols. Then, they can interact with the nuclei of the
background atmosphere uniting with some water drops and later coagulating. The
regional and global-scale mathematical models that describe these processes account for
the photochemical transformations and kinetic processes of nucleation,
condensation/evaporation, and coagulation. Aerosol size distribution is given for 25 bins
starting from 10-5 μm with doubling the subsequent sizes. The model includes SO2H2SO4 oxidation through a series of photochemical reactions. At certain levels, this
brings about supersaturation of SO2-H2SO4 and later deposition onto the surfaces of
condensation nuclei. Depending on the location and physical medium, the drops can
either grow in size or evaporate; in the latter case, their interiors turn to be solid nuclei.
Now let us consider numerical models for the gas-aerosol interaction in the regional and
global scales.
2. Mathematical Model for Regional Transport and Transformations of Gaseous
Pollutants and Aerosols.

Since the atmospheric pollutants generally have multiple dispersion character; their
dynamics can be mathematically simulated using the following two mechanisms: (1)
pollution transport and diffusion, (2) change of concentrations of gaseous species
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through photochemical transformations and variation of aerosol size distribution and
concentration through kinetic processes of nucleation, condensation, coagulation, etc.
As these processes take place in the turbulent atmosphere and the earth’s surface is
generally inhomogeneous (orographically and thermally), the gas-aerosol dynamics
model should be combined with thermohydrodynamical models. This approach allows a
more comprehensive reproduction of the spatial and temporal variations of the
meteorological variables, turbulent characteristics and aerosol features.
2.1. Main Equations of Atmospheric Thermo-hydrodynamics

The model is based on the thermo-hydrodynamic equations for the regional-scale
atmospheric processes. To take into account the orography here we turn from the
Cartesian system of coordinates ( x , y , z ) to the generalized system ( x , y , σ ) with the
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help of the following formulas:
x =x , y = y, σ =

z − ζi (x , y) ˆ
H,
H − ζi (x , y)

(1)

where H and Ĥ - are heights of the upper boundary in the z- and σ - system of
coordinates, respectively; ζi (x , y) - is a function describing the relief.

The equations in the new system of coordinates take the form
∂uˆ
∂p
∂p
G
+ divuuˆ =−
+ a1
+ lvˆ + Fu
∂t
∂x
∂σ

(2)

∂υˆ
∂p
∂p
G
+ div u υˆ =−
+ a2
+ luˆ + Fυ
∂t
∂y
∂σ

(3)

∂wˆ
∂p
G
+ div uwˆ =− a 3
+ λϑ(1 + 0.61q) + Fw
∂t
∂σ

(4)

L Φρ
∂ϑˆ
S
G
+ div u ϑˆ + (wˆ + ζxuˆ + ζy vˆ) = w
+ Fϑ
∂t
a3
Cp

(5)

∂ q̂
∂Q
G
+ div u qˆ = −a 3wˆ
− Φρ + Fq
∂t
∂σ

(6)

∂uˆ ∂vˆ ∂wˆ
+
+
=0
∂ x ∂y ∂σ

(7)

Here the following notation is used:
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∂ζ  ∂ζ
G ∂uϕˆ ∂vϕˆ ∂wϕˆ
div uϕˆ =
, ϕˆ =ρϕ, ϕ =(u ,v ,w ,ϑ,q),ζx =
,ζ =
+
+
(8)
∂x
∂y
∂σ
∂ x y ∂y
Fu , Fv ,Fw are the turbulent fluxes for wind components:

∂τ11 ∂τ 12 ∂
∂
∂ ⎛ uˆ ⎞
+
+
(a1τ11 + a 2τ12 ) + a 32
ρ vu
⎜ ⎟
∂x
∂y ∂σ
∂σ
∂σ ⎝ ρ ⎠

(9)

Fv =

∂τ 21 ∂τ 22 ∂
∂
∂ ⎛ vˆ ⎞
+
+
(a1τ 21 +a 2τ 22 ) + a 32
ρ vu
⎜ ⎟
∂x
∂y ∂σ
∂σ
∂σ ⎝ ρ ⎠

(10)

Fw =

∂τ31 ∂τ32 ∂
∂
∂ ⎛ wˆ ⎞
+
+
(a1τ31 +a 2 τ32 ) + a 32
ρ vu
⎜ ⎟
∂x
∂y ∂σ
∂σ
∂σ ⎝ ρ ⎠

(11)
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Fu =

Fq and Fϑ are the turbulent fluxes for heat and moisture respectively :

Fϑ =

∂ H1 ∂ H 2 ∂
∂
∂ ⎛ ϑˆ ⎞
ρ vϑ
+
+
(a1H1 + a 2 H 2 ) + a 32
⎜ ⎟
∂x
∂y ∂σ
∂σ
∂σ ⎜⎝ ρ ⎟⎠

(12)

Fq =

∂ Q1 ∂ Q 2 ∂
∂
∂ ⎛ qˆ ⎞
+
+
(a1Q1 + a 2Q 2 ) + a 32
ρ vq
⎜ ⎟
∂x
∂y ∂σ
∂σ
∂σ ⎝ ρ ⎠

(13)

a1 = ζx

ˆ
ˆ
σ−H
σ−H
, a 2 = ζy
,
H − ζ (x , y )
H − ζ (x , y )

a3 =

ˆ
H
H − ζ (x , y )

(14)

The following commonly – employed notation is used in the equations above: t is the
G
time: u, v , w are wind velocity vector components along x ,y ,σ ; u = (u ,v ,w ); ϑ is the
potential temperature ; ρ is the density; l the Coriolis parameter; q is the specific
humidity; Lw is the latent heat of condensation; Φ is the water condensation rate; S is
the stratification parameter; λ = g / T is the buoyancy parameter; γ = 0.61; ρ ( z ) is the

background density; τij , h i ,

Qi ( i = 1, 2,3; j = 1, 2 ) are the Reynolds viscous stress

tensor and turbulent flows of heat and moisture; vu ,vϑ ,vq are the vertical turbulent
coefficients for the moments of momentum, heat, and moisture.
2.2. Atmospheric Surface Layer Model and Heat-balance Equation

The structure of the lower atmospheric layer is described within the Monin-Obukhov
similarity theory and the Businger empirical functions. The surface layer model can be
written as:
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G
∂u
∂ϑ
∂q
= u∗ϕu (ζ ) , æ = ϑ∗ϕϑ (ζ ) , æ = q∗ϕϑ (ζ )
æz
∂z
∂z
∂z

(15)

G
æ u = u∗f u (ζ , ζ u ) , ϑ − ϑ0

(

)

=ϑ∗f ϑ(ζ , ζ ϑ ) , q − q 0 = q∗f ϑ ζ ,ζ q ,ζ =
u æz
vi = ∗
,
ui ( ζ )
ζ

∫

ϕu (ζ )

ζ

ζ0

ai =

ψi (ζ )

f i (ζ h , ζ i )

dζ , f ϑ ( ζ , ζ 0 ) =

ζ

∫

ζ0

, L=−

ϕϑ (ζ )

ζ

u∗2

æ 2λϕ∗

dζ

,

(17)

(18)
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fu ( ζ , ζ 0 ) =

u æh
( vi ) h = ψ ∗ ζ ,
i( h)

(16)

z
h
, ζ h=
L
L

G
where u = (u 2 + v 2 )1/ 2 is ; u∗ is the friction velocity; ϑ∗ , q∗ are the scales of the

potential temperature and specific humidity; h is the surface layer height; L is the
Monin-Obukhov length scale; zu , z ϑ are the roughness parameters for wind and

temperature, respectively; ζ =

z
L

is a dimensionless height representing the hydrostatic

stability parameter; ϕi , fi are continuous universal functions.

The temperature over the water surface is assumed to be given and the relative humidity
is computed by the Magnus formula. The earth’s surface temperature is determined
from the combined solution of the turbulence energy balance equation and the equation
of heat conduction in soil. The heat balance on the boundary of atmosphere-soil
separation is modeled by the equation.

(

G S − ρc p v ϑ

)

∂ϑ
∂z D

(

− ρ L w vϑ

)

∂q
∂z D

= Io (1 − AS ) − F,

(19)

where G s = λs ( ∂∂Tz )S is the heat transfer through the soil surface (s denotes the values for

z = 0, λs = cs ρs K s , ρs , cs , K s , T are density, specific heat capacity, coefficient of
temperature conduction, and absolute temperature of soil, respectively; ρ is air density;
Io is the shortwave radiation; A s the surface albedo; and F is the effective longwave
radiation.
The earth’s surface temperature and humidity are determined from the equations of heat
balance, heat- and moisture-exchange in soil.
2.3. Turbulent Exchange Coefficients

Since Re  103 (Re is the Reynolds number) in the majority of problems in
aerophysics, we should write the subgrid turbulent motions in a parameterized form thus
separating motions with scales less than the dimension of the calculated cell. It follows
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from the dimension considerations that the energy spectrum contains a wavenumber
region where the viscous dissipation effect can be neglected as compared to inertiainduced energy transport. So, the characteristic timescale of the processes in a reference
grid cell is within the inertial range. Then, on averaging by volume in the cell, new
terms describing the subgrid scale Reynolds stress appear in the thermo-hydrodynamic
equations. Thus, the turbulent exchange operators are approximated by the viscous
stress tensor, τi, j , as a function depending on the mean-motion deformation tensor Dij
as follows
τij = ρ K M Dij

(20)

where K M is the coefficient of kinematic viscosity; Dij , (i = 1, 2,3;

j = 1, 2,3) are the
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components of deformation tensor:
Dij =

∂ui ∂u j 2 ∂u k
+
− δ
∂ x j ∂ x i 3 ij ∂x k

(21)

2.4. Initial and Boundary Conditions

The problem (2)-(21) is solved in the region D t = D × [0, t ], D = {(x , y , σ ) :
ˆ under the following initial and boundary
x ∈ [−X, X], y ∈ [− Y, Y], σ ∈ [ζ, H]}
conditions
u = u 0 , v = v 0 , w = w 0 , ϑ = ϑ0 , q = q 0 , for t = 0

(22)

∂uˆ ∂vˆ ∂wˆ
∂ϑˆ
∂ qˆ
=
=
= 0,
= 0,
= 0 for x = ± X
∂x ∂x ∂x
∂x
∂x

(23)

∂uˆ ∂vˆ ∂wˆ
∂ϑˆ
∂ qˆ
=
=
= 0,
= 0,
= 0 for y = ± Y
∂ y ∂y ∂ y
∂y
∂y

(24)

At the upper boundary of the atmosphere we have
ˆ
u = u 0 , v = v 0 , w = w 0 , ϑ = ϑ0 , q = q 0 , for σ = H

(25)

Here the zero indices stand for the background values.
a 3h

(

)

∂uˆ
∂vˆ
∂ϑˆ
= a uuˆ , a 3h
= a u vˆ, a 3h
= a ϑ ϑˆ − ϑˆ0 , for σ = h
∂σ
∂σ
∂σ
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a 3h

∂ qˆ
wˆ
= a ϑ (qˆ − qˆ 0 ),
=−
∂σ
h

(

∂uˆ
∂x

)

+ ∂∂yvˆ , for σ =

ˆ
H
ˆ − ζˆ ( x , y )
H

wˆ = 0 for σ = ζ ( x , y )

(27)

(28)

The system of equations under these initial and boundary conditions describes the
temperature and humidity changes that initiate perturbations in the atmospheric flow
dynamics.
2.5. Numerical Model of Transport and Transformations of Multicomponent
Gaseous Pollutants and Aerosols.
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The governing equations for the change rate of gas-aerosol concentrations in the general
case have the following form:
∂i
+ ∇ (ui Ci ) = Fgas − Pnucl − Pcond + Pphot + ∇ ( k∇Ci )
∂t

(29)

∂ϕk
+ ∇ (uiϕi ) = Faer + Pcond + Pcoag + Pnucl + ∇ ( k∇ϕi )
∂t

(30)

(

)

Here Ci, i = 1, Ng , ϕk, ( k = 1, N a ) are the concentrations of gases and aerosols; Ng
and N a are the numbers of gaseous species and aerosol fractions, respectively;
ui = (u , v , w − wg ) are wind velocity components along x , y , z , respectively; wg is the
gravitational settling velocity; k, turbulent exchange coefficients in the horizontal and
vertical directions, respectively; Fgas and Faer are sources of gas and aerosol emissions;

and Pnucl , Pcond , Pcoag

and Pphot are the nucleation, condensation, coagulation and

photochemistry operators, respectively.
-
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