
lable at ScienceDirect

Atmospheric Environment 144 (2016) 297e314
Contents lists avai
Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv
Modelling multi-component aerosol transport problems by the
efficient splitting characteristic method

Dong Liang a, *, Kai Fu b, a, Wenqia Wang c

a Department of Mathematics and Statistics, York University, Toronto, Ontario, M3J 1P3, Canada
b School of Mathematical Sciences, Ocean University of China, Qingdao, Shandong, 266100, China
c School of Mathematics, Shandong University, Jinan, Shandong, 250100, China
h i g h l i g h t s
� Modelling multicomponent aerosol transport problems in atmospheric environment
� A splitting characteristic FDM for general multicomponent aerosol transport models
� The developed algorithm is robust and efficient for large-scale applications
a r t i c l e i n f o

Article history:
Received 4 November 2015
Received in revised form
10 August 2016
Accepted 13 August 2016
Available online 27 August 2016

Keywords:
Aerosol transport
Multi-component aerosols
Characteristic-FDM
Splitting
Efficiency
High accuracy
* Corresponding author.
E-mail address: dliang@mathstat.yorku.ca (D. Lian

http://dx.doi.org/10.1016/j.atmosenv.2016.08.043
1352-2310/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

In this paper, a splitting characteristic method is developed for solving general multi-component aerosol
transports in atmosphere, which can efficiently compute the aerosol transports by using large time step
sizes. The proposed characteristic finite difference method (C-FDM) can solve the multi-component
aerosol distributions in high dimensional domains over large ranges of concentrations and for
different aerosol types. The C-FDM is first tested to compute the moving of a Gaussian concentration
hump. Comparing with the Runge-Kutta method (RKM), our C-FDM can use very large time step sizes.
Using Dt ¼ 0.1, the accuracy of our C-FDM is 10�4, but the RKM only gets the accuracy of 10�2 using a
small Dt ¼ 0.01 and the accuracy of 10�3 even using a much smaller Dt ¼ 0.002. A simulation of sulfate
transport in a varying wind field is then carried out by the splitting C-FDM, where the sulfate pollution is
numerically showed expanding along the wind direction and the effects of the different time step sizes
and different wind speeds are analyzed. Further, a realistic multi-component aerosol transport over an
area in northeastern United States is studied. Concentrations of PM2.5 sulfate, ammonium, nitrate are
high in the urban area, and low in the marine area, while sea salts of sodium and chloride mainly exist in
the marine area. The normalized mean bias and the normalized mean error of the predicted PM2.5

concentrations are �6.5% and 24.1% compared to the observed data measured at monitor stations. The
time series of numerical aerosol concentration distribution show that the strong winds can move the
aerosol concentration peaks horizontally for a long distance, such as from the urban area to the rural area
and from the marine area to the urban and rural area. Moreover, we also show the numerical time
duration patterns of the aerosol concentration distributions due to the affections of the turbulence and
the deposition removal. The developed splitting C-FDM algorithm can be applied to model spatial multi-
component aerosol transport problems in large domains in atmosphere.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, it has been recognized that aerosols play an important
role in global climate warming and change as well as air pollution.
g).
Atmospheric aerosols are solid, liquid, or mixed-phase fine particles
suspended in air. They are one of most important constituents of
atmosphere and have significant impact on environment and human
health. Aerosols have a direct radiative forcing by scattering and
absorbing solar and infrared radiation in atmosphere and have in-
direct forcing by changing cloud precipitation patterns which leads
to the change of global circulation systems that constitute the Earth's
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climate. Aerosols are also associated to the formation of haze, dust,
dust storm, acid fogs, acid rains and related air pollution
(Friedlander, 2000; Lee et al., 2015). Small aerosol particles can be
inhaled into the human body and induce adverse health effects. In
these processes, the physical states and distribution variation of the
multi-component aerosols are of great significance. It is important to
numerically study the aerosol processes and aerosol concentration
distributions in environmental prediction and air quality control.

Spatial aerosol transport model is a complex multi-component
system of partial differential equations, which involves spatial
transport and dispersion, emission, deposition, aerosol dynamic
processes of condensation/evaporation and coagulation, and aero-
sol chemical process. Some efforts have been made in the compu-
tation of the aerosol concentration distributions in various regions.
Odman and Russell (1991) studied the URM model and the UAM-
AIM and applied them in the aerosol simulations in the southern
California. Gaydos et al. (2007) andMebust et al. (2003) studied the
PMCAMx and theModels-3/CMAQ and carried out simulations over
eastern United States. Grell et al. (2005) developed the WRF/Chem
model and simulated the aerosol concentration distributions over
the eastern United States and contiguous areas. There were further
studies over areas in Europe (Nopmongcol et al., 2012), east Asia
region (Koo et al., 2008) and Yangtze River Delta region in China
(Wang et al., 2012). There are also some research focusing on small
scale aerosol studies, for instance, the investigation of the inter-
action between the aerosol formation and turbulence (Barbaro
et al., 2015; Lee et al., 2014) and the study on the land surface/at-
mosphere interactions (Nemitz and Sutton, 2004). The aerosol
simulations are usually performed over a long period and cover a
large region which is discreted into a huge number of grids. How-
ever, very small time steps have to be used in simulations in order
to ensure the stability of the numerical schemes for aerosol trans-
port solution, which brings a huge cost of computation and leads to
the limitation of application. With the increase of large scale
simulation in applications, there is a growing need to develop
efficient numerical methods that can ensure high-accurate multi-
component aerosol simulation results by using large time step sizes
for decreasing computational cost.

In this paper, we consider general multi-component aerosol
transport problems in atmosphere that involve the spatial trans-
port and dispersion, emission, deposition, aerosol dynamics, and
aerosol chemical process and develop the efficient characteristic
finite difference method (C-FDM) to solve the transport and
dispersion process in the spatial aerosol dynamic system by
combining with the operator splitting technique to deal with
emission, deposition, aerosol dynamic and chemical processes. The
methods of characteristics were first proposed in (Douglas and
Russell, 1982) to solve single dimensional convection-diffusion
problems and were further developed for high-dimensional con-
vection diffusion problems in (Arbogast and Huang, 2010; Celia
et al., 1990; Liang et al., 2007; Pokrajac and Lazic, 2002), etc. The
methods can reduce the truncation errors in time and allow to use
vcl
vt

¼ �U$Vcl þ V$ðKVclÞ þ El;Emisð x! ; v; tÞ þ Ll;Depcl þ L l;Aero þ ð c!Þ þR l;Chemð c!Þ; l ¼ 1;2;/; s; (2.1)
large time sizes in computation. In numerical experiments, we first
test our C-FDM to simulate the moving of a Gaussian concentration
shape in two dimensions, where the high accuracy is obtained by
our C-FDM using a large time step size compared to those used in
the RKM. Second, we investigate a transport of the sulfate pollution
in a varying wind field with different mesh grids, different time
step sizes and with different wind speeds. Results show that the
highest aerosol concentration is located near the emission area, and
the sulfate plume transports along the wind direction. Further, we
study a realistic multi-component aerosol transport simulation
over an area in northeastern United States. The predicted PM2.5
concentrations are compared to measured data taken at United
States Environment Protection Agency (EPA) monitor stations. The
analysis of the aerosol components distributions for an urban, a
rural and a marine area shows that the urban area has the highest
PM2.5 concentration among the three areas, while the marine area
has the lowest PM2.5 concentration. The time series of numerical
aerosol concentration distribution show that the strong winds can
move the aerosol concentration peaks horizontally for a long dis-
tance. Finally, we numerically study the aerosol optical properties
and the affections of the turbulence and deposition. The urban area
has a low single scattering albedo (SSA) of 0.87 at thewavelength of
600 nm due to the large concentration of sulfate and other
absorbing aerosols, while the SSA of rural and marine areas are
0.917 and 0.986. The predictions reveal that nitrate concentrations
always peak at the nighttime when temperature is low, since the
nitric acid only transferred to the aerosol phase after reaction with
other species under lower temperatures as computed by ISO-
RROPIA for the aerosol themodynamics (Nenes et al., 1998). When
we simulate the turbulence using the MYJ (Mellor-Yamada-Janjic)
PBL (planetary boundary layer) scheme (Mellor and Yamada, 1982)
instead of YSU (Yonsei University) scheme (Hong et al., 2006), the
predicted temperature has a mean decrease of 1.09 �C, which leads
to a higher nitrite concentration. Effects of deposition on aerosol
concentrations are studied and numerical results show that depo-
sition plays an important role in the removal of aerosols, especially
in the removal of aerosols with large sizes. The developed splitting
C-FDM algorithm can be applied for modelling spatial aerosol dis-
tributions using large time steps and for simulating the large scale
predictions of multi-component aerosols in atmosphere.

The paper is organized as follows. Section 2 introduces the
general multi-component aerosol transport model. The splitting
characteristic finite difference method is proposed in Section 3.
Numerical simulations are given in Section 4. Finally, conclusions
are given in Section 5.
2. The general multi-component aerosol transport model

The aerosol distributions in atmosphere vary considerably in
space, time and particle size. The variability of the aerosol con-
centrations is determined by several complicated physical and
chemical processes: transport and dispersion (including the
advection in large scale and turbulence in small scale), emission,
deposition, aerosol dynamics and aerosol chemistry. The general
multi-component aerosol transport model is (Seinfeld and Pandis,
2012; Wexler et al., 1994):
clð x!; vÞ ¼ cINl ð x!; vÞ; x!2GIN; (2.2)
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KVcl$ n
!¼ 0; x!2GOUT ; (2.3)

KVcl$ n
!¼ 0; x!2GTOP ; (2.4)

KVcl$ n
!¼ vdcl; x!2GGR; (2.5)

clð x!; v;0Þ ¼ c0l ð x!; vÞ; (2.6)

where clð x!; v; tÞ denotes the mass concentration of aerosol species l
at position x!¼ ðx; y; hÞ, time t and particle volume v; l is the
component number; and c!¼ ðc1ð x!; v; tÞ;/; csð x!; v; tÞÞ.

In the model, U ¼( ux,uy,uh) is the wind velocity and
K ¼ diag(Kx,Ky,Kh) is the diffusivity tensor. The transport process is
U$Vcl and the dispersion process is V(KVcl). El;Emisð x!; v; tÞ is the
emission rate of component species l. LlDep is the wet scavenging
coefficient and vd is the dry deposition coefficient of species l. The
multi-component nonlinear aerosol dynamic process that includes
the condensation and coagulation is (Debry and Sportisse, 2007;
Pilinis, 1990; Zhang et al., 2004)

L l;Aeroð c!Þ ¼ �vðvHclÞ
vv

þ
X
m¼1

s

cmHl

þ
Zv�Vmin

Vmin

bðw; v�wÞclð x!;w; tÞnð x!; v�w; tÞdw

� clð x!; v; tÞ
ZVmax

Vmin

bðv;wÞnð x!;w; tÞdw;

(2.7)

where Hl ¼ vIl, H ¼Ps
l¼1Hl, and Il is the condensation/evaporation

rate of component l. b(v,w) is the coagulation kernel function.
nð x!; v; tÞ is the aerosol number distribution and
cð x!; v; tÞ ¼ rvnð x!; v; tÞ with r being the average aerosol density
and cð x!; v; tÞ ¼Ps

l¼1clð x!; v; tÞ. The kernel function b(v,w) has the
form (Friedlander, 2000; Pratsinis, 1988)

bfmðv;wÞ ¼ B2

�
1
v
þ 1
w

�1=2�
v1=3 þw1=3

�2
(2.8)

for the free molecular regime, where B2 ¼( 3p/4)1/3(6kBTv0/m0)1/2,
and

bncðv;wÞ ¼ B4

�
1

v1=3
þ 1
w1=3

��
v1=3 þw1=3

�
(2.9)

for the near continuum regime, where B4 ¼ 2kBT/(3m).
ℛl;chemð c!Þ is the nonlinear chemical process, which denotes

chemical reaction that involves multiple chemical species and oc-
curs under certain humidity and temperature conditions. The
chemical process can be described by the thermodynamics equi-
librium model and be solved by ISORROPIA models (Bassett and
Seinfeld, 1983; Fountoukis and Nenes, 2007; Nenes et al., 1998).

The time period is (0,T] and we study the problem in a three
dimensional rectangle computational domain Uwith the boundary
be partitioned into vU ¼ GIN∪GOUT∪GGR∪GTOP, where GIN and GOUT

are the inflow and outflow lateral boundary, GGR and GTOP are the
ground and top level portion of the boundary, n! is the unit outward
normal to the boundary vU. In practice, we assume that aerosol
particles have a nonzero minimal volume Vmin > 0 and a finite
maximal volume Vmax > 0. Thus, the particle volume v is in the
interval [Vmin,Vmax]. The concentrations of aerosols are zero at
v ¼ Vmin. Further, cINl ð x!; vÞ and c0l ð x

!
; vÞ are inflow boundary and

initial condition values.
3. The efficient splitting characteristic FD method

3.1. The operator splitting technique

Let Dt ¼ T/N be the splitting time step size, and tn ¼ nDt. In the
time interval (tn,tnþ1], the operator splitting technique for the
multi-component aerosol transport problems is described as
below:

Step 1. Let cnl be the value at tn, one first solve the transport and
dispersion process over (tn,tnþ1].

vcl
vt

¼ �U$Vcl þ V$ðKVclÞ;
l ¼ 1;2;/; s; ð x!; tÞ 2U�

�
tn; tnþ1�;

(3.1)

clð x!; vÞ ¼ cINl ð x!; vÞ; x!2GIN; (3.2)

KVcl$ n
!¼ 0; x!2GOUT ; (3.3)

KVcl$ n
!¼ 0; x!2GTOP ; (3.4)

KVcl$ n
!¼ vdð x!; v; tÞclð x!; v; tÞ; x!2GGR (3.5)

clð x!; v; tnÞ ¼ cnl ð x!; vÞ; x!2U: (3.6)

Solutions to equations (3.1)e(3.6) are computed by a charac-
teristic finite difference method (C-FDM), which is proposed in the
next section. The solutions at this step are denoted as cnþ1

l;Tran.
Step 2.With cnþ1

l;Tran obtained from Step 1 as the initial value at tn,
we solve the aerosol emission process over (tn,tnþ1]

vcl
vt

¼ El;Emisð x!; v; tÞ; l ¼ 1;2;/; s;

clð x!; v; tnÞ ¼ cnþ1
l;Tranð x

!
; vÞ; x!2U:

(3.7)

Using different emission rate El,Emis in the emission process of
emitted particles from a variety of natural and anthropogenic
sources, we can get the solution cnþ1

l;Emis for problem (3.7) at tnþ1 by

cnþ1
l � cnl

Dt
¼ El;Emisð x!; v; tnÞ: (3.8)

for l ¼ 1,2,/,s.
Step 3. With cnþ1

l;Emis being the initial value at tn, we solve the

multi-component nonlinear aerosol dynamical and chemical pro-

cesses with the fine time step Dt ¼ Dt/M where M � 1. Let cn;0l;Aero ¼
cnþ1
l;Emis and tn,m ¼ tn þ mDt, m ¼ 0,1,2,/,M. In each small time in-

terval [tn þ (m�1)Dt,tn þ mDt), we solve the following multi-
component nonlinear aerosol dynamical and chemical process

vcl
vt

¼ L l;Aeroð c!Þ þR l;Chemð c!Þ; l ¼ 1;2;/; s; cl
�
x!; v; tn;m�1

�
¼ cn;m�1

l;Aero ð x!; vÞ:
(3.9)

The multi-component nonlinear aerosol processes include the
aerosol dynamic process (condensation, evaporation and



Fig. 1. The staggered grid of the spatial domain.

D. Liang et al. / Atmospheric Environment 144 (2016) 297e314300
coagulation) and the chemical process. The multi-component
aerosol dynamic process can be solved by modal methods
(Whitby and McMurry, 1997), sectional methods (Kim and Seinfeld,
1990), finite element methods (Sandu and Borden, 2003), charac-
teristic methods (Liang et al., 2009) and wavelet methods (Liang
et al., 2008), etc., while the aerosol chemical process can be
solved by ISORROPIA (Nenes et al., 1998, 1999), ISORROPIA II
(Fountoukis and Nenes, 2007), and the moving cut HDMR method

(Cheng et al., 2010). We denote the solution cn;Ml;Aero by cnþ1
l;Aero.

Step 4. Let cnþ1
l;Aero be the initial condition at tn. The wet deposition

process is

vcl
vt

¼ �LlDep cl; l ¼ 1;2;/; s;

clð x!; v; tnÞ ¼ cnþ1
l;Aeroð x

!
; tÞ; x!2U;

(3.10)

where LlDep is the scavenging coefficient. The process can be solved
by

cnþ1
l � cnl

Dt
¼ �LlDep c

n
l : (3.11)

Finally, we get the aerosol concentration cnþ1
l at time tnþ1.
3.2. The characteristic FDM for the aerosol transport and dispersion
process

For solving the transport and dispersion process, many classical
numerical approaches often exhibit some serious difficulties. The
time step sizes for the solution of aerosol transport are usually
constrained by consideration of stability of the numerical schemes
used for aerosol advection and diffusion processes, such as Runge-
Kutta time integrator (Grell et al., 2005) and forward-upstream
scheme (Freitas et al., 2009). As the advection process dominated
the problems, the conventional finite difference methods or finite
element methods cannot perform well and exhibit non-physical
oscillations or excessive numerical dissipations, especially when
large time step sizes are employed.

By solving problems along the direction of flow, the character-
istic technique (Arbogast and Huang, 2010; Celia et al., 1990;
Douglas and Russell, 1982; Liang et al., 2007; Pokrajac and Lazic,
2002) can significantly reduce the truncation errors in time and
oscillations, and enables large time steps to be taken, which in turn
can save computational costs.

We take the advantages of the characteristic method and the
operator splitting method to solve the transport and dispersion
process. In each time interval, we treat the transport process by the
characteristic method and discretize it along the characteristics and
treat the dispersion process with the finite differencemethod.With
the outstanding feature of the characteristicmethod, the developed
C-FDM method below can use large time step sizes to get accurate
computational results of multi-component aerosol transport dy-
namics over a large range of aerosol concentrations and for
different types of aerosols.

Let Dx, Dy and Dh be the spatial step sizes along x�,y� and h�
directions. The staggered grid, shown in Fig. 1, is used
in the spatial discretization. The concentration variables are
located at the cell centers and are indicated by
indices (i,j,k), cl(xi,yj,hk) ¼ cl(iDx,jDy,kDh). Wind velocity
U ¼ (ux(x,y,h),uy(x,y,h),uh(x,y,h) is given at the centers of the cell
faces.

Consider the aerosol transport and dispersion process
(3.1)e(3.6) over a time interval (tn,tnþ1] with the initial value cnl . Let
the characteristic direction be denoted by t
v

vt
¼ 1

j

�
v

vt
þ U$V

�
; (3.12)

jðx; y; hÞ ¼
h
1þ

�
u2x þ u2y þ u2h

�i1
2
: (3.13)

Let Xðt; t; x!Þ be the characteristic line of (3.12) for any
point ð x!; tÞ2U� ðtn; tnþ1�:

dXðt; t; x!Þ
dt

¼ UðXðt; t; x!Þ; tÞ; (3.14)

X
�
tnþ1; tnþ1; x!

�
¼ x!: (3.15)

Then, the advection and dispersion process (3.1) can be re-
written in the form

j
vcl
vt

¼ V$ðKVclÞ; ðx; y; h; tÞ2U� ðtn; tnþ1�: (3.16)

Starting from any point x! at time level tnþ1, let x!�
be the

intersection point at time level tn. We compute numerically the
characteristics equation (3.14)e(3.15) by

x!� ¼ X
�
tn; tnþ1; x!

�
¼ x!� U

�
x!; tnþ1

�
Dt: (3.17)

The characteristic derivative can then be approximated by a
backward difference operator along the approximate characteristic
line

j
vcl
vt

zj
cl
�
x!; tnþ1�� clð x!

�
; tnÞ�

ðx� x�Þ2 þ ðy� y�Þ2 þ ðh� h�Þ2 þ ðDtÞ2
�1

2

¼ cl
�
x!; tnþ1�� clð x!

�
; tnÞ

Dt
: (3.18)

Define the difference operators based on the spatial discretiza-
tion as

dxc
�
xi; yj; hk

�
¼ 1

Dx

�
c
�
xiþ1=2; yj;hk

�
� c
�
xi�1=2; yj; hk

��
;

(3.19)
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dyc
�
xi; yj; hk

�
¼ 1

Dy

�
c
�
xi; yjþ1=2; hk

�
� c
�
xj; yj�1=2; hk

��
;

(3.20)

dhc
�
xi; yj; hk

�
¼ 1

Dh

�
c
�
xk; yj; hkþ1=2

�
� c
�
xk; yj; hk�1=2

��
:

(3.21)

Now we can propose to solve the transport and dispersion
equations (3.1)e(3.6) by the characteristic finite difference method

cnþ1
l

�
xi; yj; hk

�
� cnl

�
x!�
i;j;k

�
Dt

¼ dx
�
Kxdxcnl

�
xi; yj; hk

��
þ dy

�
Kydycnl

�
xi; yj;hk

��
þ dh

�
Khdhcnl

�
xi; yj; hk

��
;

(3.22)

with the corresponding boundary conditions, where
K ¼ diag(Kx,Ky,Kh), Kx and Ky are the horizontal dispersion co-
efficients and Kh is the vertical dispersion coefficient.
Table 1
The maximum and minimum values of the moving Gaussian pulse with velocity
U ¼ (2,0).

Final time Exact solution C-FDM (Dt ¼ 0.1) RKM (Dt ¼ 0.01)

T Max. Min. Max. Min. Max. Min.

0.2 0.8621 0.0 0.8576 0.0 0.7936 0.0
0.4 0.7576 0.0 0.7517 0.0 0.6766 0.0
0.6 0.6757 0.0 0.6695 0.0 0.5944 0.0

Table 2
The errors of the moving Gaussian pulse with velocity U ¼ (2,0).

Final time C-FDM (Dt ¼ 0.1) RKM (Dt ¼ 0.01)

T L∞-error L2-error L∞-error L2-error

0.2 4.4600E-3 2.6557E-4 6.8477E-2 6.1539E-3
0.4 5.9160E-3 3.7787E-4 8.0932E-2 7.7344E-3
0.6 6.2020E-3 4.2080E-4 8.1251E-2 8.2010E-3
3.3. The splitting C-FDM algorithm for general multi-component
aerosol transport model

Finally, the splitting characteristic finite difference method (C-
FDM) algorithm for the general multi-component aerosol transport
model (2.1)e(2.6) can be defined as below. Let Cn

l and Cnþ1
l be the

numerical solutions at time t ¼ tn and t ¼ tnþ1, respectively.
The splitting C-FDM algorithm:

Step 1. Initialization: C0
l ð x
!
; vÞ ¼ c0l ð x

!
; vÞ.

Step 2. For n ¼ 0,1,/,N�1, Do Step 3 - Step 5
Step 3. With the initial value Cn

l , solve the transport and
dispersion processes by the characteristic finite difference
scheme (3.22) with corresponding boundary conditions, and get
the aerosol concentration Cnþ1

l;Tran.
Step 4. Using Cn

l ¼ Cnþ1
l;Tran as the initial value, calculate the

emission process (3.8) over (tn,tnþ1], and get the solution by
scheme Cnþ1

l;Emis ¼ cnl þ DtElEmis
.

Step 5. With Cn
l ¼ Cnþ1

l;Emis, solve the multi-component aerosol
nonlinear dynamical and nonlinear chemical processes (3.9) in
M � 1 steps with a fine time step size and get solution Cnþ1

l;Aero at
tnþ1.
Step 6. Take Cn

l ¼ Cnþ1
l;Aero, solve the wet deposition process (3.10),

and get the aerosol concentration Cnþ1
l at time tnþ1.

Step 7. Output the approximating solution CNð x!; vÞ.

Remark 1. In the splitting C-FDM algorithm, the aerosol transport
and dispersion, emission, deposition and the nonlinear aerosol
dynamical and chemical processes are solved sequently over each
time interval (tn,tnþ1]. The proposed C-FDM effectively improves
the computational efficiency and reduces the computational cost of
the solution of the multi-component aerosol transport model, since
it allows large time stepswhile keeping high accuracy in solving the
transport and dispersion process. The improvement of efficiency is
particularly significant for simulations over large scale areas and
long periods.
4. Numerical experiments

We will do simulations by the splitting characteristic finite dif-
ference method (C-FDM) in this section. In Section 4.1, we compute
themoving of a Gaussian hump of concentration in two dimensions
by the proposed C-FDM and the numerical results are compared to
a Runge-Kutta method (RKM) (Skamarock et al., 2008) by focusing
on the accuracy and themoving front of the concentration shape. In
Section 4.2, a sulfate pollution transport simulation is performed in
a varying wind field. We simulate the concentration front influ-
enced by the wind direction and speed and with different mesh
grids and different time steps. In Section 4.3, we model a realistic
multi-component aerosol transport by focusing on predicted con-
centrations of PM2.5 mass in urban, rural and marine areas. The
performance of C-FDM using large time step size is evaluated by
comparing to themeasured data from EPAmonitor stations. Finally,
in Section 4.4, we will numerally study the optical properties of
aerosols and the affections of the turbulence and deposition on
multi-component aerosol distributions.

4.1. The moving of Gaussian concentration shape

We consider a convection diffusion problem of the Gaussian
concentration pulse moving over a spatial domain
U ¼ [ax,bx] � [ay,by]. The velocity is U ¼ (ux,uy) and the diffusion
coefficient is D > 0. The initial concentration configuration of the
Gaussian pulse is given by

cðx; y;0Þ ¼ exp

 
� ðx� x0Þ2 þ ðy� y0Þ2

2s20

!
; ðx; yÞ2U (4.1)

where (x0,y0) is the initial center, and s0 > 0 is the standard devi-
ation. Let Gin: ¼ [ax,bx] � {y ¼ ay}∪[ay,by] � {x ¼ ax} be the in-flow
boundary, and let Gout: ¼ [ax,bx] � {y ¼ by}∪[ay,by] � {x ¼ bx} be the
out-flow boundary. The boundary conditions are
c(x,y,t) ¼ g(x,y,t),(x,y)2Gin,t2(0,T] and vc/vn ¼ h(x,y,t),(x,y)
2Gout,t2(0,T]. g(x,y,t) and h(x,y,t) are computed according to the
analytical solution

cðx; y; tÞ ¼ s20
s2ðtÞ exp

 
� ðx� x0 � VxtÞ2 þ

�
y� y0 � Vyt

�2
2s2ðtÞ

!
;

(4.2)

with sðtÞ ¼ ðs20 þ 2DtÞ12.
Let Cn(x,y) be the approximate solution. The errors in L∞-norm



Table 3
The maximum and minimum values of the moving Gaussian pulse with velocity
U ¼ (2,2).

Final time Exact solution C-FDM
(Dt ¼ 0.1)

RKM
(Dt ¼ 0.01)

RKM
(Dt ¼ 0.002)

T Max. Min. Max. Min. Max. Min. Max. Min.

0.2 0.9413 0.0 0.9403 0.0 0.9323 0.0 0.9133 0.0
0.4 0.8889 0.0 0.8875 0.0 0.8524 0.0 0.8445 0.0
0.6 0.8421 0.0 0.8403 0.0 0.7988 0.0 0.7878 0.0
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and L2-norm are calculated by

En∞ ¼ max
i;j

n���c�xi; yj; tn�� Cn
�
xi; yj

����o; (4.3)

En2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i;j

DxDy
�
c
�
xi; yj; tn

�
� Cn

�
xi; yj

��2vuut : (4.4)

Take the velocity U ¼ (ux,uy) ¼ (2,0) and the diffusion coefficient
D ¼ 0.001. The deviation of the initial Gaussian pulse is chosen as
s0 ¼ 0.05. The center of the initial Gaussian pulse is specified as
(x0,y0) ¼ (1.0,0.5). The spatial domain is U ¼ [0,2] � [0,2]. Take the
spatial step sizes Dx ¼ Dy ¼ 0.02. The computations are carried out
by our C-FDM with linear interpolation and the 3rd Runge-Kutta
Fig. 2. The contour plots of the moving Gaussian pulse at time T ¼ 0.2, T ¼ 0.4 and T ¼ 0.6.
Dt ¼ 0.01, (d) Results by the RKM with Dt ¼ 0.002.
method (RKM) in time integration with spatially 2nd order evalu-
ation of the advection (Skamarock et al., 2008). The time step size
for the C-FDM is set to Dt ¼ 0.1, while a smaller time step size of
Dt ¼ 0.01 is set for the RKM.
(a) Exact solution, (b) Results by the C-FDM with Dt ¼ 0.1, (c) Results by the RKM with



Table 4
The errors of the moving Gaussian pulse with velocity U ¼ (2,2).

Final time C-FDM (Dt ¼ 0.1) RKM (Dt ¼ 0.01) RKM (Dt ¼ 0.002)

T L∞-error L2-error L∞-error L2-error L∞-error L2-error

0.2 8.4500E-4 7.7414E-5 3.0039E-2 4.3618E-3 2.7850E-2 2.6608E-3
0.4 1.4180E-3 1.3376E-4 7.7392E-2 1.2763E-2 4.4354E-2 4.4385E-3
0.6 2.2589E-3 2.5304E-4 1.9659E-1 3.0853E-2 5.4319E-2 5.6587E-3

Fig. 3. Wind velocities with mesh gird of 60 � 60, 30 � 30 and 15 � 15 at (a) 1500 UTC (b) 1600 UTC (c) 1700 UTC and (d) 1800 UTC on July 14.
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Fig. 4. Predicted concentration distributions of PM2.5 sulfate with mesh gird of 60 � 60, 30 � 30 and 15 � 15 at (a) 1500 UTC (b) 1600 UTC (c) 1700 UTC and (d) 1800 UTC on July 14.
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The computed peaks at time T ¼ 0.2,0.4 and 0.6 are shown in
Table 1. From the results, we can see that the peaks values obtained
by the C-FDM during the propagation of Gaussian pulse are in
agreement with the exact values, while the RKM decreases the
hump significantly. For instance, at time t ¼ 0.4, the exact peak
value is 0.7576. Even using a larger time step size of Dt ¼ 0.1 than
RKM step of Dt¼ 0.01, C-FDM gets a much better solution of 0.7517
than RKM, which gets only 0.6766. Numerical errors in L∞ and L2
norms are listed in Table 2, where the C-FDM also exhibits much
better accuracy than RKM. For example, at time t ¼ 0.6, the errors
of the C-FDM in L∞ and L2 norms with Dt ¼ 0.1 are 6.2020 � 10�3

and 4.2080 � 10�4 respectively, but the RKM only obtains accu-
racies of 8.1251 � 10�2 and 8.2010 � 10�3 with a small mesh
Dt ¼ 0.01.

We then take the velocity U¼ (u,v)¼ (2,2) and change the initial
center of the Gaussian humps to (x0,y0) ¼ (0.5,0.5). The diffusion
coefficient and the deviation are taken as D ¼ 0.001 and s0 ¼ 0.08,
respectively. The time step sizes are still set to Dt ¼ 0.1 for the C-
FDM and Dt ¼ 0.01 for the RKM. The numerical contour plots at
Fig. 5. Predicted concentration distributions of PM2.5 sulfate with two t

Fig. 6. The modelling domain for the northeastern United
different times are shown in Fig. 2. We can see clearly from the
figures that, under the velocity U ¼ (u,v) ¼ (2,2), the C-FDM gets
good numerical solutions using large time step size Dt ¼ 0.1 but
obvious oscillations occur when calculated by the RKM even with
small time step size Dt ¼ 0.01, and the oscillations are avoided until
the time step is taken as much smaller as Dt¼ 0.002. The computed
peaks and numerical errors in L∞ and L2 norms are listed in Table 3
and Table 4. At time T ¼ 0.6, the computed peak by the C-FDMwith
time step Dt ¼ 0.1 is 0.8403, where the peak of the exact solution is
0.8421, however, it is only 0.7988 and 0.7878 by the RKM with
Dt ¼ 0.1 and Dt ¼ 0.002. The errors L∞ and L2 norms produced by
the C-FDM are 2.2589 � 10�3 and 2.5304 � 10�4, and the errors by
the RKM are only 1.9659 � 10�1 and 3.0853 � 10�2 with Dt ¼ 0.01,
and 5.4319 � 10�2 and 5.6587 � 10�3 with Dt ¼ 0.002.

Numerical results in this example have clearly shown that the C-
FDM is muchmore accurate than the RKMmethod. Specially, the C-
FDM can use large time step size to get good numerical results.
Moreover, the C-FDM greatly reduces the numerical oscillations
even using large time step in computation.
imes of wind speed at (a) 1400 UTC, and (b) 1500 UTC on July 14.

States with the locations of the monitoring stations.
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4.2. A sulfate pollution transport in a varying wind field

In this subsection, we consider a real simulation of sulfate
transport problem in a varying wind field. The studied region is a
180 km� 180 km domain centered at (79.16�W, 39.0�N). The height
of the simulation domain is about 20.2 km, and is divided into 27
layers. The simulation starts at 1200 UTC on July 14, 2009, and ends
at 1800 UTC, which lasts for 6 h. We suppose that there is only one
emission area in the entire simulation domain, which is a
Fig. 7. The predicted ground-level concentration distributions of PM2.5 to
24 km � 24 km area centered at (79� 400 W, 39� 300 N) with a
constant emission rate of 0.193m g/m2/s in the lowest four layers.
The meteorology information for the domain over the simulation
period, such as the wind velocity, temperature, etc., are created by
themeteorological modelWRF(Skamarock et al., 2008). Parameters
used for the run include second-order turbulence and mixing, the
horizontal Smagorinsky first order closure eddy coefficient, which
is recommended for real-data case in WRF, and PBL(planetary
boundary layer) scheme YSU (Yonsei University) (Hong et al., 2006).
tal mass, sulfate, nitrate, ammonium, sodium and chloride (mg m�3).



Table 5
Information of the monitoring sites.

No. Name (Lon, lat)

01 East Hartford (�72.6317, 41.7847)
02 Wilmington (�75.5581, 39.7394)
03 Washington D.C. (�77.0132, 38.9218)
04 Allen Park (�83.2082, 42.2286)
05 Trenton (�74.7632, 40.2224)
06 Albany (�73.7546, 42.6422)
07 New York (�73.902, 40.8162)
08 Pittsburgh (�79.9608, 40.4654)
09 Harrisburg (�76.847, 40.247)
10 Freemansburg (�75.3411, 40.6281)
11 Philadelphia (�75.1652, 39.9447)
12 Providence (�71.4151, 41.8078)
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The initial and boundary conditions for sulfate are a low con-
centration of 0.0192 mg m�3. The simulation is carried out using
three different uniform mesh grid of 60 � 60, 30 � 30 and 15 � 15,
with time step size of 600 s, 1200 s and 1800 s, respectively.

Thewind field is shown in Fig. 3. Numerical results of the sulfate
concentration distribution in surface layer at 1500 UTC, 1600 UTC,
1700 UTC and 1800 UTC are presented in Fig. 4. To present clearly,
the prediction of wind fields by the 60 � 60 mesh grid are given in
the resolution of 30 � 30. As exhibited in Fig. 3, all the three mesh
grids get similar wind maps with slight difference. The wind di-
rection is less than 45� east by south over the top left part of the
domain, and changes tomore than 60� east by south along thewind
direction over the right bottom part of the domain. All the wind
vectors predicted bymesh grid 15� 15 toward southeast, while the
30 � 30 and 60 � 60 mesh grids have some predictions toward
southwest, for example, the wind vectors near (78� 550 W, 38� 250

N) from 1600 UTC, which might be because the higher spatial
resolutions can get more meticulous predictions in some local area.
For the simulated results of PM2.5 concentration in Fig. 4, the
highest concentration at time 1500 UTC is located in the southeast
of the pollution source area, where it is about 3.5 mg m�3. The
pollution area of sulfate gets larger and larger as time increases, and
expands along the wind direction of about 40� east by south before
1500 UTCWhen the pollution area reaches the location around (79�

100 W, 38� 500 N) at time 1600 UTC, where the wind direction
changes to about 70� east by south, the concentration front moves
faster in the south direction than in the east direction (Fig. 4(c) and
(d)).

We further compute the average error of the numerical solution
for two time steps usingmesh grid 30� 30.Whenwe take a smaller
time step Dt ¼ 300 s, the average error with respect to the solution
obtained using Dt ¼ 1200 s is

1
n

X
i¼1

n �
C1200
i � C300

i

�
¼ 8:9864� 10�2;

where n is the number of nodes, C1200
i and C300

i are calculated
sulfate concentrations at node i and at time 1800 UTC with time
steps Dt ¼ 1200 s and Dt ¼ 300 s, respectively. The error of
8.9864 � 10�2 shows that the CFDM can obtain excellent results by
using large time step Dt ¼ 1200 s. Moreover, if we consider
Dt ¼ 1800 s instead of Dt ¼ 1200 s, the average error obtained is
1.0959 � 10�1. Therefore, the C-FDM can get fairly good results
using a larger time step size Dt ¼ 1800s.

Then we make a simulation with two times the current wind
speed, and get the numerical contour plots of sulfate concentration
distribution in the surface layer at time 1500 UTC and 1600 UTC
which are presented in Fig. 5. Comparing with the contour plots in
Fig. 4(c) and (d), we can see that the sulfate pollution area expands
much faster during the same time period, and the moving of the
contour front changes direction from southwest to south when it
reaches to the southeast part of the domain.
4.3. A realistic simulation of the multi-component aerosol transport

We now simulate a realistic multi-component aerosol transport
by using C-FDM, coupled with the mesoscale meteorological model
WRF(Skamarock et al., 2008) that provides the information of wind
components, temperature, pressure, water vapor, clouds, and
rainfalls, etc.

The studied domain is a 2400 km � 1800 km area centered at
(79.25� W, 43.40� N) in the northeastern United States (Fig. 6) and is
divided into a 40 (west-east)� 30 (south-north)mesh gridwith the
spacing of 60 km in the horizontal direction, and consists of 27
vertical layers which is up to approximately 20.1 km. The layers of
the aerosol transport model are aligned with the layers in WRF,
with the vertical mesh interval ranges from 60 m near the ground
to 1.5 km near the domain top. The aerosol emission rates are
provided by the EPAU.S. National Emissions Inventory (NEI-05) (US
Environmental Protection Agency, 2010), including the aerosol
PM2.5 primary species of sulfate, ammonium, nitrate, organic car-
bon, elemental carbon, etc. The boundary and initial conditions for
chemical species concentrations are set as configuration in MADE
(Ackermann et al., 1998). A 20 days simulation is carried out and we
analyze the last 16 days simulation results, which will limit the
influence of the default initial condition of chemical species con-
centrations. The 16 days simulation results begins at 0000 local
time (LT) on July 10, 2008 and ends at 0000 LT on July 26, 2008. The
time step sizes are set as 1800 s for transport and dispersion pro-
cesses for the C-FDM and as 300 s for the aerosol dynamical and
chemical processes.

The average predictions over the entire period of simulation
(10e25 July 2008) for PM2.5 mass, sulfate, nitrate, ammonium, so-
dium, and chloride are shown in Fig. 7. The highest concentration
for sulfate is seen over the midwest, while the highest concentra-
tions for the PM2.5 total mass, nitrate and ammonium are seen over
mideast, and the concentrations peak for the sea salts of sodium
and chloride are seen over the marine and coastal areas.

The model predictions are then evaluated against daily average
PMmass measurements taken throughout the northeastern United
States provided by United States Environment Protection Agency
(EPA). The names and locations of the monitor stations are listed in
Table 5, and are also shown in Fig. 6. The normalized mean bias
(NMB) and the normalized mean error (NME) of the predicted
versus observed values are calculated to assess the model
performance:

NMB ¼
X
i¼1

N

ðPi � OiÞ
,X

i¼1

N

Oi; (4.5)

NME ¼
X
i¼1

N
�����Pi � Oi

�����
,X

i¼1

N

Oi; (4.6)

where N is the number of measurements, Pi is the predicted con-
centration, and Oi is the observed concentration.

The comparison with the EPA observed data are exhibited in
Fig. 8. The model predictions against the measurements at the
monitor sites appears to be quite similar, which suggests that the
model has good skill to reproduce the diurnal variability of PM2.5
and its major components as well as its ability to reproduce the
value of high temporal resolution results.

The PM2.5 predictions generally compare well with the
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Fig. 8. Comparisons of the simulated and observed daily average PM2.5 concentration at the sites of monitor stations.
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observations although the model underpredicts the PM2.5 peaks
from 18th to 20th for most sites. The average daily average PM2.5
concentration measured at the monitoring stations was
15.94 mg m�3 and the model predictions have a normalized mean
bias and normalized mean error of �6.5% and 24.1%, respectively.

To study aerosols of different types, we choose Washington D.C.
as a representation of urban area, and choose a rural area at (74.93�

W, 42.03� N) away from cities, and a marine area located at (71.2�

W, 39.1� N) (Fig. 6).
Fig. 9 shows the hourly averaged concentration of the PM2.5

species in the urban, rural and marine area, and Fig. 10 and Fig. 11
exhibit hourly concentrations of PM2.5 sulfate, ammonium,
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Fig. 9. Hourly averaged concentrations of PM2.5 total mass, sulfate, ammonium, nitrate, sodium and chloride in the urban, rural and marine areas.
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Fig. 10. Hourly predicted concentrations of PM2.5 sulfate, nitrate, and ammonium in the urban, rural and marine areas.
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nitrate, sodium and chloride for the lowest layer of the 27 model
layers over the studied period. Overall, we can see the PM2.5 total
mass and PM2.5 components concentrations in the urban area are
the highest among the three studies areas, and sulfate, ammonium
and nitrate are the major species of the aerosols in the studied
urban and rural areas. Sulfate accounts for 37.5% of total PM2.5 at
ground level at the urban area, followed by ammonium (16.2%),
nitrate (10.1%), and sea salts of sodium (0.2%) and chloride (0.3%).
For the rural area, sulfate accounts for 38.3%, and other species
accounts for ammonium (16.4%), nitrate (13.2%), sodium (0.37%)
and chloride (0.57%). At the marine area, sulfate also makes a large
portion of the total PM2.5 mass which owes to the two sulfate peaks
on Jul. 11e12 and Jul. 21. Sea salts account for sodium (16.2%) and
chloride (25%), followed by ammonium (6.07%) and nitrate (0.03%).
As shown in Fig. 10, on most days of the simulation period, the
sulfate concentrations in the urban area were higher than the rural
area except on Jul. 18e20. There were three sulfate peaks from Jul.
16 to Jul.18 for the urban area, while almost same peaks occurred in
the rural area from Jul. 18e20, which indicates that the sulfate
peaks at the urban site was transported by the strong south wind
during these days (Fig. 12 (b)). Similar pattern occurs for the
ammonium concentration distribution on the same dates.

For the sea salts of sodium and chloride, as exhibited in Fig. 11,
the concentrations in the marine area were higher than the urban
and rural area on most days, except on Jul. 12e13, which were also
caused by strong wind from the marine direction (Fig. 12 (a)) that
transported the sea salts peak on July 11 in the marine area to the
urban area, as well as the rural area.
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Fig. 11. Comparisons of hourly predicted concentrations of PM2.5 sodium and chloride in urban, rural and marine areas.

Fig. 12. The predicted average ground-level wind map (m s�1).
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4.4. Aerosol optical properties and the affections of the turbulence
and deposition to aerosol distributions

In this subsection, we will first study the aerosol optical prop-
erties in the different areas. Fig. 13 shows the predicted hourly
single scattering albedo (SSA) and asymmetry factor at wavelength
of 600 nm in the three areas during simulation. Overall, the
simulated mean SSA are 0.87, 0.917 and 0.986 for the urban, rural
and marine areas, while the mean asymmetry factor for the three
areas are 0.614, 0.612 and 0.672, respectively. In the urban area, the
mean single scattering albedo is simulated low, which is due to
large contributions of sulfate, OC, and BC, etc., as indicated in
(Takemura et al., 2002). While over the marine area, the single-
scattering albedo is simulated to be close to 1.0, with the reason
of domination of non-absorbing aerosols such as sea salts. There is a
significant drop of SSA on Jul. 11e12 due to the aerosol concen-
tration peak on the same dates (Fig. 10).

Meanwhile, we can see from Fig. 10 that the PM2.5 nitrate shows
a strong diurnal pattern, therefore we choose the first 5 days
(120 h) to study in detail. The variation of the nitrate concentration
and temperature in the urban area are presented in Fig 14. It is
shown that the nitrate concentrations typically peak at the nights,
when the temperatures went to a low level. The reason is, with the
higher daytime temperatures the nitric acid remains mostly in the
gas phase as nitric acid vapor, while during the lower temperature
nighttime, the available nitric acid is transferred to the particulate
phase after reactionwith other species (for example, with ammonia
to form ammonium nitrate), leading to the higher aerosol nitrate
concentrations (Seinfeld and Pandis, 2012), and this is how the
aerosol thermodynamics model ISORROPIA compute the chemical
reactions (Nenes et al., 1998, 1999).

Then, we perform a test that parameterizes the turbulence
affection by theMellor-Yamada-Janjic (MYJ) scheme, where the 1.5-
order turbulence local closure model (Hu et al., 2010; Mellor and
Yamada, 1982) is used, and by the YSU scheme, which is a first
order nonlocal scheme.
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Fig. 13. Comparisons of hourly predicted single scattering albedo (SSA) and asymmetry factor in urban, rural and marine areas.

0 24 48 72 96 120
0

5

10

15

N
O

3 C
on

ce
nt

ra
tio

n 
(μ

g 
m
−3

)

0 24 48 72 96 120
280

290

300

310

Te
m

pe
ra

tu
re

 (K
)

 NO
3

 Temperature

Fig. 14. Comparisons of hourly predicted concentrations of PM2.5 nitrate and temperature in the urban area.

0 4 8 12 16 20 24
292

294

296

298

300

302

304

Te
m

pe
ra

tu
re

 (K
)

MYJ
YSU

Fig. 15. Mean diurnal variation of surface level temperature at the urban site
throughout the 16 days simulation period.

D. Liang et al. / Atmospheric Environment 144 (2016) 297e314 311
Fig. 15 gives the 16 days mean diurnal variation of surface level
temperature at the urban site. During this period, the temperatures
predicted by the MYJ scheme are lower than those by YSU with a
mean difference of 1.09 �C and a peak difference of 2.25 �C in the
noon. Fig. 16 shows the time series of PBL heights, the surface level
temperature and nitrate concentration at the urban site simulated
by two PBL schemes of YSU and MYJ. It is shown that the model by
MYJ predicts obviously higher PBL height and lower temperature in
the noon than those by YSU, which in turn leads to higher nitrate
concentrations.

Finally, we study the influence of deposition on aerosol con-
centrations when coupled with the transport, aerosol dynamics
and chemical processes, etc. A simulation without involving
deposition process is performed, while other configurations are
kept as same as the model tests in Section 4.3. Fig. 17 presents the
time series of hourly PM2.5 total mass concentrations with and
without deposition. Comparing with the predictions with deposi-
tion, the simulated PM2.5 total mass concentrations without
deposition have the same increasing and decreasing trends over
time in the three areas, but get to a very high level. The mean PM2.5
total mass concentration increases from 17.8 mgm�3 to 32.6 mgm�3

for the urban site, while it increases from 11.1 to mgm�3 for the rural
area, and from 1.6 to 3.1 mgm�3 for the marine area. The simulation
comparisons suggest that deposition serves as an important loss
process for PM2.5 aerosol under the coupled effects of advection,
turbulence, aerosol dynamics and chemical reactions.
Fig. 18 gives the vertical profiles of hourly averaged concentra-
tions of PM2.5 total mass with and without deposition in the urban,
rural and marine area. We can see that the aerosol PM2.5 species
mainly exists in the lowest 15th layers of all the 27 model layers
(about 6.7 km high from the ground). Fig. 19 shows concentrations
distribution of aerosol in Accumulation mode (0.1 mm < particle
size < 2.5 mm) and Aitken mode (0.03 mm < particle size < 0.1 mm)
with and without deposition, which indicates that aerosol particles
in large size are more influenced by deposition.
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5. Conclusion

In this paper, we developed a characteristic finite difference
method (C-FDM) combining with the splitting technique for
solving multi-component aerosol transport models. The
developed algorithm of splitting C-FDM can efficiently solve the
spatial multi-component aerosol transports in atmosphere where
large time steps can be used. In the algorithm, for evaluating
accurately the advection and dispersion process, the C-FDM was
proposed. The performance of the C-FDM was first studied by
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Fig. 19. Vertical profiles of hourly-averaged concentrations of PM2.5 sulfate in (a) Acc. mode (0.03e0.1 mm) and (b) Ait. mode (0.1e2.5 mm) with and without deposition in urban
area.
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simulating a moving of Gaussian concentration hump. Numerical
comparisons exhibit that the C-FDM can obtain good solution of
the moving of Gaussian concentration hump using more than 10
time step size as RKM. We then performed a simulation of sulfate
transport problem in a varying wind field. The distribution of
aerosol sulfate concentration exhibits that the expansion trend of
pollution area varies with thewind direction. A realistic simulation
of multi-component aerosol transports over an area in north-
eastern United Stats was further done by C-FDM. The simulated
results were in good agreement with observed data at 12 monitor
stations. The predictions at an urban, a rural area and amarine area
show that the urban area has the highest PM2.5 concentration
among the three areas, while the marine area has the lowest. The
major species of aerosols in the urban and rural areas are sulfate,
nitrate and ammonia, while chloride and sodium make a large
portion of the marine aerosol. The results also exhibited that the
predicted nitrate concentration varies inversely with the temper-
ature, and be indirectly affected by turbulence parameterization.
The comparisons of simulation results with and without dry
deposition provides the fact that dry deposition makes great
contribution to the aerosol decrease, and has more influence to
larger particles. The developed splitting C-FDM algorithm can be
applied to simulate spatial multi-component aerosol transports in
large scale applications.
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