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[1] Chemically and size-resolved aerosol mass size distributions are simulated online
using the Intermediate Model of Global Evolution of Species (IMAGES). Aerosol-phase
thermodynamics is coupled to this chemical transport model using the Simulating
Composition of Atmospheric Particles at Equilibrium (SCAPE2) module. Emphasis is
placed on the equilibrium concentrations of aerosol ammonium, nitrate, sulfate, and water
content subject to the interaction with ions from sea salt and dust. Transport for both
aerosol and gas-phase species is solved using a semi-Lagrangian scheme driven by
monthly mean climatological variables provided by European Centre for Medium-Range
Weather Forecasts (ECMWF) analysis. This study presents estimates of annual average
dry mass size distributions at selected stations in North America and Europe.
Simulations are performed to observe the major differences between the coupled
IMAGES-SCAPE2 model and IMAGES alone for key aerosol species. Nitrate
concentrations predicted with IMAGES-SCAPE2 compare better with observations than
those calculated with IMAGES alone. Model results show that aerosol size distributions
are generally bimodal. This study finds that over polluted continental regions, the presence
of sea-salt and dust aerosol potentially increases the formation of sulfate by 20–80%.
Nitrate formation is enhanced by 14–60%, whereas ammonium formation is decreased
by 20–60%. Nitrate plays an important role to determine the size distributions in many
European stations. The presence of water changes the general shape of the size
distribution, placing maximum values on larger size ranges. INDEX TERMS: 0305

Atmospheric Composition and Structure: Aerosols and particles (0345, 4801); 0368 Atmospheric Composition

and Structure: Troposphere—constituent transport and chemistry; 3210 Mathematical Geophysics: Modeling;
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1. Introduction

[2] Despite substantial progress made in our understand-
ing of aerosols net effect on Earth’s climate and atmospheric
chemistry, aerosol loads and their distributions remain
uncertain as a result of the many production processes
involved. Tropospheric aerosols pose the largest uncertain-
ties in model estimates of climate forcing because of man-
made changes in the atmosphere’s composition [National
Research Council (NRC), 1996]. Further development of
chemical transport models that produce accurate global
aerosol distributions is necessary to reduce these uncertain-
ties. Field studies and satellite observations are critical to
understand aerosol impacts, but they provide a partial look
at global aerosol distributions over frequently changing
atmospheric conditions. Thus mathematical models are
essential for quantitative integration of results and for the
understanding of coupled physical and chemical aerosol

processes in the atmosphere. Several regional and global
modeling studies focus on the prediction of mass concen-
trations for one aerosol species alone. For instance, the
distribution of sulfate [Benkovitz et al., 1994; Chin et al.,
1996; Franceschini et al., 1991; Langner and Rodhe, 1991;
Luecken et al., 1991; Pham et al., 1995], mineral dust
[Genthon, 1992; Tegen and Fung, 1995; Zhang and
Carmichael, 1999], sea-salt [Gong et al., 1997; Erickson
et al., 1999], and carbonaceous aerosols [Liousse et al.,
1996; Penner et al., 1996]. Generally, these studies describe
total aerosol mass or only a few radii set without additional
information about the aerosol size distributions.
[3] In recent years, scientists examined the impact of

incorporating more than one aerosol component in global
models [Tegen et al., 1997; Takemura et al., 2000; Collins et
al., 2001; Ghan et al., 2001a, 2001b; Rasch et al., 2001;
Penner et al., 2002; Chin et al., 2002]. These studies
investigate the fate of multicomponent aerosol subject to
various processes in particular transport. However, just a
few [Adams et al., 1999; Jacobson, 2001; Metzger et al.,
2002a, 2002b] include an aerosol module that accounts for
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thermodynamics and mass transfer between aerosol and gas
phases. On the other hand, many studies incorporate an
aerosol module in urban and regional models. In particular,
the Simulating Composition of Atmospheric Particles at
Equilibrium 2 (SCAPE2) model [Kim et al., 1993a, 1993b;
Kim and Seinfeld, 1995; Meng et al., 1995a, 1995b] is used
extensively to explore the effects of size- and chemically
resolved aerosol in urban environments [Meng et al., 1998;
Dabdub et al., 1999; Nguyen and Dabdub, 2002; Knipping
and Dabdub, 2003]. Zhang et al. [2000] evaluated and
compared SCAPE2 with other aerosol thermodynamics
modules. Also, other researchers [Song and Carmichael,
2001a, 2001b; Galy-Lacaux et al., 2001] used SCAPE2 to
investigate the interaction of different inorganic aerosol ions
in regional models.
[4] This manuscript presents the results of a modeling

study in which, for the first time, SCAPE2 is integrated in a
size- and chemically resolved aerosol module coupled with
the Intermediate Model of Global Evolution of Species
(IMAGES), a fully three-dimensional, global-scale Chemi-
cal Transport Model (CTM). The large spatial resolution of
the host CTM and the use of monthly averaged climatolog-
ical data are shortcomings inherent to its original formula-
tion. This effort to couple multicomponent aerosol with a
three-dimensional CTM extends throughout the entire tro-
posphere for a 2-year simulation. One of the objectives of
this work is to provide insights on the potential advantages
of incorporating an aerosol thermodynamics module in a
global model. Simulations are performed to observe the
major differences between the coupled IMAGES-SCAPE2
model and IMAGES alone for key aerosol species. Avail-
able observations are used to compare with model results.
Finally, simulated size distributions are compared with
aerosol size distributions that are traditionally assumed
lognormal.
[5] A thorough description of the aerosol module used

and the methodology followed to couple the module into the
host chemical transport model is detailed in section 2.
Section 3 shows results of the modeled global aerosol
concentrations. Simulated concentrations are then compared
to observations over industrialized regions using available
databases. Section 3 concludes with further investigation of
the effects on the dynamics of chemically resolved and size-
resolved aerosol mass distributions.

2. Model Description

2.1. Aerosol Module

[6] The size distribution and chemical composition of
atmospheric aerosol particles are determined by a complex
interaction of physico-chemical processes that include
nucleation, condensation, coagulation, and in-cloud pro-
cessing. There are many approaches to incorporate aerosol
dynamics in urban and regional-scale models [Binkowski
and Shankar, 1995; Jacobson, 1997]. The present study is
based on the methodology previously adopted by Wexler
et al. [1994], Lurmann et al. [1997], and Meng et al.
[1998]. This approach uses a sectional approximation to
represent the aerosol size distribution. Thus the size
domain is separated in a series of sections (bins), each
with uniform composition. Although ambient particles are
not internally mixed with respect to their hygroscopic

properties [Covert and Heintzenberg, 1984; McMurry
and Stolzenburg, 1989], limitations in both measurement
instrumentation and our understanding of the degree of
mixing in aerosol particles, pose serious uncertainties to
represent accurately the aerosol mixing state in computa-
tional models.
[7] The composition and size evolution of an internally

mixed aerosol is described by the general dynamic equation
[Wexler et al., 1994]
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where q(m, x, t) is the total mass distribution at a given time
t, and point in space x = (x, y, z), such that qi(m, x, t)dm is
the mass concentration of species i in the mass range [m,
m + dm] and �iqi = q; mi is the mass of species i in a
particle of total mass m; Hi is the inverse of the
characteristic time for particle growth from condensation
or evaporation of species i

Hi m; x; tð Þ ¼ 1

m

dmi
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; ð2Þ

the total normalized growth rate of a particle of mass m is

H m; x; tð Þ ¼ 1

m

dm

dt
¼

X
i

Hi m; x; tð Þ; ð3Þ

�(m0, m) = �(m, m0) is the binary coagulation coefficient; k
is the unit vector in the vertical direction; u is the wind
velocity vector; Vs is the particle gravitational settling
velocity; K is the eddy diffusivity tensor; Si is the emission
rate; Li is the first-order rate of removal of species i (wet
and dry deposition), and Ni is the nucleation rate of species
i. The transport operator is identical for gas-phase and
aerosol-phase species. Therefore the same spatial transport
operator is used for the solution of the corresponding terms
in equation (1). For computational purposes the variable m
is transformed to a normalized particle diameter m = ln(Dp/
Dp0) where Dp is the particle diameter and Dp0 is a
reference diameter.
[8] Wexler et al. [1994] showed that even under the most

extreme particle concentrations of urban areas, Brownian
coagulation has a negligible effect on the evolution of the
aerosol size distribution over considered timescales. Thus
coagulation has been neglected in urban [Meng et al., 1998]
and regional [Song and Carmichael, 2001a; Dentener et al.,
1996] applications. Coagulation is not a process considered
in the present study because the spatial resolution of the
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global model ensures that aerosol concentrations are suffi-
ciently small compared to those of urban areas.
2.1.1. Condensation and Evaporation
[9] The condensation-evaporation rate of species i is

given by [Wexler et al., 1994]

Hi ¼
1

m

dmi

dt
¼ 2pDpDi

m

C1;i � Cs;i

2l
aiDp

þ 1

ð4Þ

where Di is the molecular diffusivity of species i in air; C1,i

and Cs,i are the concentrations in the bulk gas phase and the
particle surface respectively; l is the air mean free path; and
ai is the accommodation coefficient for species i on the
atmospheric aerosol. Particle surface vapor concentrations
Cs,i are estimated by the thermodynamic module described
subsequently.
2.1.2. Nucleation
[10] The formation of new particles from a continuous

phase is referred to as nucleation. Homogeneous nucleation
is assumed to occur only with H2SO4/H2O. Wexler et al.
[1994] used a parameterization in which a nucleation
threshold concentration, Ccrit (in mg/m3) for H2SO4 is
calculated as

Ccrit ¼ 0:16 exp 0:1T � 3:5RH� 27:7ð Þ ð5Þ

where T is the temperature in Kelvin and RH the relative
humidity between 0 and 1. If ambient H2SO4 vapor
concentrations exceed Ccrit, the amount of mass exceeding
that threshold is removed from the gas phase and placed
into the smallest aerosol size section.
2.1.3. Aerosol Thermodynamics
[11] The major purpose of the thermodynamical module

is the computation of Cs,i. The difference between Cs,i and
the bulk gas C1,i is the driving force for the gas-to-
particle mass transfer. This study uses SCAPE2 as the
thermodynamical module that computes the particle sur-
face vapor concentration. SCAPE2 includes the following
ions: sodium, sulfate, ammonium, nitrate, chloride, potassi-
um, calcium, magnesium and carbonates. In addition, the
aerosol module contains a comprehensive treatment of
inorganic gas-aerosol equilibrium and provides a choice of
three algorithms to estimate activity coefficients [Bromley,
1973; Kusik and Meissner, 1978; Pitzer and Kim, 1974].
Activity coefficients in this study are calculated following
Kusik and Meissner [1978]. The module also considers the
temperature dependence of the deliquescence point.

2.2. Aerosol-CTM Integration

[12] The host CTM used is the Intermediate Model of
Global Evolution of Species (IMAGES) [Müller and
Brasseur, 1995]. This three-dimensional chemical transport
model of the troposphere follows the distribution of
53 gas-phase compounds and 125 chemical reactions,
including 26 photodissociations. The chemical mechanism
is based on the recommendations of De More et al. [1992]
and Atkinson et al. [1989] for inorganic chemistry and the
NCAR master mechanism [Calvert and Madronich, 1987;
Madronich and Calvert, 1989, 1990] for organic chemistry.
The simulated tropospheric sulfur cycle is based mostly in
previous work by Pham et al. [1995]. The present study

relies primarily on the chemical mechanism and emissions
inventory of Pham et al. However, a new treatment of
sulfate formation, detailed in the following sections, is
implemented with the coupling of the new aerosol module.
Horizontal resolution is set at 5� latitude by 5� longitude,
while 25 s layers bound the vertical resolution. Sigma is
defined [Phillips, 1957] as

s ¼ p� pt

ps � pt
ð6Þ

where p is pressure, ps is the pressure at the surface, and pt
is set at 50 mbar. The levels are not equally spaced.
Namely, the vertical resolution is highest near the surface
to improve the description of vertical exchanges of
chemical species within the boundary layer. The approx-
imate thickness of the lowest layer is 40 m (995 mbar),
whereas the upper layer is located at approximately 22.5
km from the surface. The computational domain is limited
between 85�N and 85�S, which makes the model
unsuitable for certain applications such as comparisons
with Arctic haze. IMAGES is chosen as the host CTM, in
part, to ease the computational costs associated with the
calculations of aerosol thermodynamics. In contrast to
other CTMs such as GOCART or GISS, IMAGES uses
mean monthly meteorological data. IMAGES can be
considered intermediate between models in which trans-
port is driven by the dynamics provided at each time step
by a general circulation model, and models in which
transport is highly parameterized [Müller and Brasseur,
1995]. Therefore IMAGES is expected to reproduce
concentrations more suitable for comparison with clima-
tological averages. Integration of the aerosol module into
the pre-existing CTM requires further modifications to
include those terms unique to the modeled aerosol
processes. IMAGES already includes gas-phase precursors
such as nitric acid, ammonia and sulfuric acid, necessary
for the aerosol module.
[13] Sulfur bearing gases in the atmosphere end with

oxidation state S(VI) as this is the thermodynamically stable
form of sulfur in the presence of oxygen. Among the main
sulfur bearing gases included in this model are sulfur
dioxide (SO2), dimethylsulfide (CH3SCH3), hydrogen sul-
fide (H2S) and carbon disulfide (CS2). Reaction of OH with
H2S, CS2 and dimethylsulfide results in the formation of
sulfur dioxide. Further oxidation of SO2 with OH results in
the production of gaseous sulfuric acid H2SO4(g). Sulfuric
acid is one of the input gases (in addition to ammonia and
nitric acid) required by SCAPE2 to estimate the amount of
inorganic mass that partitions into the aerosol phase. Aque-
ous-phase chemistry involving SO2 is described in a sub-
sequent section.
[14] Ammonium and nitrate are important constituents of

the atmospheric aerosol. Ammonia (NH3) is the gas precur-
sor of the ammonium ion (NH4

+). Ammonia sources are
generally associated with animal waste, decomposition of
organic material, agricultural activities (fertilizers), and
industrial emissions. Nitrate is formed mainly from the
reaction of ammonia and nitric acid to form ammonium
nitrate or from the dissociation of nitric acid upon dissolu-
tion in water. Nitric acid is an oxidation product of NOx.
Major sources of NOx are associated with fossil-fuel com-
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bustion, soil release, (natural and anthropogenic) biomass
burning and lightning. Only recently, researchers [Adams et
al., 1999, 2001] have included aerosol thermodynamics to
account accurately for aerosol nitrate and ammonium in
global models. These aerosol types are generally absent
from estimates of global radiative effects, in part because of
an earlier focus on other principal constituents. For the
ammonia-nitric acid-sulfuric acid system, the complete set
of possible reactions comprised in the thermodynamic
module (SCAPE2) is described by Kim et al. [1993a,
1993b], Kim and Seinfeld [1995], and Meng et al. [1995a,
1995b]. For this system, some useful observations can be
determined a priori. When possible, each mole of sulfate
removes two moles of ammonia from the gas phase, also the
amount of sulfuric acid in the gas phase is negligible. On the
basis of these observations, two regimes of interest are
defined, the ammonia-rich and the ammonia-poor cases.
In the ammonia-poor case, there is insufficient NH3 to
neutralize available sulfate. Thus the aerosol phase is acidic
and sulfate tends to drive nitrate to the gas phase. The
preferred form of sulfate is bisulfate. In contrast, the
ammonia-rich case exhibits excess ammonia and the aerosol
is neutralized to a large extent. Ammonia that does not react
with sulfate is available to form ammonium nitrate. Com-
petition between sulfate and nitrate for available ammonia
results in a rather complex system. For instance, a decrease
of sulfate is accompanied by an increase of the aerosol
nitrate, but a reduction of aerosol ammonium and total
mass. The inclusion of these species in the present model

should lead to more realistic estimates of aerosol distribu-
tions than those resulting from assumptions on uniform
composition alone.
[15] IMAGES is modified to accommodate the new

aerosol species in all size ranges. The aerosol size domain
is discretized in 8 sections, ranging from 0.039 mm to 10 mm.
All sections correspond to the equidistant spacing of points
along the logarithmic scale of the size domain. Previous
studies assumed that certain species follow a lognormal
distribution [Tegen et al., 1997; Takemura et al., 2000]. In
this study, no a priori assumptions are made regarding the
shape of the aerosol size distribution.
[16] Species whose lifetime is larger than several hours

undergo transport by winds, diffusion and cloud convection.
The advected gaseous species satisfy the mass conservation
equation:

@ci
@t

¼ �u � rci �r � K � rcið Þ þ Pi � Li ð7Þ

where ci are the elements of the gas-phase species
concentration vector c; t is time; u = (u, v, w) is the
advective flow field; K is the eddy diffusivity tensor; Pi and
Li are the production (e.g., chemistry, emissions) and
destruction (chemistry, dry and wet deposition) terms
respectively. IMAGES solves equation (7) with a time-
splitting numerical technique [McRae et al., 1982]. The
model time step for all processes is 6 hours, except during
the first 3 days of each month, when a full diurnal
calculation is performed with a time step of 1 hour (half an
hour during day 3). In the original formulation of IMAGES,
Muller et al. recognized that it was expensive in terms of
computer time requirements to account for the diurnal cycle
throughout the entire simulation. Therefore, in IMAGES,
the diurnal cycle is calculated explicitly only during 3 days
at the beginning of each month. Diurnally averaged
concentrations are calculated during the remaining of the
month, using diurnally averaged photodissociation coeffi-
cients and reaction rates corrected to account for night/day
variations [Müller and Brasseur, 1995]. Advection is
addressed using a semi-Lagrangian scheme based on the
approach of Smolarkiewicz and Rasch [1991]. The transport
scheme is driven by monthly mean climatological variables
from the European Centre for Medium-Range Weather
Forecasts (ECMWF) analysis. After transport and chemistry
are solved, the aerosol operator performs nucleation and
condensation-evaporation calculations. These aerosol cal-
culations depend on temperature, relative humidity and the
precursor gas-phase concentrations. Averaged meteorologi-
cal fields are obtained from the ECMWF analysis at every
point of the grid and updated every month; whereas gas-
phase species (nitric acid, ammonia and sulfuric acid) are
provided to the aerosol module after the chemistry operator
modifies them. The aerosol module then computes the mass
transfer between the gas and aerosol phases under
thermodynamical equilibrium considerations for all inor-
ganics and establishes the aerosol mass concentration for
each bin. Figure 1 shows a schematic of the modules
involved in the aerosols coupling into the chemistry
transport model.
[17] The conditions under which atmospheric volatile

compounds in the gas phase, such as ammonia and nitric
acid, approach the equilibrium state with a population of

Figure 1. Schematic diagram of the main components of
the aerosol module and their integration with the global
chemistry transport model.
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aerosol particles have been investigated thoroughly [Wexler
and Seinfeld, 1990, 1992]. In particular, Meng and Seinfeld
[1996] performed systematic studies on the timescales
needed to achieve gas-aerosol equilibrium in a box model.
These researchers found that at fixed total aerosol mass,
equilibration times increase with increasing particle size.
Characteristic times for gas-aerosol equilibrium fall within a
range of 1 to 4 hours. Since the model time step (6 hours) is
larger than these typical timescales, it is reasonable to
assume that aerosols achieve thermodynamic equilibrium
with the gas phase during one time step. It is not expected
from this model to reproduce the short time variations of
aerosol concentrations observed in the atmosphere, but
values should compare with climatological averages. The
aerosol/gas mass transfer in the model uses a hybrid method
described by Pandis et al. [1993] and Lurmann et al.
[1997].
[18] The coupled model is integrated for a period of two

simulation years. A typical simulation requires a 12-month
spin-up time to generate background values used as initial
concentrations for the production run during the successive
12 months. Meteorological data for the production run is
the same as that used during the initialization period. Any
particular initial values are not relevant for the final output,
since this study only considers aerosol concentration trends
under characteristic atmospheric conditions, over long
periods of time. The model results are intended to repre-
sent the atmosphere during a typical year of the 1980
decade, following the original formulation of IMAGES.
Model results are not sensitive to initial conditions after
the 12-month initialization period. This model requires
7 days of CPU time on a single Athlon XP 2100+
processor (
1.7 GHz) to complete one 2-year simulation.
2.2.1. Dry Deposition
[19] Dry deposition is included as a ground level bound-

ary condition in terms of an empirical parameter (deposition
velocity) for all species [Russell et al., 1993]. Aerosol dry
deposition uses a resistance-in series parameterization of
Wesely and Hicks [1977]. The deposition velocity, vd, for
particles is based on

vd ¼
1

ra þ rb þ rarbvs
þ vs ð8Þ

where ra and rb are the aerodynamic and quasi-laminar
resistances respectively. The gravitational settling velocity
vs is given by Stokes law. Our estimate of particle settling
velocity does not account for differences in density due to
chemical speciation. Typical values for the deposition
velocity vary from 0.01 to 1 cm/s, depending on particle
size.
2.2.2. Wet Removal
[20] Washout parameterization is based on the satellite

distribution of optically thick clouds from the International
Satellite Cloud Climatology Project (ISCCP) [Rossow et al.,
1987; Rossow and Schiffer, 1991] and the climatological
precipitation rates from the climatology of Shea [1986]. The
coverage distribution of Nimbostratus (Ns) and Cumulo-
nimbus (Cb) is assumed to be proportional to the middle
(pressure top between 680 and 440 mbar) and upper
(pressure top higher than 440 mbar) thick clouds from
ISCCP. The proportionality coefficients in these relation-

ships are derived from constraints represented by the
observed storm parameters (average storm duration and
average duration of dry periods) reported by Thorp [1986]
for the northeastern United States. In this study Cb refers
not only to convective cells, but also to the precipitation
fraction of stratiform detrainment clouds (the anvil) associ-
ated with the Cb. Both, the convective cells and the
associated anvils are part of the Mesoscale Convective
Systems (MCS) that are described extensively elsewhere
[Houze, 1993; Fritsch et al., 1986]. In IMAGES, stratiform
precipitation is assumed to account for no more than 40% of
the total precipitation associated with MCS. The fraction of
the total precipitation rate contributed by Ns and Cb is
estimated from their respective fractional areas assuming
that the Cb to Ns precipitation rates ratio is equal to 15� pe,
where pe is the convective precipitation efficiency. This
efficiency is defined as the ratio of precipitation to total
water vapor inflow in the convective cell. pe is calculated as
a function of the vertical wind shear following Fritsch and
Chappel [1980]. The fractional areas covered by convective
cells and anvils are then estimated by requiring a precipi-
tation intensity threshold of at least 10 mm h�1 in the
convective cell [Berkowitz et al., 1989]. Duration of a
typical storm is obtained from Feigelson [1984].
[21] Scavenging of soluble gases and aerosols in the

updrafts of the convective cells is included in the convection
parameterization, as described by Müller and Brasseur
[1999]. For highly soluble gases and cloud condensation
nuclei (CCN), a fraction equal to the precipitation efficiency
(the ratio of precipitation to total water vapor inflow,
parameterized as a function of the vertical wind shear) is
washed out during the convective updraft. Rainout/washout
by stratiform clouds (either Ns or anvils) is represented as a
first-order loss process. The sporadic nature of precipitation
is accounted by following the parameterization proposed by
Rodhe and Grandell [1972], which predicts residence times
in good agreement with the results of a time-dependent
numerical model using randomly distributed precipitation
events [Stewart et al., 1990]. Residence times calculated by
these authors assuming random rain agree with observed
aerosol lifetimes in the northeastern United States.
[22] The first-order loss rate is a function of the scaveng-

ing rate during the precipitation event, the mean precipita-
tion period, and the mean wet and dry ratios. In our
climatological model, the mean wet ratio corresponds to
the rain cloud coverage. Inside the cloud, the scavenging
rate for very soluble gases and aerosols is equal to the rate
of conversion of cloud droplets into rain droplets, which is
in the order of 0.001 s�1 [Curry et al., 1990]. For less
soluble gases, this rate is multiplied by the liquid-phase
fraction, dependent on solubility and liquid water content.
For fairly soluble compounds, the precise value of the
scavenging rate is unimportant. Below-cloud scavenging
rates for aerosols are parameterized as a function of precip-
itation intensity, on the basis of literature data [Dai, 2001;
Mishra and Sharma, 2001; Barrett, 1970]. This parameter-
ization will require further work to account for the rate’s
dependence on particle size and composition, as well as the
different hygroscopic characteristics of each aerosol type.
[23] An extensive validation of the wet deposition

scheme using 210Pb concentrations is beyond the scope
of this work. Giannakopoulos et al. [1999] offered a

D02203 RODRIGUEZ AND DABDUB: SIZE- AND CHEMICALLY RESOLVED AEROSOL-CTM

5 of 27

D02203



complete inter-comparison of wet and dry deposition
schemes in the TOMCAT off-line chemical transport mod-
el. These researchers concluded that aerosol residence times
are realistic only when wet removal schemes use precipi-
tation rates rather than specific humidities. IMAGES uses
various satellite and literature parameters to model these
precipitation rates. Figure 2 shows the zonal mean scav-
enging frequency of Pb in d�1 for January and July as
obtained from IMAGES. These figures are similar to those
reported by Giannakopoulos et al.
2.2.3. Aqueous-Phase Chemistry
[24] Dissolution of SO2 in water results in the formation

of HSO�
3 and SO3

2�. At pH values less than 
5 the
predominant oxidation pathway for sulfate formation is by
H2O2 oxidation. Whereas at pH > 5, oxidation with O3

starts to be the dominant pathway. In-cloud SO2 oxidation
in this study is a modified formulation from the original
implementation, based on Pham et al. [1995]. The new
formulation reflects oxidant limitation dependence on
hydrogen peroxide and ozone concentrations. Expressions
for the rate of reaction of S(IV) with dissolved ozone and
hydrogen peroxide are [Hoffmann and Calvert, 1985]

d S IVð Þ½ 

dt

����
���� ¼ k0 SO2H2O½ 
 þ k1 HSO�

3

� �
þ k2 SO2�

3

� �� �
O3½ 
 ð9Þ

and

d S IVð Þ½ 

dt

����
���� ¼ k3 H

þ½ 

1þ 13 Hþ½ 
 HSO�

3

� �
H2O2½ 
 ð10Þ

respectively. Thermodynamic and kinetic data used are
summarized in Tables 1 and 2. These rates are applied in
cells where there are nonprecipitating clouds as determined
with ISCCP data. For each cloud type, liquid water content
values are obtained from Heymsfield [1993]. Bin allocation
for sulfate inside the clouds is calculated with the aerosol
module previously described.
[25] The inclusion of heterogeneous reactions such as

HNO3 gð Þ þ NaCl aerosolð Þ Ð HCl gð Þ þ NaNO3 aerosolð Þ

are considered in the model through the thermodynamic
module SCAPE2 [Kim et al., 1993a, 1993b, Kim and
Seinfeld, 1995; Meng et al., 1995a, 1995b], where the full
set of multiphase equilibrium (gas-liquid-solid) reactions
are detailed. Heterogeneous reactions on dust and sea-salt
particles are considered to the extent that the cations present
in the aerosol facilitate the condensation of acid gases.
However, surface reactions are not included.

Table 1. Chemical Reactions and Rate Constants for Sulfur Aqueous Chemistry

Reactiona k298,
b M�1s�1 �E/R, K Reference

S(IV) + O3(aq) ! S(VI) + O2 k0 = 2.4 � 104 Hoffmann and Calvert [1985]
k1 = 3.7 � 105 �5530
k2 = 1.5 � 109 �5280

S(IV) + H2O2(aq) ! S(VI) + H2O k3 = 7.5 � 107 �4430 McArdle and Hoffmann [1983]
aReaction with ‘‘nonelementary’’ rate expression. See section 2.
bThe temperature dependence is represented by k = k298 exp[(�E/R)(1/T � 1/298)], where k is the reaction rate constant at

temperature T (in K).

Figure 2. Zonal mean scavenging frequency (d�1) of Pb for January and July.
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2.2.4. Aerosol Emissions
2.2.4.1. Mineral Dust
[26] Atmospheric mineral dust is found throughout the

entire globe, largely because of long-range transport over
thousands of kilometers driven by the general circulation
of the atmosphere. The importance of dust is evident as
potential source areas cover about a third of the Earth’s
land surface [Meigs, 1953]. Monthly mean dust emissions
for the last four sectional bins (0.625 to 10 mm) are
provided by the climatology estimated with the mineral
Dust Entrainment And Deposition (DEAD) model [C. S.
Zender, University of California Irvine, personal commu-
nication, 2002; Zender et al., 2003]. Soil and crustal
material are composed mainly of Si, Al and Fe [Seinfeld
and Pandis, 1998]. Table 3 shows the assumed dust
composition. This composition is fixed for all dust types
[Pye, 1987; Wang, 1999]; however, this could be an
important source of uncertainty for mineral cation concen-
trations [Song and Carmichael, 2001a]. The present study
does not include any aerosol emissions from biomass or
biofuel sources.
2.2.4.2. Sea Salt
[27] The most prominent mechanism responsible for sea-

salt production over the open ocean is believed to be the
entrained air bubbles bursting during whitecap formations
because of surface wind [Blanchard and Woodcock, 1980].
Sea-salt particles emissions are based on Monahan et al.
[1986] formulation when bubble bursting is the only gen-
eration mechanism:

dF

dr
¼ 1:373 U3:41

10 � 101:19e
�B2 1þ 0:057r1:05

r3
ð11Þ

where B = (0.380 � log r)/0.650. U10 is the wind speed
10 meters above the water surface. This study uses,
however, the estimated wind speed at the first sigma level
(
40 m). At each point in the surface, this value depends
on the zonal, meridional and sigma wind components of the
ECMWF data. The density function dF/dr ( particles m�2

s�1 mm�1) expresses the rate at which sea-salt droplets are
generated per unit area of surface F, and per increment of
droplet radius r. Fluxes over each sectional bin are obtained
by integration of equation (11). This equation is valid for
particles with diameter less than 10 mm, the upper limit
considered here. Monthly emission inventories of sea-ice
data, obtained from a geographical atlas [Kartographisches
Institut Bertelsmann, 1977], mask areas where ice coverage
inhibits bubble generated sea-salt production. The chemical
composition of freshly emitted sea-salt particles (Table 4) is
similar to that of seawater [Seinfeld and Pandis, 1998]. The
emitted particles are as alkaline as seawater with pH 
 7.7
to 8.8 depending on temperature and salinity [Millero,
1986]. Once sea-salt particles are released into the atmo-
sphere, SCAPE2 establishes equilibrium between the
aerosol and the ambient gases accounting for relative
humidity, temperature, and composition. This approach
allows the model to determine the fate of aerosols after
being generated in the oceans surface. In order to correct for
possible sea-salt flux underestimation due to use of monthly
averaged meteorological data, a multiplicative factor is
adopted. For each month, sea-salt emission flux in each bin
is modified such that the total Cl mass fraction matches the
total monthly sea-salt Cl flux estimated by Erickson et al.
[1999] climatology.

3. Model Results

[28] The following section analyzes the results obtained
with the new coupled aerosol-CTM model. First, the most
relevant aspects of total aerosol mass concentration are
described at the global scale. Comparison between results
with the new coupled model (IMAGES-SCAPE2) and
results with IMAGES alone are discussed. In addition,
evaluation of the coupled model with available data at
ground-based stations in North America and Europe is
provided to assess model performance. Finally, estimates
of modeled aerosol size distributions at selected sites in
North America and Europe are presented, and the impacts

Table 3. Composition of Emitted Dust Particles

Species Percent by Weight

Al2O3, SiO2
a 64.81

Ca2+ 6.80
Fe2O3

a 4.49
Na+ 1.60
K+ 0.91
Mg2+ 0.78
Othersa 20.61

aInert species considered as other inorganics in SCAPE2.

Table 2. Equilibrium Reactions

Reaction K298
a M or M atm�1 ��H/R, K Reference

SO2�H2O HSO3
� + H+ 1.3 � 10�2 1960 Smith and Martell [1976]

HSO3
� SO3

2� + H+ 6.6 � 10�8 1500 Smith and Martell [1976]
SO2(g) SO2(aq) 1.23 3120 Pandis and Seinfeld [1989]
O3(g) O3(aq) 1.13 � 10�2 2536 Pandis and Seinfeld [1989]
H2O2(g) H2O2(aq) 7.45 � 104 7302 Pandis and Seinfeld [1989]

aThe temperature dependence is represented by K = K298 exp[(��H/R)(1/T � 1/298)], where K is the reaction rate constant at
temperature T (in K).

Table 4. Composition of Emitted Seawater Particles

Species Percent by Weight

Cl� 55.04
Na+ 30.61
ss-SO4

2� 7.68
Mg2+ 3.69
Ca2+ 1.16
K+ 1.10
Br� 0.19
Othersa 0.53

aInert species considered as other inorganics in SCAPE2.
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on the size distribution analyzed when water content is
explicitly accounted.

3.1. Global Aerosol Concentrations

[29] Annually averaged concentrations at the surface level
for major species simulated with the coupled aerosol-CTM
are shown in Figure 3. Concentrations presented in this
figure represent the combined effect of chemical transfor-
mation, in addition to sea-salt and dust emissions. In
general, results reproduce certain features such as high
sulfate over industrialized regions. This has been previously
recognized by other researchers [Benkovitz et al., 1994;
Chin et al., 1996]. For instance, over the North American
east coast and central Asia, sulfate concentrations reach
values of 13 mg SO4/m

3 during summer. The east coast of
China exhibits the largest sulfate concentrations during late
fall and winter seasons (
10 mg SO4/m

3). In the Southern
Hemisphere, southern Africa exhibits values as high as
10 mg SO4/m

3 between April and May. Southern Africa is a
major source of aerosols in the Southern Hemisphere.
Aeolian dust and industrial sulfate are the major constitu-
ents of this aerosol [Piketh et al., 1999]. In remote
continental areas, typical concentrations vary between 0.1
and 6 mg SO4/m

3, whereas marine areas report maximum
values of 4 mg SO4/m

3 in the Northern Hemisphere. The
contribution of sea-salt sulfate is particularly noticeable in
the Southern Ocean (2 to 4 mg SO4/m

3) where strong winds
increase particulate emissions.
[30] To investigate the effect of dust and sea salt in

sulfate, nitrate and ammonium aerosol concentrations, two
different model simulations are performed. One simulation
includes aerosols of sea-salt and dust origin, whereas the
other neglects these components. Figure 4a shows the
averaged relative difference between these model results,
defined as

Relative difference in SO2�
4 % ¼ SO2�

4 ssð Þ � SO2�
4 no� ssð Þ

SO2�
4 ssð Þ

� 100;

ð12Þ

where SO4
2�(ss) and SO4

2�(no-ss) are sulfate concentrations
with and without sea-salt and dust aerosol respectively. This
figure shows that for the most part, sulfate aerosol is
enhanced. Over polluted continental regions, the presence
of sea-salt and dust aerosol increases the concentration of
sulfate by 20–80%. The simulation without sea salt
excludes direct sulfate emissions, which explains the
increase of 100% or more sulfate in the Southern Ocean
and the northeastern Pacific. Figure 5a shows the annually
averaged coarse mode (>1.25 mm) to total sulfate ratio at
surface level. The observed 100% enhancement in sulfate,
resides mostly in the coarse mode, consistent with the
composition of sea-salt emissions. Figure 4a also exhibits
that sulfate concentrations are reduced by 10% to 20% in
the Eurasian Arctic. When alkaline aerosol such as sea salt
is included, it attracts acid uptake more favorably. However,
Figure 3 shows that the impact of sea salt and dust are
relatively small in this region because sea-ice inhibits sea-
salt production and is not close to dust sources, thus the
aerosol tends to attract less sulfate. Fine mode sulfate
dominates (>90% of the mass) most of the continental
regions as shown in Figure 5a. However, areas like the

African west coast show that up to 20% of the sulfate
resides in the coarse mode. Figure 5a suggests that the
observed sulfate enhancement in polluted continental
regions occurs in the fine mode. Oxidation of SO2 to form
sulfate favors the formation of a less volatile strong acid that
ultimately displaces other acids, such as HCl and HNO3, out
of the aerosol. Sulfuric acid then accumulates in the fine
mode because it is the first to transfer to the particles with
the highest surface to volume ratios (the smallest particles).
In addition, the nucleation mechanism also places sulfate in
the smallest bin. Once H2SO4 is transferred to the
particulate phase, then HNO3 and HCl follow this process.
Furthermore, the fact that no surface reactions are included,
hinders sulfate formation in the coarse mode.
[31] Annually averaged nitrate concentrations are shown

in Figure 3. On average, modeled surface nitrate concen-
trations are slightly higher in Europe than the North
American east coast. This is the result of the competition
between sulfate and nitrate for available ammonia. A de-
crease of sulfate in Europe (relative to North America) is
accompanied by an increase of the aerosol nitrate. Maximum
nitrate concentrations in Europe are reached during the
spring, where they are as large as 10 mg NO3/m

3. On the
east coast of North America, maxima appear on winter (6–
8 mg NO3/m

3), whereas on the west coast nitrate is system-
atically higher throughout the year, showing a maximum
around 8 mg NO3/m

3 during summer. Nitrate on the east
coast of China peaks during winter months (8 mg NO3/m

3)
and decreases to less than 0.025 mg NO3/m

3 on the
summer, reflecting a similar behavior as nitrate on the
North American east coast. The present model results are
comparable to previous studies [Adams et al., 1999;
Metzger, 2000]. The presence of dust improves aerosol
nitrate production [Zhang et al., 1994; Phadnis and
Carmichael, 2000; Song and Carmichael, 2001a]. The
highest nitrate concentrations at the surface level coincide
with regions where dust sources are significant, such as
Africa, Saudi Arabia and central Asia. Nitrate in those
areas is as high as 25 mg NO3/m

3 during the spring
season. Also, sea salt enhances nitric acid condensation
into the aerosol phase [Nadstazik et al., 2000; Pakkanen,
1996]. In order to measure the effects of sea salt and dust,
a relationship similar to equation (12) is defined for
nitrate. Figure 4b shows the averaged relative difference
between these model results. The increase in nitrate is
quite important, as we estimated an enhancement of 14–
60% over industrialized regions of the world (Europe and
North America). However, the effect is more important
over the rest of the domain where the presence of dust,
but more importantly sea salt, increases nitrate concen-
trations more than 100%. Figure 5b shows the estimated
coarse mode nitrate to total nitrate ratio at the surface
level. Model results show that fine mode nitrate dominates
(>80% of the mass) over most regions in the domain.
[32] At the surface level, the highest annually averaged

ammonium concentrations (Figure 3) are located over
industrialized regions where the fate of this aerosol compo-
nent is closely tied to the relative abundances of nitrate and
sulfate. Differences in ammonium concentrations from a
simulation run without sea-salt and dust aerosol are com-
pared in Figure 4c. This figure shows that for most regions
in the globe, there is a 100% decrease in ammonium
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Figure 4. Annual average percent change between concentrations with and without sea-salt and dust
aerosol contribution for (a) sulfate, (b) nitrate, and (c) ammonium ions.
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Figure 5. Annually averaged ratio of (a) coarse-mode sulfate to total sulfate, (b) coarse-mode nitrate to
total nitrate, and (c) coarse-mode ammonium to total ammonium at surface level. This study considers
that aerosol with diameters >1.25 mm resides in the coarse mode.
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concentrations. However, this loss is less pronounced in
continental polluted regions, where this decrement ranges
between 20 and 60%. Figure 5 shows that most of the
ammonium at the surface level exists in the fine mode. This
reduction is partly explained by the presence of cations tied
to sea salt and dust. The abundance of this cations makes it
difficult for NH3 to partition into the aerosol phase.

3.2. Global Budgets

[33] Global budgets and mass fluxes calculated with the
coupled model for relevant aerosol phase species and their
gas precursors are summarized on Figure 6. Table 5 presents
both values for the sulfur budget: those including the
contribution of sea salt and dust (hereinafter referred as
ss + d), and estimates in which these aerosol components
have been neglected. In addition, Table 5 compares the
present work estimates with those from previous studies. It
is of particular interest to compare with values calculated by
Pham et al. [1995], because their study is also based on
IMAGES.
[34] The calculated DMS burden is set at 0.06 Tg S

(0.068 Tg S with ss + d) Tg S with a lifetime of 1.1 days
(1.24 days with ss + d). The inclusion of dust and sea salt

does not change significantly the burden or lifetime of
DMS. Furthermore, estimates presented here are similar to
other reported values in Table 5. In particular, the DMS
budget does not differ considerably from that reported by
Pham et al. [1995]. The SO2 lifetime is found to be
0.87 days with ss + d, which is in the low range but still
in the same order of magnitude of values presented by the
other studies. Calculated SO2 burden and lifetime are
comparable to those reported by Pham et al. From the
different contributions to the global SO2 sink when sea salt
and dust are included, 38.4% is due to dry deposition, 5.9%
to wet deposition, 49.2% is the result of aqueous phase
oxidation, whereas 6.6% is lost via gas phase oxidation.
Pham et al. set these estimates at 45.1% for dry deposition,
4.1% for wet deposition, 45.5% for aqueous phase oxidation
and finally 5.3% for gas phase oxidation.
[35] The estimated sulfate lifetime (4.57 days with ss + d)

is within the range of values reported in other studies (2.6 to
5.8 days). Wet deposition is the major sink for sulfate. From
the total sulfate deposition (56.21 Tg S/yr with ss + d), 92%
is due to wet deposition alone. The sulfate burden (0.703 Tg
S with ss + d) also falls within the range of previous
estimates between 0.63 and 0.8 Tg S. Following Chin et

Figure 6. Schematic diagram of the global budgets of aerosol species calculated with the IMAGES-
SCAPE2 model. Burdens in Tg N (Tg S for the sulfur cycle) and lifetimes are shown inside the boxes.
Arrows indicate emissions, deposition fluxes, and conversion into other compounds in Tg N/yr (Tg S/yr
for the sulfur cycle). Estimates include the presence of sea salt and dust.
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al. [2000a], a sulfate production efficiency is defined as the
amount of sulfate produced relative to the total amount of
SO2 emitted and produced in the atmosphere. This reflects
the effectiveness of SO2 oxidation compared to dry and wet
deposition processes. The present study finds this effective-
ness equals 0.55. This indicates that slightly more than half
of the SO2 contributes to sulfate production in the atmo-
sphere and the rest is deposited to the surface. Chin et al.
found that for the GOCART model typical production
efficiencies range between 0.41 and 0.42, whereas a similar
estimate for Pham et al. [1995] gives 0.51.
[36] Nitrate and ammonium budgets summaries, in addi-

tion to comparisons with other studies are shown in Table 6.
Estimated nitrate lifetime in this work seems high (7.69
days with ss + d) compared to the lifetime of other aerosols,
particularly sulfate. Also, this work calculates a nitrate
burden of 0.417 Tg N, which is around 17 times higher
than those computed by Adams et al. [1999] (0.029 Tg N)
and Metzger et al. [2002b] (0.024 Tg N) that did not include
the contribution of sea salt and dust. The addition of this
type of aerosols favors the partition of nitric acid into the
particulate phase, thus enhancing aerosol nitrate formation.
When sea salt and dust are neglected, the nitrate burden is
reduced to 0.0152 Tg N, a value that is approximately half
of other reports.
[37] The estimated lifetime of ammonium is 3.63 days, just

slightly shorter of the 4.2 days reported by Adams et al.
[1999]. The burden estimated here (0.045 Tg Nwith ss + d) is
about 7 times smaller than that of Adams et al. (0.30 Tg N).
However, if sea-salt and dust aerosol are neglected, the
burden is just 12% less than Adams et al. estimate. This
difference is due also to the addition of cations from sea
salt and dust, which drive ammonium out of the aerosol
phase. The major tropospheric sink of ammonium is wet
deposition (4.32 Tg N), while dry deposition only accounts
for 0.2 Tg N. Estimates by Adams et al. [1999] put the
contribution of wet deposition at 19.5 Tg N, whereas dry
deposition is set at 6.6 Tg N respectively. In contrast to

sulfate, ammonium shows a production efficiency of 0.087
which means that less than 10% of the available ammonia
is converted to ammonium in the atmosphere when sea salt
and dust are present.

3.3. IMAGES Versus IMAGES-SCAPE2

[38] An important step toward the evaluation of potential
advantages by incorporating an aerosol thermodynamic
module in global models is the comparison of aerosols
and gas-phase concentrations from the new coupled model
with IMAGES. The following section presents a compari-
son between a simulation with IMAGES alone and one
using the new IMAGES-SCAPE2 model. Model results are
compared using the location of sites from two different
monitoring networks. Stations from the Clean Air Status
and Trends Network (CASTNET) are used for North
America, whereas those from the Co-operative Programme
for Monitoring and Evaluation of the Long Range Trans-
mission of Air Pollutants in Europe (European Monitoring
and Evaluation Programme, EMEP) are employed for
Europe. Figure 7 shows the location of those sites used
throughout this study from both CASTNET and EMEP.
[39] Comparison of model results between IMAGES and

IMAGES-SCAPE2 is summarized in Figure 8 for aerosol
species and in Figure 9 for key gas-phase precursors. In
North America, sulfate concentrations calculated with
IMAGES-SCAPE2 are larger than those estimated by
IMAGES alone. In Europe, IMAGES-SCAPE2 predicts
slightly less sulfate than IMAGES. Comparison of SO2

concentrations (Figure 9) in both North America and
Europe shows that both models estimate SO2 in a similar
manner. Differences in sulfate concentrations arise from a
combination of various processes. First, sulfur emissions in
the original IMAGES model differ from the ones used in
IMAGES-SCAPE2. In particular, IMAGES assumes that
SO2 represents 97% of all sulfur emissions, whereas in the
new model 100% of these emissions correspond to SO2.
Second, the inclusion of dust and sea salt in IMAGES-

Table 5. Comparison of Sulfur Budget With Other Studies

Budget
Component

This
Worka GOCARTb GISSc

Langner
and Rodhe
[1991]

Pham
et al.
[1995]

Feichter
et al.
[1996]

Takemura
et al.
[2000]

Burden, Tg S
SO4 0.545 (0.703) 0.630 0.730 0.77 0.80 0.61 0.456
SO2 0.252 (0.204) 0.430 0.560 0.30 0.20 0.43 0.230
DMS 0.060 (0.068) 0.073 0.056 0.13 0.05 0.10 0.088
Lifetime, days
SO4 5.2 (4.57) 5.8 5.7 5.3 4.7 4.3 2.6
SO2 1.1 (0.87) 1.8 2.6 1.2 0.6 1.5 1.2
DMS 1.1 (1.24) 2.0 1.9 3.0 0.9 2.2 2.4
Sources, Tg S/yr
SO4 production 37.96 (47.98) 38.5 44.7 49.8 62.0 51.3 65.0
SO2 production 20.03 (20.03) 11.9 10.0 17.0 18.7 16.9 13.3
SO4 emission (8.23)
SO2 emission 66.05 (66.05) 78.4 70.4 77.5 104.1 83.6 71.8
DMS emission 20.03 (20.03) 13.3 10.7 16.0 20.0 16.9 13.3
Deposition, Tg S/yr
SO4 dry deposition 6.54 (4.52) 5.1 9.2 8.6 17.0 6.7 7.7
SO4 wet deposition 31.42 (51.69) 34.7 37.4 44.5 45.0 44.6 57.3
SO2 dry deposition 36.34 (33.02) 41.2 35.5 30.5 55.0 40.2 11.7
SO2 wet deposition 11.78 (5.08) 10.6 0.2 14.2 5.8 9.0 8.4

aValues in parentheses include the contribution of sea-salt and dust aerosol.
bChin et al. [2000a].
cKoch et al. [1999].
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SCAPE2 contributes additional sulfate emissions than the
sulfur inventory used in IMAGES alone. Third, the treatment
of aqueous-phase chemistry is different in both models.
Specifically, S(IV) conversion to S(VI) in IMAGES-
SCAPE2 now accounts for explicit dependence on H2O2

and O3 mixing ratios. Finally, aerosol dry and wet deposition
are treated in a different manner in the coupled model.
Namely, parameterizations are changed to reflect a size-
resolved aerosol and to include gravitational settling.
[40] Ammonium concentrations calculated by both mod-

els are approximately equal in North America. However,
Figures 8 and 9 indicate that ammonia in Europe is less
likely to partition into the aerosol phase to form ammonium
with IMAGES-SCAPE2. IMAGES-SCAPE2 predicts
smaller ammonium concentrations over Europe than

IMAGES because ammonia partitions into the aerosol
phase primarily to neutralize either nitric acid or sulfuric
acid [Metzger, 2000]. Since the effect of alkaline ions from
dust and sea-salt origin over Europe is considerable, the
partitioning of ammonia is less favorable, thus decreasing
ammonium concentrations estimated by IMAGES-
SCAPE2. The decrease in ammonium is not shown by
IMAGES because this model neglects any dust and sea-salt
aerosol contributions. Nonetheless, the largest differences
between IMAGES and IMAGES-SCAPE2 lie in the cal-
culated nitrate and nitric acid concentrations. IMAGES-
SCAPE2 predicts that nitrate concentrations are as much as
3 orders of magnitude larger than those estimated by
IMAGES alone. The difference is reflected also in nitric
acid, namely the concentrations predicted by IMAGES-
SCAPE2 are smaller than those calculated by IMAGES.
Nitrate is the aerosol species that shows the largest differ-
ence between IMAGES and IMAGES-SCAPE2, thus a
further comparison between modeled values with available
observations is presented in Figure 10. This figure shows
that IMAGES alone underpredicts nitrate concentrations by
as much as 3 orders of magnitude in both CASTNET and
EMEP sites. Although IMAGES-SCAPE2 overpredicts
nitrate, most modeled values still fall within a factor of 2
from observations.

3.4. Modeled Versus Observed Data

[41] Evaluation of model performance by comparing
predicted values with existing data at different ground-based
stations is a challenging task given the model spatial
resolution and the timescales involved. A thorough valida-
tion of the current model is beyond the scope of this study
and can serve as the basis for a complete investigation on
itself [Chin et al., 2000b]. Despite these limitations, com-
parisons of simulated total aerosol mass concentrations
for sulfate, nitrate and ammonium with measurements from
two different available databases are presented in this
section. Aerosol observations made from 1987 to 1999 at
70 monitoring stations across North America are available

Table 6. Comparison of Nitrate and Ammonium Budgets With

Other Studies

Budget
Component

This
Worka

Adams
et al. [1999]

Metzger
et al. [2002a]

Burden, Tg S
NO3 0.015 (0.417) 0.029 0.0240
NH4 0.263 (0.045) 0.300
NH3 0.071 (0.192) 0.140
Lifetime, days
NO3 6.2 (7.69)
NH4 3.6 (3.63) 4.20
NH3 0.5 (1.35) 0.93
Sources, Tg S/yr
NO3 production 0.89 (19.80)
NH4 production 26.97 (4.52) 26.1
NH3 emission 52.08 (52.08) 53.6
Deposition, Tg S/yr
NO3 dry deposition 0.17 (1.11)
NO3 wet deposition 0.72 (18.69)
NH4 dry deposition 7.69 (0.20) 6.6
NH4 wet deposition 19.28 (4.32) 19.5
NH3 dry deposition 21.16 (29.35) 19.0
NH3 wet deposition 3.26 (16.70) 7.4

aValues in parentheses include the contribution of sea-salt and dust
aerosol.

Figure 7. Locations of the North American sites in the CASTNET network and European sites in the
EMEP network.
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from CASTNET. In addition, a comparable data set that
corresponds to European measurements was obtained from
(EMEP) [Hjellbrekke, 2000]. EMEP reported measurements
are obtained from annual averages that span from 1978 to
2000. Data for sulfate are available from up to 123 stations.
Unfortunately, not all of these sites provide as many
observations for nitrate and ammonium. Measurements
from all observational sites are characteristic of the aerosol
load trends in highly industrialized regions where anthro-
pogenic contributions are anticipated to be of major impor-
tance. Model results represent atmospheric concentrations
of species during a typical year of the 1980 decade.
Therefore arithmetic means from CASTNET and EMEP

databases are used for comparison with model outputs
instead of data from any specific year. For sulfate, there
are complete data to average over the entire decade. For
nitrate and ammonium, however, only recent (1990s) obser-
vations are available.
[42] Figure 11 exhibits the comparisons between simu-

lated and available observed concentration values for
nitrate, ammonium, and sulfate. It is expected that the
current model produces results that represent climatologi-
cal trends. Thus long-term observations are better suitable
for direct comparison and evaluation with this model. In
order to assess whether the model underpredicts or over-
predicts annually averaged concentrations, a parameter has

Figure 8. Comparison between IMAGES and coupled IMAGES-SCAPE2 modeled annual average
aerosol concentrations in North American (CASTNET) and European (EMEP) sites. From top to bottom,
comparisons are shown for sulfate, nitrate, and ammonium. Dashed lines indicate 2:1 and 1:2 ratios.
Correlation coefficients are indicated in each plot.
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been defined as the slope m from a linear regression y =
mx, that fits the best possible agreement between measured
x and simulated y values. In addition to this parameter,
correlation coefficients are calculated and indicated on
each plot.
[43] For sulfate, 95% of the predicted annually averaged

values fall within a factor of 2 when compared to measured
data at CASTNET (72% at EMEP). Overall, data dispersion
is larger over sites of the European database. The present
model shows a small sulfate overprediction in North Amer-
ica when compared to CASTNET (slope of 1.25). In
contrast, the results using EMEP show sulfate underpredic-
tion in Europe (slope of 0.51).

[44] Further analysis to compare the behavior of the
model in these two regions requires SO2 observational data,
which is presented in Figure 12. This comparison shows
that the model tends to overpredict sulfur dioxide in
polluted regions of North America. Modeled SO2 concen-
trations are a factor of 2.22 for the CASTNET sites.
However in Europe SO2 concentrations are slightly under-
predicted (slope of 0.7). The sulfur cycle study by Chin et
al. [2000a, 2000b] showed a similar model behavior to that
exposed here. Chin et al. [2000b] attributed the agreement
of sulfate with observed data, despite SO2 overprediction, to
the way sulfate is generated in polluted regions. Namely,
sulfate production is controlled by H2O2 concentrations

Figure 9. Comparison between IMAGES and coupled IMAGES-SCAPE2 modeled annual average gas
concentrations in North American (CASTNET) and European (EMEP) sites. From top to bottom,
comparisons are shown for sulfur dioxide, nitric acid, and ammonia. Dashed lines indicate 2:1 and
1:2 ratios. Correlation coefficients are indicated in each plot.

D02203 RODRIGUEZ AND DABDUB: SIZE- AND CHEMICALLY RESOLVED AEROSOL-CTM

16 of 27

D02203



instead of SO2. This overestimation of SO2 and the good
agreement exhibited by sulfate suggest that either the SO2

emission rates used in the model are too high, or that there is
a missing or underestimated sink of SO2. Since the data-
bases used in this work are similar to those used by Chin et
al. [2000a], the alternative explanation to these discrepan-
cies could also be applied to the current work. Briefly, the
samples used at the sites are close to the surface (below the
shallow inversion layer) and are not resolved in the model,
while most SO2 is released from smoke stacks above the
local inversions.
[45] Figure 11 shows that less than 60% of the simulated

nitrate values fall within a factor of 2 when compared to
measured data at CASTNET (50% at EMEP). Given the
importance of ammonia and nitric acid as gas-phase pre-
cursors that partition into ammonium and nitrate aerosol,
Figure 12 presents a comparison of simulated values of
nitric acid with available observational data. Figure 12
suggests that nitric acid in the present model is in good
agreement with measured data. The comparison over
Europe is more difficult to assess given the insufficient
amount of observational data in the region. Müller and
Brasseur [1995] found in the original version of IMAGES,
that simulated nitric acid concentrations were also in good

agreement with observations over North America. The
volatile nature of nitrate makes difficult for the model to
agree with measured data. Despite this mixed picture,
aerosol nitrate concentrations estimated in the present study
are in better agreement with measurements than the previ-
ous version of the IMAGES model. Comparison of simu-
lated versus observed ammonium concentrations shows that
93% of the values fall within a factor of 2 at CASTNET
sites, but in Europe is just less than 45%. This large
discrepancy is due to the presence of a large number of
cations that drive ammonium out of the aerosol phase.
[46] A North American to European nitrate concentration

ratio was estimated for nitrate observations and the predic-
tions of IMAGES and IMAGES-SCAPE2. This ratio indi-
cates that IMAGES without sea salt and dust predicts
comparable nitrate levels in both North America and
Europe. However, observations show that on average
European nitrate concentrations are 3 times higher than in
North America (ratio of �0.349). The inclusion of sea salt
and dust in the new coupled model correctly estimates this
observed ratio (�0.371). Nevertheless, as elucidated above,
sulfate model results are found to overpredict observations
in North America and underpredict them in Europe. The
most significant source of sulfate is SO2 emissions. The

Figure 10. Calculated versus observed annual average nitrate concentrations in North American
(CASTNET) and European (EMEP) databases. Comparison with observations is shown for both
IMAGES and the new coupled IMAGES-SCAPE2 model. Dashed lines indicate 2:1 and 1:2 ratios.
Correlation coefficients are indicated in each plot.
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differences in sulfate concentrations presented here are due
in part to the thermodynamics and not to SO2 emissions
alone. The simulations performed with IMAGES alone and
IMAGES-SCAPE2 use the same emissions inventory. For
instance, results in Figure 9 show that even with the same
emissions, IMAGES-SCAPE2 predicts higher levels of SO2

in North America and lower levels in Europe.

3.5. Composition and Size-Resolved Distributions

[47] In addition to global concentrations, this investiga-
tion reports chemically resolved aerosol size distributions

calculated explicitly, i.e., without any assumptions regard-
ing the shape of the size distributions. The following section
presents a thorough examination of the chemical composi-
tion of aerosol size distributions at selected regions. First,
results are shown for the aerosol dry mass alone in both
North America and Europe. Finally, at selected sites,
changes in the size distributions are studied when water
mass content is included.
[48] Figures 13 and 14 show the annual average dry mass

size distributions for some of the stations located in North
America and Europe. Although a subset of all sites cannot

Figure 11. IMAGES-SCAPE2 calculated versus observed annual average aerosol concentrations in
North American (CASTNET) and European (EMEP) databases. From top to bottom, comparisons are
shown for sulfate, nitrate and ammonium. Dashed lines indicate 2:1 and 1:2 ratios. Correlation
coefficients are indicated in each plot.
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represent the full dynamics of an entire continent, results
discussed here are presented as a means to illustrate the
complex behavior observed in these regions. In general,
model results show that the aerosol size distribution is
bimodal. For typical continental polluted regions, the sim-
ulated size distributions exhibit two peaks. One of the
maxima is located at approximately 0.04–0.078 mm, while
the other is located in the coarse mode between 1.25 and
2.5 mm. This partly reflects the origin of different types of
aerosol and their proximity to different sources such as

marine environments. It also reflects the potential for
chemical interaction among ions. For instance, there is
evidence that sea-salt aerosol displacement is a source of
nitrate in the coarse mode. This displacement is anticipated
to be important over coastal polluted regions. Yet, another
source of coarse nitrate is nitric acid displacement reactions
with calcium carbonates from dust. Modeled global mass
size distributions allow the observation of the different
contributions to the mass load of each size bin. An impor-
tant portion of the aerosol mass loads consists of particles in

Figure 12. IMAGES-SCAPE2 calculated versus observed annual average gas concentrations in North
American (CASTNET) and European (EMEP) databases. From top to bottom, comparisons are shown
for sulfur dioxide, nitric acid, and ammonia. Dashed lines indicate 2:1 and 1:2 ratios. Correlation
coefficients are indicated in each plot.
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the sub-micron range that have greater lifetimes and
increased potential to undergo long-range transport.
[49] Figure 13 depicts the annual average size distribution

for selected stations from the CASTNET network. Mount
Rainier (46.7N, 122.1W) is located on the North American
west coast. Figure 13 shows that the majority of the mass is
comprised in the coarse mode, composed mostly by sodium
and chlorine, revealing its coastal origin. Given the size grid
in the model, this site does reflect a strong influence from
the marine aerosol. When a different station is observed, for
instance that over the Rocky Mountains (40.2N, 105.5W),
the influence of sea-salt aerosol decreases and the impor-
tance of dust aerosol increases. This influence of sea salt on
places far from the sources is attributed to the coarse
resolution of the present model. A finer resolution should
improve the results. Particulate nitrate, although small
compared to the fraction in the fine mode, is now evident
in the coarse mode. Since nitrate is never emitted directly in
our model, the only mechanism that produces nitrate into
the coarse mode is the chemical interaction of nitric acid
with cations associated to dust. This is also apparent from
the small fraction of carbonate in the fine mode, which can
be interpreted as a ‘‘marker’’ of not aged particles [Song
and Carmichael, 2001a]. We now focus our attention on the
North American east coast. The eastern United States is a
sulfate rich environment. The station at Oxford (39.5N,
84.7W) exemplifies the very acidic nature of this aerosol,

that when neutralized forms ammonium sulfate but that will
most likely exist as bisulfate. Given the insufficient NH3

levels in the eastern United States, necessary to neutralize
available sulfate, nitrate is driven into the gas phase and
ammonium nitrate levels are then low. These results suggest
that sulfate mass distributions peak in the first bin and then
get reduced across all the other bins, in contrast to ammo-
nium and nitrate that do not seem to follow any particular
distribution. Specifics on the chemical composition of the
aerosol size distribution are determined in large part by the
coupled aerosol module. This module uses an equilibrium-
based or hybrid method that calculates at any instant, the
equilibrium for volatile compounds between the gas and
bulk aerosol phases and then distributes the aerosol mass
increment over the size spectrum on the basis of a particle
surface area weighting. Thus all aerosol species are distrib-
uted in accordance to the thermodynamical variables
involved. In the case of sulfate, since is the only species
that experiments nucleation, whenever this process occurs
mass is placed in the first bin and this could explain its
peculiar mass size distribution in our results. It is also
possible that not accounted sulfate mass comes from aerosol
activation to form cloud droplets, followed by subsequent
evaporation to leave aerosol sulfate over the coarse mode.
This kind of cloud processing is not modeled in the current
study. The station at Abington (41.8N, 72.0W) is selected to
observe a maritime environment on the North American

Figure 13. Annual average modeled size-resolved and chemically resolved dry aerosol mass size
distributions at selected sites in North America (CASTNET). Diameter ranges for bins in mm from 1 to 8
are as follows: [0.039062, 0.078125); [0.078125, 0.15625); [0.15625, 0.3125); [0.3125, 0.625); [0.625,
1.25); [1.25, 2.5); [2.5, 5); and [5, 10].
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east coast. Over this site, sulfate content is high because of
sulfur oxidation, but there is also a large portion of aerosol
mass in the coarse mode as a result of sea-salt influence.
[50] Annual average size distributions of EMEP selected

stations are shown in Figure 14. Irafoss, Iceland (64.05N,
21.01W), exhibits an aerosol distribution dominated by
sea-salt. Downwind, in Bredkälen, Sweden (63.51 N,
15.20E), although there is influence by sea-salt, the for-
mation of secondary components and their interaction with
alkaline ions starts to change the overall shape and
composition of the distribution. The effect of polluted
sources is noticeable in places like Schmücke, Germany
(50.39N, 10.46E), where a bimodal distribution is now
present, with the fine mode formed mostly by nitrate,
ammonium and sulfate. The southern part of Europe shows
the presence of dust particles from the Sahara. For
instance, Montelibretti, Italy (42.06N, 12.38E), exhibits
the presence of carbonate, especially in the fine mode,
which points to particles that have not been exposed to
enough SOx or NOx to displace all carbonate from the
aerosol. There are also considerable amounts of calcium in
the coarse mode, indicative of dust aerosol reaching this
region. From a chemical composition standpoint, the major
difference between modeled aerosol distributions in Europe
and the eastern United States is that nitrate concentrations
in Europe are just as important as those of sulfate. In fact
nitrate plays an important role in determining the size
distributions of many European stations analyzed. Contri-
butions from sea-salt aerosol are also important for many

stations in Europe, particularly those in the northern part of
the continent. In addition, dust from Sahara sources affects
the composition of aerosol by increasing the amount of
alkaline ions in the coarse mode and by putting more
carbonates into the fine mode. In contrast, the eastern
United states is not influenced strongly by dust and most
of the stations show a sulfate rich aerosol.
[51] Pilinis et al. [1995] found that direct forcing is most

sensitive to changes in relative humidity and the corres-
ponding water content of aerosols. Also, Adams et al.
[2001] remarked the importance to include water uptake
by aerosols in global models. The present work calculates
water content of aerosol in equilibrium with the other
modeled inorganic components. Figures 15 and 16 exhibit
the changes in mass size distributions when water content
is considered. In some of the selected sites there is the
potential that water mass shifts the peaks to different size
ranges than with the dry mass alone. This adjusts the
general shape of the aerosol size distribution. For instance,
at the station in Mount Rainier, the first peak is now
shifted toward a larger diameter range. In Europe this type
of phenomena is more evident. These figures emphasize
the nonlinear nature of water uptake, which not only
depends on ambient relative humidity and temperature,
but also in the degree to which sulfate, nitrate and other
anions are neutralized by ammonia, sodium and the
cations associated to dust aerosol.
[52] An assumption often made is that aerosols obey a

predetermined size distribution. A common approach is to

Figure 14. Annual average modeled size-resolved and chemically resolved dry aerosol mass size
distributions at selected sites in Europe (EMEP). Diameter ranges for bins are the same as in Figure 13.
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assume that each aerosol type follows a monomodal log-
normal distribution with a prescribed mean particle radius.
The combination of assumed distributions for all aerosol
produces bimodal or more complex distributions. Further-
more, Dubovik et al. [2002] found that the simplest and
most accurate way to simulate aerosol optical properties is
by using a lognormal function. As noted above, modeled
aerosols exhibit bimodal distributions. The fit of lognormal
functions to model results, although possible, requires more
size bins for an accurate representation. Since the present
model estimates size distributions everywhere in the
domain, it is possible to calculate a measure of mass
diameters for each cell and then observe its variation across
different geographical regions. Figure 17 shows the mean
mass diameter estimated for both the fine and the coarse
mode of the distributions. These estimates include not only
the contribution of aerosol ions but also their water uptake.
On the North American east coast, the fine mode mass mean
diameter ranges from 0.1 to 0.2 mm, whereas the coarse
mode diameter ranges between 2.8 and 3.6 mm. In Europe,
this fine mode diameter varies from 0.2 to 0.4 mm, and the
coarse mode between 2.8 and 3.6 mm. The largest particles
(4.4–4.8 mm) are close to the dust sources, as shown by
Figure 17b. On average, over the oceans the coarse mode
diameter is relatively uniform (2.8–3.2 mm). Observational
data for chemically resolved and size-resolved distribution
suitable for comparison with global-scale models is scarce.
However, data from the AERONET network [Dubovik et
al., 1998, 2000; Dubovik and King, 2000; Smirnov et al.,

2003] of ground-based radiometers has been used to retrieve
information from the aerosol mixture at different sites
worldwide. Table 7 compares this work estimates of the
aerosol radius in the fine and coarse modes with those
values retrieved from stations reported by Dubovik et al.
[2002]. The stations are selected to typify aerosol from the
North American east coast, Europe, ocean (Lanai, Hawaii)
and dust sources (Saudi Arabia). With the exception of
Saudi Arabia, where dust sources are predominant, the
coarse mode radius predicted by the model are consistently
smaller than those retrieved from radiometers. This can be
explained by the fact that the present study lacks certain
type of aerosols, such as carbonaceous and organic aerosols.
In contrast, the radius for estimated fine modes agrees
reasonably well with observations.

4. Conclusions

[53] This paper presents a global modeling study that
implements a detailed thermodynamical module in a three-
dimensional chemical transport model in order to study the
dynamics of aerosol formation. IMAGES is used as the host
CTM to calculate size- and chemically resolved aerosol
mass size distributions. SCAPE2 is the thermodynamical
module used to calculate equilibrium concentrations among
modeled aerosol species and their gas-phase precursors.
Emphasis is placed in analyzing the distributions of aerosol
ammonium, nitrate, and sulfate subject to interaction with
sea salt and dust. All modeled species undergo transport,

Figure 15. Comparison between the annual average dry and wet (water content included) aerosol mass
size distributions at selected sites in North America (CASTNET). Diameter ranges for bins are the same
as in Figure 13.
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dry and wet deposition processes. In addition to precursor
gas-phase species, the thermodynamic module requires
prescribed relative humidity and temperature fields updated
monthly by European Centre for Medium-Range Weather
Forecasts (ECMWF) analysis. Operator splitting is used to
solve the equations that represent the different physical and
chemical processes modeled.
[54] This study finds that over polluted continental

regions, the presence of sea-salt and dust aerosol increases
20–80% the sulfate concentration. More than 100% sulfate
enhancement over the Southern Ocean is the result of
including sea-salt aerosol. This enhancement is due in part
to sea-salt sulfate from particulate emissions, but also to
SOx displacement of carbonates from the aerosol. Estimates
of annually averaged coarse mode to total sulfate ratio at
surface level show that fine mode sulfate represents more
than 90% of the mass in most of the continental regions.
However, on the African west coast, up to 20% of the
sulfate resides in the coarse mode. On average, surface
nitrate concentrations are higher in Europe than on the east
coast of North America. This could be the result of a
decrease of sulfate in Europe (relative to North America)
that is accompanied by an increase of aerosol nitrate. The
highest nitrate concentrations at the surface level coincide
over regions with important dust sources as Africa, Saudi
Arabia and central Asia. Nitrate concentrations are lower
when sea-salt aerosol are not included, particularly over
nonpolluted and marine regions. Estimated nitrate enhance-
ment varies between 14 and 60% over industrialized

regions of the world. Ammonium concentrations show a
100% decrease in surface level concentrations when com-
pared with concentrations from a simulation with no dust
and no sea-salt aerosol. The loss is not as pronounced over
continental polluted regions, where the decrease ranges
between 20 and 60%. Ammonium at surface level exists
mostly in the fine mode. The decrease in ammonium
concentrations is due to the abundance of cations from
dust and sea-salt origin that inhibit NH3 to partition into the
aerosol phase. The lifetime of sulfate is computed to be
4.57 days. This estimate is within the range of values
reported in other studies and just slightly shorter of that
calculated by Pham et al. [1995]. Furthermore, the sulfate
burden also falls within the range of previous estimates.
Although the presence of sea salt and dust enhances the
formation of sulfate at the surface level, the burden
accounts for sulfate through the entire troposphere. The
lifetime of nitrate is computed to be 7.69 days. This
estimate is high compared with lifetimes of other aerosols,
particularly sulfate. Nitrate burden is higher than Adams et
al. [1999] and Metzger et al. [2002b] calculations. The
difference is explained from the presence of sea-salt and
dust aerosol in this study that enhances the partition of
nitric acid into particulate nitrate.
[55] Comparison between simulations performed with the

new model (IMAGES-SCAPE2) and IMAGES alone shows
that nitrate and nitric acid are the species most influenced by
introducing an aerosol thermodynamics module. Further-
more, an important finding is that nitrate is greatly under-

Figure 16. Comparison between the annual average dry and wet (water content included) aerosol
mass size distributions at selected sites in Europe (EMEP). Diameter ranges for bins are the same as in
Figure 13.
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estimated by IMAGES alone as shown by comparison
between observed and modeled concentrations. Comparison
of simulated total aerosol mass concentrations with mea-
surements from CASTNET and EMEP databases for sulfate,
nitrate and ammonium show good agreement with data from
the North American sites. Approximately 95% of the
predicted annually averaged sulfate falls within a factor of
2 when compared to measured data at CASTNET. Overall,
data dispersion is larger over sites of the European database.
For nitrate, less than 60% of the simulated values fall within
a factor of 2 when compared to measured data at CASTNET
(50% at EMEP).
[56] Model predictions show a bimodal aerosol size

distribution. This reflects both the origin of aerosol species
and the chemical interaction among ions. Modeled global
mass size distributions exhibit different contributions to the
mass load of each bin. An important portion of the aerosol

mass load consists of particles in the sub-micron range that
have greater lifetimes and an increased potential to undergo
long-range transport. For example, over the east coast of
North America, sulfate mass distributions tend to peak in
the first bin and then decrease across all the other bins. In
contrast, ammonium and nitrate do not follow any partic-
ular distribution. Sulfate is the only species that nucleates
in the model, whenever this process occurs, mass is placed
in the first bin. This explains the shape of the size
distribution. Over polluted regions in central Europe a
bimodal distribution is observed with the fine mode formed
mostly by nitrate, ammonium and sulfate. The southern part
of Europe shows the influence of dust particles from the
Sahara. A major difference between modeled aerosol dis-
tributions in Europe and the eastern United States is the
importance of nitrate concentrations in Europe. Nitrate
plays an important role to determine the size distributions

Figure 17. (a) Annually averaged mass mean diameter estimated with the fine mode (diameters
<1.25 mm) and (b) coarse mode of the simulated aerosol size distribution. Estimates include the
contribution of aerosol water content.
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of many European stations. Contributions from sea-salt
aerosol are also important in European stations, particularly
those in the northern part of the continent. Dust from
Sahara sources affects the composition of aerosol in south-
ern Europe by increasing the amount of alkaline ions in the
coarse mode and by forming carbonates into the fine mode.
In contrast, the eastern United States is not influenced
strongly by dust and most of the sites show an aerosol
composed mainly by sulfate.
[57] This work calculates aerosol water content aerosol in

equilibrium with the other inorganic compounds. The pres-
ence of water mass shifts the maximum values of the size
distribution to different size ranges, adjusting the shape of
the distribution in some sites. This emphasizes the nonlinear
nature of water uptake, which depends on ambient relative
humidity, temperature, and the neutralization degree of the
modeled ions mixture. Research indicates that using
SCAPE2 produces similar mean diameters (in both fine
and coarse modes) to those produced by researchers that
assume lognormal functions and are also comparable to
available data from radiometer retrievals. However, one of
the potential advantages of using a thermodynamical mod-
ule, such as SCAPE2, in global CTMs lies in the ability to
implement and investigate the possible feedbacks to photol-
ysis and the interaction of aerosols with gas-phase species.
[58] Future work required before the model is used for

other applications, such as the calculation of radiative
impacts, includes the following: the implementation of a
detailed wet deposition scheme, the incorporation of cloud
processing and the revision of the emissions inventory to
reflect any significant changes that occurred over the last
decade.
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