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[1] A global three-dimensional aerosol transport-radiation model, coupled to an
atmospheric general circulation model (AGCM), has been extended to improve the model
process for organic aerosols, particularly secondary organic aerosols (SOA), and to
estimate SOA contributions to direct and indirect radiative effects. Because the SOA
formation process is complicated and unknown, the results in different model simulations
include large differences. In this work, we simulate SOA production assuming various
parameterizations of (1) primary organic aerosols (POA) mass concentrations, (2) oxidant
species concentrations, and (3) volatile organic compound (VOC) concentrations in the
SOA formation through gas-to-particle conversion governed by equilibrium partitioning
of monoterpene oxidation products. Comparisons of results from observations, other
models, and our simulations with/without the SOA partitioning theory lead to some
findings of the influence of SOA on the radiation and cloud fields. First, the SOA number
concentrations control cloud droplet effective radii near water cloud tops in the tropics
and can affect the estimation of the aerosol indirect radiative effect. Second, SOA
simulation results strongly depend on POA concentrations and emission data, so that
disregarding this dependence may lead to a significant underestimation of the aerosol
radiative effect because most of other studies assume that the SOA production level in the
preindustrial era is same as in the current level. The global annual mean production of
SOA formed from monoterpene is evaluated in this study as 6.74 Tg a�1, and the global
annual mean radiative forcings of the direct and indirect effects by SOA from
monoterpene are calculated to be –0.01 and –0.19 W m�2, respectively.
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1. Introduction

[2] Aerosol particles, which can scatter and absorb solar
radiation, can change the Earth’s radiation budget and
therefore Earth’s climate. This effect is called the aerosol
direct effect. Aerosols containing water-soluble compounds
act as cloud condensation nuclei (CCN) and can cause
changes in hydrometeors and precipitation properties. These
are termed as ‘‘Twomey effect’’ (or first indirect effect) and
cloud lifetime effect (or second indirect effect), respectively
[Twomey, 1974; Albrecht, 1989]. The Twomey effect is the
decrease in the cloud droplet effective radius when the
aerosol number concentrations increase for constant cloud
liquid water and thus increase albedo. The cloud lifetime
effect is that the decrease in the cloud droplet radius with
increasing aerosols causes a suppression of precipitation
and an increase in cloud water.

[3] Carbonaceous aerosols comprise particulate black
carbon (BC) and organic carbon (OC). The former can
absorb solar radiation, whereas the latter is generally non-
absorbing matter. Organic carbon can be further divided into
two categories by formation processes: (1) Primary organic
aerosols (POA) are directly emitted as particles from biomass
burning, fossil fuel combustion, and various other combus-
tion processes; (2) secondary organic aerosols (SOA) are
produced in the atmosphere through photo-oxidation of
reactive volatile organic compounds (VOC) followed by
partitioning or condensation of low volatile products into
the aerosol phase [Seinfeld and Pandis, 1998]. SOA are
formed both from natural sources and from anthropogenic
sources. While anthropogenic SOA have large contributions
to urban aerosols [e.g., Takegawa et al., 2006], natural SOA
have impacts on global aerosols [e.g., Kanakidou et al.,
2005], and therefore, SOA need to be evaluated for estimat-
ing the aerosol radiative forcing due to human activities after
the industrial revolution.
[4] In most general circulation models (GCM), SOA

are not treated, or treated very simply, without detailed
physical-chemical formation processes, because of limited
knowledge and computer resources [Textor et al., 2006]. It is
also difficult in modeling to quantify SOA themselves
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because they are largely unknown compounds and have
very complex formation processes, such as partitioning
[e.g., Griffin et al., 1999a], heterogeneous reaction [Jang et al.,
2002] and in-cloud formation [Warneck, 2003]. Despite large
uncertainties in the SOA formation pathways, some GCMs
include SOA formation schemes, which are mainly divided into
two methods: (1) ‘‘two product yield model’’ based on the
partitioning theory [e.g., Griffin et al., 1999b] and (2) ‘‘explicit
chemistry and condensation/evaporation parameterization’’
[e.g., Jenkin, 2004]. Most models assume SOA precursors are
monoterpenes and other reactive VOC (ORVOC), as suggested
byGriffin et al. [1999b], and recentlyHenze and Seinfeld [2006]
assume isoprenes are SOAprecursors, as suggested by laboratory
studies [e.g., Kroll et al., 2005]. These models estimate a global
annual SOA production of about 12–70 Tg a�1 [Chung and
Seinfeld, 2002; Tsigaridis and Kanakidou, 2003; Kanakidou
et al., 2005]. However, they did not focus on the SOA indirect
effect, even though some types of SOA are very efficient as CCN
because of their hygroscopicity. In addition, because the aerosol
indirect effect is sensitive to predicted CCN number concen-
trations [Penner et al., 2006], it is important to estimate the SOA
contributions to CCN.
[5] In this study, we have extended the organic aerosol

model in a global three-dimensional aerosol transport-
radiation model, Spectral Radiation-Transfer Model for
Aerosol Species (SPRINTARS), which simulates mass
concentrations and optical properties of tropospheric
aerosols (dust, sea salt, organic carbon, black carbon,
and sulfate aerosol) [Takemura et al., 2000, 2002, 2005].
In the previous studies with this model they treat SOA very
simply as obtained from a conversion rate of biogenic
terpene depending on only the seasonal terpene emission
distributions of Guenther et al. [1995]. This simple param-
eterization is not adequate because SOA formation depends
not only on VOC concentrations but also on oxidants and
preexisting organic aerosol concentrations, as determined by
many chamber experiments [e.g., Griffin et al., 1999b]. In
this paper, we introduce these experimental dependences of
SOA formation in the model. In addition, we simulate the
cloud droplet effective radii near the top of water clouds,
which significantly affects cloud radiative properties, using
an aerosol-cloud droplet parameterization based on the
Köhler theory for estimation of the aerosol indirect effect
[Takemura et al., 2005]. We investigate differences between
the cloud radiative property with/without SOA partitioning
theory and with a simple SOA parameterization. Then, we
compare the results of aerosol direct and indirect effects and
estimate the impact of the simulation of SOA formation on
the cloud fields. Section 2 provides a description of the
present model. Simulation results are presented in section 3,
a discussion is presented in section 4, and the conclusions are
provided in section 5.

2. Model Description

[6] In this study, we use the global three-dimensional
aerosol transport-radiation model, Spectral Radiation-
Transport Model for Aerosol Species (SPRINTARS),
which is described by Takemura et al. [2000, 2002, 2005];
we give only a brief description in this paper. The
SPRINTARS has been implemented in an atmospheric
GCM developed by the Center for Climate System

Research of the University of Tokyo, National Institute
for Environmental Studies, and Frontier Research Center for
Global Change (hereafter referred to as CCSR/NIES/
FRCGC-MIROC AGCM). The horizontal resolution of the
triangular truncation is set to T42 (approximately 2.8 by 2.8�
in latitude and longitude) and the vertical resolution is set to
20 layers. The time step is set to 20 min. The model predicts
the mass mixing ratios of the main tropospheric aerosols,
i.e., carbonaceous aerosol (BC and OC), sulfate, soil dust,
sea salt, and the precursor gases of sulfate, i.e., sulfur
dioxide (SO2) and dimethylsulfide (DMS). The particles
are treated as external mixtures for sulfate, soil dust, and
sea salt. For carbonaceous aerosols, the SOA and 50% BC
mass from fossil fuel source are treated as externally
mixed particles, but other carbonaceous particles are trea-
ted as internal mixtures of BC and POA. For soil dust and
sea salt aerosols, the mode radii are variable for calculate
size bins. On the other hand, for carbonaceous and sulfate
aerosols, the dry mode radii are set to 0.1 and 0.0695 mm,
respectively [Takemura et al., 2005]. The aerosols densities
are set to the same values as Takemura et al. [2005]. The
aerosol number concentrations are calculated using assumed
the aerosol size distributions and the aerosol densities.
[7] The aerosol transport processes include emission,

advection, diffusion, sulfur chemistry, wet deposition, and
gravitational settling. The radiation scheme, MSTRN-8, in
the CCSR/NIES/FRCGC-MIROC AGCM can handle scat-
tering, absorption, and emission by aerosol and cloud
particles, as well as absorption by gaseous constituents
[Nakajima et al., 2000].
[8] All the emission fluxes in 1990, i.e., those of

aerosols and their precursors, except a precursor gas of
SOA, are those described by Takemura et al. [2005]. The
precursor gas of SOA is assumed to be biogenic mono-
terpene (C10H16), which is adopted from the Global
Emissions Inventory Activity (GEIA) database [Guenther
et al., 1995], and the diurnal variation in the emission of
biogenic monoterpene is calculated using temperature
dependences.
[9] Our aerosol transport schemes except for the SOA

treatment are also used by Takemura et al. [2005]. Although
they assume that SOA production is determined from natural
VOC emission by simply multiplying a conversion factor, we
introduce a SOA formation scheme controlled by equilibrium
partitioning of semivolatile gases [Pankow, 1994a, 1994b].
First, these semivolatile products are formed bymonoterpene
oxidation. Using an off-line chemical transport model,
CHASER [Sudo et al., 2002], which has been also imple-
mented in the CCSR/NIES/FRCGC-MIROC AGCM, we
calculate monoterpene oxidations with oxidants (OXj), either
ozone (O3), hydroxyl (OH), or nitrate (NO3) radicals as
follows:

C10H16 þ OXj ! ai;1Pi;1 þ ai;2Pi;2 þ others;

where ai,j is the stoichiometric coefficient for the lumped
category (i) of products (Pi). The two semivolatile gases (Pi)
formed by monoterpene oxidation are surrogates for a large
number of condensable products, many of which have not
been identified in laboratory studies [Yu et al., 1997]. The
stoichiometric coefficients and the equilibrium constant K
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are determined by Griffin et al. [1999b] and Hoffmann et al.
[1997], and are shown in Table 1. ORVOC from biogenic
compounds are not adopted as SOA precursors.
[10] Monoterpene oxidation products (Pi) are assumed to

be partitioned into the aerosol phase because of their
polarity and low vapor pressure. Equilibrium between gas
and aerosol phases of semivolatile products is given by

Gi ¼
Ai

KiMo

; ð1Þ

where Ai and Gi are semivolatile organic compounds (Pi) in
aerosol and gas phases, respectively. Ki is the equilibrium
constant for the lumped category (i), which depends on
temperature according to the Clausius-Clapeyron equation
[Chung and Seinfeld, 2002; Tsigaridis and Kanakidou,
2003], assuming that the enthalpy of vaporization of SOA is
79 kJ mol�1 [Lide, 2001]. Mo is the total organic aerosol
mass concentration in mg m�3 and is given by

M0 ¼ ½OA� þ
X
i

Ai; ð2Þ

where [OA] is a summation of organic aerosol concentra-
tions including POA and SOA and internally mixed BC
concentrations before the current time step. SOA concen-
trations are calculated by solving equations (1) and (2)
iteratively [Chung and Seinfeld, 2002; Tsigaridis and
Kanakidou, 2003]. The maximum of iteration number is

set to ten. We assume that generated monoterpene products
are removed from atmosphere within one time step in our
model because they are assumed to be very unstable. And
we do not assume reevaporation of these generated
monoterpene products from particles. Their treatment is
discussed in section 4. In this study, SOA are treated as
external mixtures. The reasons are that first the partitioning
theory does not give the ratio of condensation/nucleation
but gives the SOA mass concentration through both
condensation and nucleation. Second, because our AGCM
cannot predict the size of the organic aerosol explicitly, it is
difficult to simulate the change of the size of organic
aerosols by SOA condensation. Third, if we treat SOA as
internal mixtures with POA, which are assumed to be
composed of five species in our model, we need to set at
least five additional tracers for SOA condensation under
limited computer resource. We use the SOA dry radius of 80
nm, which is critical for predicting cloud droplet number
concentration through our parameterization based on the
Köhler theory.
[11] Similar to Takemura et al. [2005], we calculate cloud

droplet number concentration, cloud water content, and
cloud droplet effective radius, for estimating the aerosol
indirect effect. Conversion of aerosol number concentra-
tions (Na) into cloud droplet number concentrations (Nc) is
parameterized as by Ghan et al. [1997] and Takemura et al.
[2005]. This Na-Nc parameterization is based on the Köhler
theory as a function of updraft velocity, aerosol chemical
composition, and aerosol size distribution. The updraft
velocity is given by the sum of grid mean updraft velocity
and subgrid updraft velocity using the turbulent kinetic
energy [Lohmann et al., 1999; Takemura et al., 2005]. By
combining both the cloud liquid water content (l) calculated
in the physical frame of the AGCM and the Nc calculated
through the present parameterization, the cloud droplet
effective radius (Reff) is estimated as follows:

Reff ¼ k
3

4prw

rl
Nc

� �1=3

; ð3Þ

Table 1. Mass Stoichiometric Coefficient (a) and Equilibrium

Constant (K) in Terpene Oxidations

Terpene + O3
a,b Terpene + OHb,c Terpene + NO3

a,b

a1 0.125 0.038 1
K1 0.088 0.171 0.0163
a2 0.102 0.326 0
K2 0.0788 0.004 0

aGriffin et al. [1999a, 1999b].
bTerpene means alpha-monoterpene in the table.
cHoffmann et al. [1997].

Figure 1. Simulation of SOA mass concentrations near the surface, in February (mg/m3), in this study
and by Takemura et al. [2005].
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where r and rw are the densities of air and cloud water,
respectively. The empirical constant k, which is a conver-
sion factor for the effective particle radius depending on the
shape of the cloud droplet size distribution, is set to 1.1 for
all conditions as suggested by Martins et al. [1994]. This
Reff is used to estimate the first aerosol indirect effect. In
addition, to estimate the second aerosol indirect effect, we
considered the influence of the Nc on the cloud liquid water
path by changing the precipitation rate. This process is
modeled using a parameterization of Berry [1967] with
parameters set to the same value as in the work by
Takemura et al. [2005].

[12] The radiative forcing of SOA alone is calculated as
the difference in net fluxes with and without SOA under the
same meteorological conditions.

3. Results of Numerical Experiments

[13] In this section, we want to compare simulations with/
without SOA partitioning theory and also compare the
results with observations obtained from field and global
satellite measurements. However, there are few field obser-
vational reports that specify natural OC and that include
natural SOA, except in the Amazon basin, which is one of
the largest terpene emission areas [Guenther et al., 1995].
Table 2 compares observations near the surface in the
Amazon of both total carbonaceous aerosol mass concen-
trations and total aerosol number concentrations from
simulations with/without SOA partitioning theory [Artaxo
et al., 2002; Guyon et al., 2003; Decesari et al., 2006;
Hoffer et al., 2006; Rissler et al., 2006]. And Figure 1
shows simulated SOA mass concentrations near the sur-
face in February. During this month of wet season, SOA
are assumed to be major components in the Amazon,
whereas during other seasons SOA are minor components
with strong POA emission from biomass burning. In most
areas, simulated SOA mass concentrations are lower than
those obtained by Takemura et al. [2005], which do not
consider the SOA partitioning theory. They mainly over-
estimated SOA mass and number concentrations (Table 2).
On the other hand, simulated values obtained by consid-
ering the SOA partitioning theory are close to in situ
observations. In our simulation SOA formed from isoprene
is not included, whereas Henze and Seinfeld [2006]
included SOA formed from isoprene and calculated the
difference in SOA mass concentrations between simula-
tions with/without SOA from isoprene. In the Amazon
basin, for example, simulated annual mean SOA mass
concentrations near the surface differ by less than 1 mg m�3

between the two simulations. These differences can be
smaller than the observational errors, so that it is difficult
to conclude the differences between the result in this study
and that by Henze and Seinfeld [2006] are meaningful. As
for the global annual SOA production, our estimation is
6.74 Tg a�1, whereas Takemura et al. [2005] used a value
of 17.5 Tg a�1.
[14] Figure 2 shows relative seasonal variations in

SOA mass concentrations at three locations: Amazon

Table 2. Carbonaceous Aerosol Mass and Total Aerosol Number

Concentrations at the Surface in the Amazon Basin Around [10�S,
62�W], During the Wet Season

Massa (mg/m3)

Simulations
This studyb 2.50
Takemura et al. [2005]b 6.79

Observations
Artaxo et al. [2002]c 2.31
Guyon et al. [2003]d 0.8967
Decesari et al. [2006]e 1.42f

Hoffer et al. [2006]e 1.5,g 1.8h

Number Concentrationsi (cm�3)

Simulations
This studyb 876
Takemura et al. [2005]b 14694

Observations
Artaxo et al. [2002]c 890
Rissler et al. [2006]e 785,j 406,k 849l

aTotal carbonaceous aerosol mass concentrations.
bIn February.
cFrom January to May 1999.
dFrom April to May 1999.
eIn November 2002.
fOC mass concentrations in units of mgCm�3.
gDuring the day average.
hDuring the night average.
iTotal aerosol number concentrations.
jDiurnal averaged accumulation mode (mean diameter = 128 nm).
kDiurnal averaged Aitken mode (mean diameter = 61 nm).
lDiurnal averaged nucleation mode (mean diameter = 12 nm).

Figure 2. Relative seasonal SOA mass concentrations near surface in Amazon, central Africa, and
Kalimantan. The x axis is month and the y axis is relative value.
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(56�W–70�W, 1�N–10�S), central Africa (14�E–25�E,
4�N–4�S), and Kalimantan (110�E–118�E, 4�N–4�S),
where the SOA production is relatively large [Kanakidou
et al., 2005]. Figure 2 indicates that the SOA concentrations
obtained by considering the SOA partitioning theory have
large seasonal variations because the monoterpene, POA and
oxidant concentrations have different seasonal variabilities.
Figure 3 shows relative vertical distributions in the SOA
mass concentrations at three locations shown in Figure 2.
Relative SOA masses are calculated as mass ratios to the
surface SOA mass concentrations because the SOA mass
concentrations with two simulations are very different as
mentioned in the previous paragraph. At levels between 600
hPa and 1000 hPa and at all locations in Figure 3, the results
with SOA partitioning are larger than that without SOA
partitioning. These results may be predictable because sim-
ulated SOA without SOA partitioning are assumed to be
emitted from surface. Although thus far the results cannot be
compared to other locations, seasons and altitudes because of
the lack of observations, the above comparison suggests that
it is important to consider SOA-related processes in the
model.
[15] Figures 4 and 5 also show results of seasonal

variations in the (1) aerosol optical thickness (AOT) and
(2) single scattering albedo (SSA) at the three locations
shown in Figure 2. The three lines represent results from
three schemes, i.e., with/without SOA partitioning theory
and without SOA consideration. AOT differences among
the three schemes are less than 0.1 in the Amazon and
Kalimantan and less than 0.2 in central Africa. SSA differ-
ences are less than 0.03 in the Amazon and central Africa

and less than 0.02 in Kalimantan. Seasonal changes in both
AOT and SSA at all locations are similar among the three
schemes, and there are no systematic monthly variations of
both AOT and SSA. For AOT, while the contribution of
SOA to the total AOT in wet season is close to almost 50%,
that in dry season is much smaller and thus the annual mean
becomes small. It is thus found that in these areas, differ-
ences in SSA and AOT by the three different SOA treat-
ments are small, suggesting that at least the SOA from
monoterpenes impact on the aerosol direct effect is weak.
[16] Figure 6 shows the vertical distributions of the

annual and grid averaged cloud droplet number concentra-
tions. The three lines show results from the three SOA
schemes on the cloud droplet characteristics. In Figure 6, we
plotted cloud droplet number concentrations in the height
range from 500 to 950 hPa. In the present study, cloud
droplet number concentrations are calculated through the
parameterization based on the Köhler theory, depending on
the updraft velocity, aerosol size distribution, and aerosol
chemical properties. The simulated cloud droplet number
concentrations are largely different near the surface because
aerosol number concentrations, particularly the SOA num-
ber concentrations, are very different for these simulations.
Compared to the differences in the AOT and SSA in
Figures 4 and 5, the differences in cloud droplet number
concentrations are much larger because SOA can act as
CCN. However, in the middle troposphere of less than
500–600 hPa, these differences become almost zero,
suggesting that the difference in monoterpenes emission
and formations of SOA near the surface may not directly
influence the cloud droplet formation in the middle and

Figure 3. Relative vertical distributions of annual mean SOA mass concentrations in Amazon, central
Africa, and Kalimantan. The x axis is relative SOA mass concentration and the y axis is air pressure
(hPa).

Figure 4. Seasonal aerosol optical thickness (AOT) in Amazon, central Africa, and Kalimantan. The x
axis is month and the y axis is AOT.
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upper troposphere. This suggests that SOA formed through
monoterpene oxidation may not play an important role in
the middle and upper troposphere.
[17] Figure 7 shows vertical distributions of the annual

mean water cloud droplet effective radii (Reff) of water
clouds in the height range between 650 and 950 hPa for
the three SOA schemes shown in Figures 4 and 5. The
simulated Reff are reflected by the simulated cloud droplet
number concentrations in Figure 6. In SOA-rich land areas
such as the Amazon and central Africa, the three lines are
different, because the differences are caused by differences
of SOA number concentrations due to difference of SOA
mass yield. On the other hand, in the Kalimantan and
ocean areas such as the east Pacific Ocean near Peru
(82�W–98�W, 1�N–10�S) and east Atlantic Ocean near
central Africa (0�E–8�E, 4�N–7�S), where lower cloud
layers exist and Reff are strongly affected by aerosols
[Takemura et al., 2005], the results obtained with/without
the consideration of the SOA formation are similar. On the
other hand the results obtained with/without the SOA
partitioning theory are very different. The reason is that
in the simulations without SOA partitioning theory, over-
estimated SOA in the ocean are transported from lands to
oceans rather than formed over the ocean, according to the
proposal by Guenther et al. [1995] that monoterpenes are
not emitted from the ocean. The Reff determines the cloud
optical property, and therefore, the differences in Reff

among these schemes can affect the estimation of the
aerosol indirect effect.
[18] Figure 8 shows the Reff near the top of water clouds

and compares three simulation results obtained with/without

SOApartitioning theory andwithout SOA considerationwith
satellite observational data obtained from Advanced Very
High Resolution Radiometer (AVHRR) [Kawamoto et al.,
2001]. The model results can be classified into three charac-
teristic areas with different SOA distributions: (1) continental
areas such as the Amazon and central Africa, (2) the East
Pacific Ocean near Peru, East Atlantic Ocean near central
Africa, and (3) desert areas such as Australia and the Namib
Deserts. In the continental areas such as the Amazon and
central Africa, where a large amount of SOA precursors are
emitted [Guenther et al., 1995], the simulated Reff obtained
by considering the SOA partitioning theory are larger than
those obtained without considering the theory in the work of
Takemura et al. [2005] by two or three micrometers. From
Figure 7, the difference of simulated Reff with/without SOA
partitioning theory is caused by both the difference of SOA
yield and different SOA formation processes. In the ocean,
simulated Reff obtained by considering the SOA partitioning
theory are larger than those obtained without considering the
SOA partitioning theory provided by Takemura et al. [2005].
In particular, in the East Pacific Ocean area near Peru and the
east Atlantic Ocean near central Africa, simulated Reff pro-
vided by Takemura et al. [2005] were very small because
Takemura et al. [2005] predicted much larger cloud droplet
number concentrations and aerosol number concentrations.
The Na-Nc parameterization with the Köhler theory tends to
predict overestimated cloud droplet number concentrations
especially for large aerosol number concentrations because of
an ignorance of some kinetic processes such as condensa-
tional growth [e.g., Chuang et al., 1997; Nenes et al., 2001].
In these examples, simulated Reff obtained by considering the

Figure 5. Seasonal single scattering albedo (SSA) in Amazon, central Africa, and Kalimantan. The x
axis is month and the y axis is SSA.

Figure 6. Vertical distributions of annual mean cloud droplet number concentrations (Nc(cm
–3)) in

Amazon, central Africa, and Kalimantan. The x axis is Nc (cm
–3) and the y axis is air pressure (hPa).
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Figure 7. Vertical distributions of annual mean water cloud droplet effective radius (Reff (mm)) in
Amazon, central Africa, Kalimantan, eastern Pacific Ocean near Peru, and eastern Atlantic Ocean around
Gulf of Guinea. The x axis is Reff (mm) and the y axis is air pressure (hPa).

Figure 8. Annual mean water cloud droplet effective radius (Reff) near the top of water clouds by
(a) satellite measurement from AVHRR [Kawamoto et al., 2001] and simulations (b) with and (c) without
SOA partitioning theory and (d) without SOA treatments.
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SOA partitioning theory are more comparable with values
obtained from satellite remote sensing results than those
obtained without considering the theory and than those
obtained without SOA. In desert areas such as Australia
and the NamibDeserts, however, simulatedReffwith the SOA
partitioning theory are much larger than those obtained from
satellite remote sensing results. Though there are many
possibilities of overestimated Reff, this larger value by sim-
ulation with SOA partitioning theory can be caused by a fact
that satellite data from AVHRR and ADEOS-II/GLI images
give smaller Reff, particularly in desert areas (T. Y. Nakajima,
personal communication, 2006). Because cloud microphys-
ical remote sensing by satellite is difficult without enough
cloud sample numbers, interpretation of the difference
between model and observation should be left to future
study. Another possibility of different Reff may be caused
by underestimation of Nc. Although this is highly uncer-
tain, it means that it is possible to miss Nc formed from
other SOA mechanism and from other SOA sources such
as isoprene [e.g., Claeys et al., 2004a, 2004b]. In practice,
from Figures 8b–8d, we can find Reff are large as SOA
and Nc from SOA are small. In the Australia and Namib
deserts, in particular, Reff increase as SOA decrease. This
suggests that SOA mainly determine Reff in such areas.
Additionally, near the deserts such as Australia and the
Namib Deserts, there is a high possibility of SOA from
isoprene as proposed by two reports: (1) a large amount of

isoprene are emitted [Guenther et al., 2006] and (2) Henze
and Seinfeld [2006] showed SOA formed from isoprene
increase SOA concentrations at higher altitudes including
in the deserts such as Australia and the Namib Deserts.
The SOA formed from isoprene can act as CCN and the
inclusion may affect our results of Nc and Reff without
considering SOA from isoprene. However, it is difficult to
assess this impact because the SOA partitioning theory
does not give the ratio of condensation/nucleation.
[19] The direct radiative forcing of SOA is calculated as the

difference in net fluxes between two results with and without
SOA. The direct forcing is thus estimated to be –0.01Wm�2,
which is much smaller than –0.27 W m�2 for total organic
carbon aerosols and –0.21 W m�2 for sulfate aerosol
obtained by Takemura et al. [2005]. The contribution of
the SOA forcing to the total direct forcing is consistent
with that of AOT in Figure 4. Also the SOA indirect
radiative forcing is calculated as the difference in the cloud
radiative forcing between two results with and without

Figure 9. Vertical simulated annual mean SOA mass concentrations with SOA partitioning theory.

Table 3. Comparisons of Simulated SOA Burden, Production and

Lifetime

This Study
Chung and

Seinfeld [2002]

Burden (Tg) 0.069 0.19
Production (Tg) 6.74 11.2
Lifetime (days) 3.74 6.2

D07205 NAKAJIMA ET AL.: SOA MODELING

8 of 12

D07205



SOA under the same meteorological conditions such as
tropospheric temperature, wind and humidity. This method
includes changes not only of Reff but also of cloud water
and of cloud fraction. That means we consider the first and
the second aerosol indirect effect and the semidirect effect.
The indirect effect for SOA is estimated as –0.19 W m�2,
which is much smaller in magnitude than –0.94 W m�2

for anthropogenic aerosols such as carbonaceous and
sulfate aerosols in the work by Takemura et al. [2005]
and range from –1 W m– to –3 W m�2 for anthropo-
genic aerosols such as carbonaceous and sulfate aerosols in
the work by Lohmann and Feichter [2005]. It is, therefore,

concluded that the SOA have larger impact to the radiative
forcing through indirect effect than through direct effect.

4. Comparison With Previous Studies

[20] In this section, we compare our simulated SOA
distributions with other GCM results obtained using the
SOA partitioning theory [Chung and Seinfeld, 2002;
Tsigaridis and Kanakidou, 2003]. It is found from
Table 3 that our results of global mean SOA burden,
production and lifetime are smaller than those by Chung
and Seinfeld [2002]. And the annual mean SOA mass
concentrations at four vertical levels are compared in
Figure 9. Figure 9 indicates that our SOA concentrations
near the surface are very similar to the results obtained by
Chung and Seinfeld [2002, Figure 5] in the tropics, while
they are very different in northern industrialized regions
such as Europe, China, and North America. In addition,
the SOA distributions in the middle and upper troposphere
obtained by Chung and Seinfeld [2002] are extended to the
North Pole, whereas our SOA are less transported to the
North Pole and stay around the tropics at all heights.
Maximum values of the SOA mass concentration in the

Table 4. Annual POA Emission Fluxes

Products This Studya
Chung and

Seinfeld [2002]b

Biomass burning (Tg a– 1) 51.76 44.6
Fossil fuel (Tg a– 1) 17.73 28.5
Total (Tg a– 1) 88.2 81.0

aTakemura et al. [2005].
bLiousse et al. [1996].

Figure 10. Annual mean (a) monoterpene emission data and (b) ORVOC emission data and (c) relative
ratio of difference of monoterpene and ORVOC emission data to sum of monoterpene and ORVOC
emission data.
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upper troposphere are much different between our results
and that of Chung and Seinfeld [2002], i.e., 10 ng m�3

and 100 ng m�3, respectively. These differences may be
the results of not only model differences but also SOA
treatments such as POA emissions differences, SOA
precursor differences, different atmospheric lifetimes of
generated monoterpene products, and SOA reversible/
irreversible partitioning. Let us discuss these points in
more detail.
[21] First, POA emissions in our study are based on the

GEIA database, FAO, and several other original data sets
[Takemura et al., 2000, 2002, 2005] and those given byChung
and Seinfeld [2002, Figure 2] are based on Liousse et al.
[1996] (Table 4). Table 4 shows that POA emissions from
fossil fuel combustion in our study (17.73 Tg a–1) are smaller
than those in Chung and Seinfeld [2002] (28.5 Tg a–1). Also
we find that in our study POA emissions [Takemura et al.,
2005, Figure 1b] in Europe and China are smaller than
those obtained by Chung and Seinfeld [2002, Figure 2].
Because SOA depend strongly on POA, we may conclude
that the POA difference is the major source of the SOA
concentration difference, particularly in industrial areas
such as Europe, China, and North America, where POA
emissions are very different among studies.
[22] Second, Chung and Seinfeld [2002] and Tsigaridis

and Kanakidou [2003] added ORVOC to SOA precursors,
unlike the present study. The ORVOC represent reactive
VOC excluding isoprene and monoterpene and the emission
rates are estimated as about 260 TgC a–1 [Guenther et al.,
1995]. Its characteristics are scarcely reported in the past
other than byGriffin et al. [1999b], who assumed that 32% of
ORVOC form particles, and therefore, its knowledge is
highly uncertain. Figure 10 shows annual mean emission
rates of monoterpene (Figure 10a) and ORVOC (Figure 10b),
and the relative ratio of the difference of monoterpene and
ORVOC emission rates to the sum of monoterpene and
ORVOC (Figure 10c), i.e., the relative fraction of ORVOC.
In Russia and Canada, the ratios of ORVOC to the total VOC
are higher than those in other areas. This can be one of the
reasons why the SOA distributions are different in different
models especially in the Northern Hemisphere continental
areas, where simulated SOA concentrations are much smaller
in this study compared to other studies. Therefore we can
hypothesize whether ORVOC are treated as SOA precursors
or not is crucial for the SOA distributions.
[23] Third, we have to consider the fact that generated

monoterpenes have high molecular weights and high polar-
ity. Our assumption is that because of their high reactivities,

they are removed from the atmosphere by some pathways
within 20 min, which is one time step in our GCM
computation. On the other hand, Chung and Seinfeld
[2002] and Tsigaridis and Kanakidou [2003] treat them as
longer lifetime products than the timescale of GCM time
resolution. The different lifetimes of generated monoterpene
products could result in different SOA mass distributions,
especially in different SOA vertical distributions (Figure 9).
It can be said that the treatment of generated monoterpene is
crucial for determining the SOA distributions. In Figure 9
the simulated SOA mass concentrations near the surface in
this study are comparable with some observations and are
smaller the results by Chung and Seinfeld [2002, Figure 5].
In the middle and upper troposphere, our simulated SOA
mass concentrations are smaller than their results. In these
height in the Asia and the North Pacific Ocean, simulated
SOA mass concentrations are generally underestimated
[Mader et al., 2002; Maria et al., 2003; Huebert et al.,
2004; Heald et al., 2005]. The underestimation of simulated
SOA in middle and upper troposphere is the current issue.
[24] Fourth we assume irreversible partitioning of SOA,

which means we do not consider reevaporation of SOA
from particles. Unlike our study, Chung and Seinfeld [2002]
and Tsigaridis and Kanakidou [2003] consider reversible
partitioning of SOA and Tsigaridis and Kanakidou [2003]
show the difference of SOA production with reversible/
irreversible partitioning of SOA is very large under the
assumption that generated monoterpenes can be transported.
Hence in our results the difference of SOA production with
reversible/irreversible reaction may be also large even
though treatments of generated monoterpenes are different
between our study and Tsigaridis and Kanakidou [2003].
However, it is difficult to estimate the magnitude of the
particular difference caused by reversible/irreversible par-
titioning because the magnitude of the difference is de-
pendent not only on the amount of SOA precursors
including ORVOC and on the amount of POA distribu-
tions and emissions but also on the lifetime of the
generated monoterpenes.

5. Implications of SOA Levels in the
Preindustrial Era

[25] We consider SOA production in the preindustrial era.
When we estimate the aerosol direct and indirect effects due
to human activities, we need to know the magnitude of the
aerosol production in the preindustrial era. This magnitude
is highly unknown, so that each model has its own assump-
tion. In general, natural SOA production in the preindustrial
era is assumed to be the same as today (AeroCom: http://
nansen.ipsl.jussieu.fr/AEROCOM/emission.html). In
chamber experiments, however, the natural SOA produc-
tion depends on POA, oxidants, and VOC concentrations
[e.g., Griffin et al., 1999b], and POA and oxidants con-
centrations are assumed to be smaller than today. As a
result, the SOA concentrations in the preindustrial era,
where POA concentrations are assumed to be smaller than
today, are also expected to be smaller than today (Table 5).
As well as past studies by Chung and Seinfeld [2002] and
by Tsigaridis and Kanakidou [2003], this study shows that
predicted SOA burdens in preindustrial era, where POA
emissions are smaller by 90%, are smaller by 82% than

Table 5. Predicted Relative SOA Burden as a Function of

Relative POA Emission to Present Daya

POA SOA

0.1 0.18
0.25 0.37
0.5 0.61
0.75 0.84
1 1

aBoth values of POA emission and SOA burden in the present day are set
to 1. We assumed that the relative POA emission in preindustrial era is
approximately 0.1.
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those in present day. These are important factors for
estimating the aerosol direct and indirect effects.

6. Conclusions

[26] Comparisons of results from observations, other
models, and our simulations with/without the consideration
of the SOA partitioning theory lead to several findings
regarding the influence of SOA on the radiation budget and
the cloud field. First, SOA number concentrations can
determine the cloud droplet effective radii near the top of
water clouds in the tropics and can affect the estimation of
the aerosol indirect effect. Second, SOA simulation results
strongly depend on the POA concentration and on assumed
POA emission data. Third, disregarding the dependence of
the SOA formation on POA process may lead to a
significant underestimation of the aerosol radiative effect
if the SOA production level in the preindustrial era is
assumed to be the same as the present-day level. The
global annual mean production of SOA formed from
monoterpene is evaluated in this study as 6.74 Tg a�1

and the global annual mean radiative forcings of the direct
and indirect effects by SOA from monoterpene are calcu-
lated to be –0.01 and –0.19 W m–1, respectively.
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