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Abstract. The number concentration of cloud condensation
nuclei (CCN) formed as a result of anthropogenic emissions
is a key uncertainty in the study of aerosol indirect forcing
and global climate change. Here, we use a global aerosol
model that includes an empirical boundary layer nucleation
mechanism, the use of primary-emitted sulfate particles to
represent sub-grid scale nucleation, as well as binary homogeneous nucleation to explore how nucleation affects the
CCN concentration and the first aerosol indirect effect (AIE).
The inclusion of the boundary layer nucleation scheme increases the global average CCN concentrations in the boundary layer by 31.4% when no primary-emitted sulfate particles are included and by 5.3% when they are included. Particle formation with the boundary layer nucleation scheme
decreases the first indirect forcing over ocean, and increases
the first indirect forcing over land when primary sulfate particles are included. This suggests that whether particle formation from aerosol nucleation increases or decreases aerosol
indirect effects largely depends on the relative change of primary particles and SO2 emissions from the preindustrial to
the present day atmosphere. Including primary-emitted sulfate particle significantly increases both the anthropogenic
fraction of CCN concentrations and the first aerosol indirect
forcing. The forcing from various treatments of aerosol nucleation ranges from −1.22 to −2.03 w/m2 . This large variation shows the importance of better quantifying aerosol nucleation mechanisms for the prediction of CCN concentrations and aerosol indirect effects.
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Introduction

Atmospheric aerosols are an important component of the
global climate system. One of the primary effects of aerosols
is to modify cloud properties by acting as cloud condensation
nuclei (CCN). This so-called aerosol indirect effect can be
split into the “first indirect effect” – the effect of aerosol particles on initial cloud droplet size and cloud albedo – and the
“second indirect effect” – the response of the cloud morphology to changes in the precipitation efficiency of the cloud
(Forster et al., 2007). This aerosol indirect effect is one of the
largest uncertainties in our understanding of climate change.
One major challenge in the study of the aerosol indirect effect
is to determine the source of the CCN-size particles, which
involves the accurate treatment of both aerosol microphysics
and large scale atmosphere dynamics (Raes et al., 2000).
The processes that determine the number of CCN particles include emissions, photochemistry, nucleation, coagulation, condensation, and wet removal. Some particles are
primary particles, i.e. emitted directly from sources, such
as carbonaceous particles from open fires (Ito and Penner,
2005), sea salt particles from the bubble-bursting process of
whitecaps (Clarke et al., 2006), and dust particles from wind
erosion of dry soils (Ginoux et al., 2001). Some of these
particles are large enough to act as CCN, such as some sea
salt particles (Clarke et al., 2006), but other particles, such
as hydrophobic soot particles, must first add soluble compounds and grow by condensation and coagulation to sizes
that are large enough to act as CCN (Rissler et al., 2006).
Secondary particles may be generated from the nucleation of
gas phase species, such as sulfuric acid gas and water vapor (Kulmala et al., 2007). These freshly nucleated particles begin as nanometer sized particles, and need substantial
growth to become CCN-sized particles. New particle formation events capable of producing CCN-size particles have
been observed at locations including the sub-Arctic boreal
forest (Lihavainen et al., 2003), coastal areas (O’Dowd et
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al., 2002a), in continental (McNaughton et al., 2004; Laaksonen et al., 2005) and cloud outflow regions (Twohy et al.,
2002), and in the upper free troposphere (Singh et al., 2002).
Primary particles and secondary particles interact with each
other by coagulation, and compete for gas phase species
which may condense or form new particles through nucleation.
Cloud processing is another important microphysical process that may produce CCN-sized particles (Hoppel et al.,
1994). In an environment with high supersaturations, some
ultrafine particles (<0.05 µm in radius) can activate into nonprecipitating cloud droplets. Once a droplet is formed, aqueous oxidation of compounds within the drop will add mass
to the pre-existing particles. When the cloud droplets evaporate, the residual aerosol particles are larger than original
aerosol particles and can be activated more readily with a
more modest supersaturation.
The concentration of CCN-sized particles that are available for cloud formation also depends on the transport between different atmospheric compartments (e.g. the marine
boundary layer (MBL) and the free troposphere (FT)) because the residence time of aerosols within a typical atmospheric compartment is shorter than the characteristic time
of many aerosol microphysical processes (Raes et al., 2000).
For example, observations have shown that subsidence from
the FT may be an important process controlling MBL aerosol
number concentrations (Clarke et al., 1996, 2006; Van Dingenen, 1999). Clarke et al. (2006) estimated that entrainment from the FT can provide 35%–80% of the CCN flux
into the MBL over regions between 40◦ S and 40◦ N with the
rest from sea salt aerosol.
Unraveling the role of these complicated processes in determining CCN-sized particles requires a global model that
can account for both aerosol microphysical processes and
large and small scale transport (Raes et al., 2000). In order to meet this need, global aerosol models with detailed
aerosol microphysics modules have been recently developed
(Wilson et al., 2001; Adams and Seinfeld, 2002; Gong et
al., 2003; Easter et al., 2004; Lauer et al., 2005; Liu et al.,
2005; Spracklen et al., 2005a; Stier et al., 2005). Generally,
these aerosol microphysics modules include the formation
of new aerosol particles (nucleation) from gas phase species
(e.g., sulfuric acid gas and water vapor), the condensation
of volatile gases on preexisting aerosol particles, the coagulation of aerosol particles, and the cloud processing of the
aerosol particles. The inclusion of these microphysical processes in a global aerosol model permits the model to predict the formation and cycling of aerosols in the global atmosphere and to determine the source of CCN-sized particles.
Several studies have used these global aerosol models to
investigate how different sources contribute to CCN concentrations. Adams and Seinfeld (2002, 2003) used a model
that only included sulfate and showed that primary emissions
of sulfate were more efficient at increasing CCN concentration per unit mass of SO2 emissions than gas-phase emisAtmos. Chem. Phys., 9, 239–260, 2009

sions. Pierce and Adams (2006) and Pierce et al. (2007)
extended the Adams and Seinfeld model, adding primaryemitted aerosol particles from sea salt and carbonaceous
aerosols. Pierce and Adams (2006) showed that including
the emissions of ultrafine sea salt (<0.05 µm in radius) can
increase CCN concentrations at 0.2% supersaturation over
the Southern Ocean by 20% to 60%, depending on the sea
salt emission parameterization which was used. Assuming
an internal mixture of sulfate, sea salt, black carbon (BC)
and organic matter (OM) in their model, Pierce et al. (2007)
showed that the inclusion of carbonaceous aerosol particles
can increase CCN concentrations (at 0.2% supersaturation)
by 65–90% in the globally averaged surface layer depending
on the carbonaceous emissions inventory used. In another
study, Stier et al. (2006) included all major aerosol types
and separately tracked soluble and insoluble particles and
found that the column integrated soluble accumulation mode
number concentration only decreased by 4.6% when anthropogenic carbonaceous emissions were excluded. In contrast,
when anthropogenic emissions from both carbonaceous particles and sulfur were excluded, the column integrated soluble accumulation mode number concentration was decreased
by 42.3%. Spracklen et al. (2005a) used a model that only
included sulfate and sea salt aerosols and simulated a larger
decrease (60%) in the CCN concentration at the surface when
anthropogenic sources of sulfur were excluded. They also
found that in the tropical oceanic marine boundary layer, sea
spray contributes less than 10% of the total CCN and that
the remaining 90% were derived mostly from sulfate particles that formed in the FT by binary homogeneous nucleation
(BHN).
The model studies summarized above only considered binary homogenous nucleation (BHN). Although BHN can explain observed nucleation rates in the upper troposphere, it
can not explain the observed nucleation rates in the boundary layer (e.g., Clarke et al., 1998). Several nucleation mechanisms have been suggested to explain boundary layer nucleation events (Kulmala et al., 2006; Sihto et al., 2006;
Yu, 2006). Spracklen et al. (2006) include a boundary layer
nucleation mechanism from Kulmala et al. (2006) in their
global aerosol model and studied its effect on CCN concentrations (Spracklen et al., 2008). They demonstrated that the
inclusion of the boundary layer nucleation scheme improves
the comparison of the simulated nucleation events with observations in Hyytiälä, Finland, and improves the simulated
particle size distribution and total particle number concentrations at three continental sites in Europe. Their global calculation also showed that boundary layer nucleation increases
springtime boundary layer global mean CCN concentrations
at 0.2% supersaturation by 3–20%.
Large uncertainties remain in these model studies, however, especially in terms of the representation of primaryemitted particles. For example, Pierce et al. (2007) assumed
that all carbonaceous aerosols were emitted in a size distribution with a number median diameter (dg ) of 0.023 µm
www.atmos-chem-phys.net/9/239/2009/
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and a geometric standard deviation (σ ) of 2.00, while Stier
et al. (2006) assumed a dg of 0.06 µm for carbonaceous
aerosols from fossil-fuel and bio-fuel emissions and a dg of
0.15 µm for those from vegetation fires with a σ of 1.59 for
all carbonaceous aerosols. These models also differ with respect to whether or not primary-emitted sulfate particles were
included. Spracklen et al. (2005a, 2006) did not include any
primary-emitted sulfate particles, while Stier et al. (2006),
Pierce et al. (2007) and Spracklen et al. (2008) included these
particles, but assumed different amounts and sizes for the
emitted particulate sulfate.
More importantly, the effects of including different
sources of CCN particles in models on the estimation of the
aerosol indirect forcing have not been studied. Several studies have used the size-resolved aerosol composition predicted
from their aerosol models to estimate the aerosol indirect effect (Ghan et al., 2001a; Lohmann et al., 2007; Storelvmo et
al., 2006). But they did not examine how different treatments
in the prediction of the aerosol size and number concentration affect the estimation of the first indirect forcing. Ghan
et al. (2001a) showed that the aerosol indirect forcing calculated on the basis of their predicted aerosol size was smaller
than that calculated on the basis of a prescribed size distribution, because anthropogenic sulfate contributed less to the
simulated CCN particles in the case of the predicted aerosol
size due to its condensation on other primary particles. Their
conclusion, however, may be affected by the prescribed size
chosen in their sensitivity test because, as noted in Chen
and Penner (2005), the choice of the prescribed aerosol size
has a large impact on the aerosol indirect forcing. Furthermore, their conclusion was drawn based on the aerosol indirect forcing from anthropogenic sulfate only. The concurrent
increase in both anthropogenic sulfate and other non-sulfate
aerosols may have different effects (Stier et al. 2006). Moreover, they did not investigate how the treatment of individual
processes affect the calculated aerosol indirect forcing, e.g.,
how the primary-emitted sulfate particles included in their
model affect the simulated aerosol indirect forcing.
We have recently developed a global aerosol model (Liu
et al., 2005) which has been coupled to an atmospheric circulation model (Wang et al., 2009, hereafter Wang09). We
showed that the inclusion of a boundary layer nucleation
mechanism provides a better agreement with long-term observations of aerosol size distributions than do models that
only include primary-emitted sulfate or BHN, especially over
the MBL and over the Southern Hemisphere (SH). We also
showed that the simulated effect of the boundary layer nucleation on the aerosol number concentration depends on
whether primary-emitted sulfate particles are or are not included.
Here we extend the work of Wang09. The goals of this
study are threefold: 1) to study the effect of including a
boundary layer nucleation mechanism on CCN concentrations; 2) to revisit the effects of BHN in the FT and primaryemitted sulfate particles on CCN concentrations given the
www.atmos-chem-phys.net/9/239/2009/
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new context of the boundary layer nucleation mechanism included in the model; and 3) to further examine the effect of
nucleation and the emission of primary sulfate particles on
the indirect forcing by anthropogenic aerosols. Section 2 describes our methods. The global mass budget for all cases
is described in Sect. 3. The effects on simulated CCN concentrations are explored in Sect. 4. The effects on the anthropogenic fraction of CCN are presented in Sect. 5. Cloud
droplet number concentration and the first indirect effect are
explored in Sect. 6. Finally, Sect. 7 presents a discussion and
our conclusions.

2
2.1

Methods
The coupled IMPACT-CAM model

The model used here consists of two components (Wang09):
the NCAR CAM3 atmospheric circulation model (Collins et
al., 2006a), and the LLNL/Umich IMPACT aerosol model
(Liu et al., 2005). The aerosol model component (IMPACT)
includes an aerosol microphysics module that simulates the
dynamics of the sulfate aerosol size distribution (nucleation,
condensation, coagulation) and its interactions with primary
emitted non-sulfate aerosols: OM, BC, dust and sea salt
(Herzog et al., 2004). Both the mass and number of pure sulfate aerosol in an arbitrary number of modes are predicted.
Herzog et al. (2004) showed that a mode representation for
pure sulfate aerosols is able to capture the expected variability in the aerosol size distribution, given the estimated formation rates of gaseous H2 SO4 , and that the results from
the mode representation compare well with that of a sectional model. In addition, the mode representation is computationally more efficient. Here we chose the two mode
version of the model which includes a nucleation/Aitken
mode (r<0.05 µm) and an accumulation mode (r>0.05 µm).
Non-sulfate aerosols are assumed to follow predefined background size distributions (see Table 1 and Liu et al., 2005).
Sulfuric acid gas – H2 SO4 (g) – is produced from the gas
phase oxidation of DMS and SO2 . H2 SO4 (g) can nucleate
to form new sulfate particles in the nucleation mode or can
condense onto preexisting sulfate or non-sulfate aerosol particles. Sulfate aerosol particles can also coagulate with other
particles. The hydrophilic and hydrophobic properties of
non-sulfate aerosols are determined by the amount of sulfate
coating that is produced through coagulation and condensation. The aqueous production of sulfate is equally distributed
among the hygroscopic aerosol particles that are larger than
0.05 µm in radius.
The atmospheric general circulation model (GCM) component (NCAR CAM3) is a part of the Community Climate
System Model (CCSM3) (Collins et al., 2006b). Cloud water and cloud ice are separate prognostic variables in CAM3,
which makes it possible to treat the difference in radiative
and sedimentation properties between cloud water and cloud
Atmos. Chem. Phys., 9, 239–260, 2009
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Table 1. Size distribution parameters for non-sulfate aerosols.
Aerosol component

Nia

Mode radius, µm

sigma

Fossil fuel OM/BC

0.428571
0.571428
1.0e-6
0.9987
1.306e-3
2.830e-3
0.965
3.5e-2
0.854240
0.145687
7.3e-5

0.005
0.08
2.5
0.0774
0.3360
0.9577
0.035
0.41
0.05
0.27
4.0

1.5
1.7
1.65
1.402
1.383
1.425
1.92
1.70
1.65
2.67
2.40

Biomass OM/BC
and natural OM
Sea Salt
Dust

a Ni is the fraction of the total particle number in a given size range

and is dimensionless.

ice. Cloud droplet number concentrations were prescribed
in the precipitation process and in calculating the radiative
properties of clouds. Boville et al. (2006) and Collins et
al. (2006a) document the physical parameterizations used in
the model and its performance.
The two model components of the coupled system are concurrently run in MPMD (Multiple Processors Multiple Data)
mode to exchange aerosol fields and meteorological fields at
each advection time step of the IMPACT model. We used 26
vertical levels and a horizontal resolution of 2×2.5 degrees
for both the CAM3 and IMPACT models in this study. The
time step for CAM3 was 30 min, and that for advection in
IMPACT was 1 h.
2.2

Nucleation mechanisms

In the original IMPACT aerosol model (Liu et al., 2005), only
BHN using the parameterization of Vehkamäki et al. (2002)
was included. As mentioned above, BHN cannot explain the
observed nucleation rate in the boundary layer (e.g., Clarke
et al., 1998). Moreover, the model study of Lucas and Akimoto (2006) has shown that the simulated nucleation rate
from BHN is negligible in the boundary layer. In addition
Spracklen et al. (2005a) showed that there was very little
change in the simulated MBL aerosol number concentration
when BHN was switch off in the lowest 3 km of their model.
In Wang09, we implemented a parameterization to simulate boundary layer nucleation in the IMPACT model. This
parameterization was based on an empirical fit to newly
formed particles and their dependence on sulfuric acid vapor from long-term observations of aerosol formation events
at Hyytiälä, Finland (Kulmala et al., 2006; Sihto et al., 2006;
Riipinen et al., 2007). This parameterization also fits nucleation events measured in a variety of continental and marine
atmospheric environments (Kuang et al., 2008). The nucleation rate of 1nm particles is first calculated using the paramAtmos. Chem. Phys., 9, 239–260, 2009

eterizations from Kulmala et al. (2006) and Sihto et al. (2006)
as:
j1nm = A × [H2 SO4 ],

(1)

or
j1nm = K × [H2 SO4 ]2 ,

(2)

where A and K are rate coefficients. In the model, 3 nm
particles are added to the nucleation mode at each time step
(which is dynamically determined based on the accuracy of
the solution) instead of 1nm particles. The rate of formation
of 3nm particles (j3nm ) is calculated from j1nm using the formula from Kerminen and Kulmala (2002).
For the rate coefficients A and K, we adopt the median
values derived from the case studies in Sihto et al. (2006)
which were 1.0×10−6 /s and 1.0×10−12 cm3 /s, respectively.
Wang09 showed that, the inclusion of these boundary layer
nucleation mechanisms improved the comparison of simulated aerosol size distributions with observations in the MBL.
Furthermore, the use of Eq. (1) and (2) gave similar results,
especially in terms of the number concentration of the accumulation mode particles. Here, we choose Eq. (1) to represent boundary layer nucleation. The contribution of BHN
and the nucleation mechanism represented by Eq. (1) to the
CCN concentration and to the first aerosol indirect forcing
will be quantified.
Although the form of the empirical parameterization for
nucleation is generally applicable, variations of several orders of magnitude in the prefactors A and K have been observed, depending on location and the environmental conditions (Sihto et al., 2006; Riipinen et al., 2007; Kuang et al.,
2008). This indicates that species other than sulfuric acid
may play a role in nucleation. For example, biogenic iodine
oxides (O’ Dowd et al., 2002b), organic species (Zhang et
al., 2004), and ammonia (Korhonen et al., 1999) can be important in particle formation. In addition, ion mediated nucleation may be also important (Yu et al., 2008a). Nevertheless, this simple empirical parameterization is still useful for
exploring the effects of boundary layer nucleation in global
models, given our poor understanding of the mechanisms behind particle formation.
2.3

Primary-emitted sulfate particles

Most global model studies that predict both aerosol mass and
number have included some fraction of sulfur emissions as
primary emitted sulfate particles to represent sub-grid scale
nucleation (Liu et al., 2005; Easter et al., 2004; Stier et al.,
2005; Adams and Seinfeld, 2002; Spracklen et al. 2005b;
Pierce et al., 2007). The amount and size of these particles is
chosen to represent the condensational growth and coagulation of both sulfate particles emitted directly from the source
and those nucleated shortly after emission (Adams and Seinfeld, 2003).
www.atmos-chem-phys.net/9/239/2009/
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Table 2. Hygroscopicity and density for each aerosol component.
Aerosol Component
Sulfate
BC
OM
Sea Salt
Dust

Hygroscopicitya

Density (g/cm3 )

0.51
5.0e-7
0.13
1.16
0.14

1.7
1.5
1.2
2.2
2.6
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Coupled climate-aerosol
Model (CAM-IMPACT)

Aerosol number
concentration

Cloud activation parameterization
(Abdul-Razzak and Ghan , 2000, 2002)
Updraft velocity
(Morrison et al. 2005)

Cloud droplet number
concentration,
effective radius

re and rv relationship
(Rotstayn and Liu 2003)

a The hygroscopicity parameter depends on the number of dissolved
Liquid water content
(CAM-IMPACT)

ions per molecule, the osmotic coefficient, the soluble mass fraction, the component density, and the molecular weight, as defined
by Eq. (3) in Abdul-Razzak and Ghan (2000), and values are taken
from Ghan et al. (2001b).

Radiative transfer model
(CAM3)

The 1st AIE

Met fields (CAM-IMPACT)

In the IMPACT aerosol model (Liu et al., 2005), 2% of
anthropogenic sulfur was assumed to be emitted as primary
sulfate particles, with 85% of the mass in the accumulation
mode with a mode diameter of 70 nm and a geometric standard deviation of 2.0, and the remaining 15% of the mass
in the Aitken mode with a mode diameter of 10 nm and a
geometric standard deviation of 1.6. Wang09 showed that,
this primary-emitted sulfate has a large impact on the simulated aerosol number concentrations, consistent with the
results from Adams and Seinfeld (2002) and Spracklen et
al. (2005b). In this study, we will further examine how
these primary-emitted sulfate particles affect the CCN number concentration and the 1st indirect forcing.
2.4

Calculation of cloud droplet number and the 1st indirect forcing

We used a procedure similar to that used by Chen and Penner (2005) to calculate the aerosol indirect forcing (Fig. 1).
First, the aerosol fields calculated from the coupled model
are used to calculate the cloud droplet number concentration
using the cloud droplet activation parameterization of AbdulRazzak and Ghan (2000, 2002). Then, the droplet number
concentration is used to calculate the cloud droplet effective
radius (Rotstayn and Liu, 2003). Finally, the cloud droplet
effective radius is used to calculate the cloud optical depth
and the first aerosol indirect forcing using an offline radiative transfer model taken from the NCAR CAM3. Detailed
descriptions of each step follow.
The cloud droplet number concentration was calculated
from the aerosol fields using a parameterization based on
Köhler theory (Abdul-Razzak and Ghan, 2000, 2002). This
parameterization combines the treatment of multiple aerosol
types and a sectional representation of size to deal with arbitrary aerosol mixing states and arbitrary aerosol size distributions. Five categories of aerosols are externally mixed:
pure sulfate, biomass burning OM/BC coated with sulfate,
fossil fuel OM/BC coated with sulfate, sea salt with sulfate,
and dust coated with sulfate; coating by sulfate is treated
www.atmos-chem-phys.net/9/239/2009/

FigureFig.
1.

1. Diagram showing the processes included in the estimation
of the first aerosol indirect effect.

as internally mixed in each aerosol type. The bulk hygroscopicity parameter for each category of aerosol is the
volume-weighted average of the parameters for each component taken from Ghan et al. (2001b) (see Table 2). The
size distributions for pure sulfate, which have spatial and
temporal variations, are predicted from the coupled CAMIMPACT model, while the size distributions of the nonsulfate aerosols are prescribed as in Table 1. In applying the
Abdul-Razzak and Ghan parameterization, the size spectrum
for each aerosol category is divided into 30 bins.
The vertical velocity used in the cloud activation parameterization is calculated from
(3)

w = w̄ + c × σw ,

(Lohmann et al., 1999, 2007; Takemura et al., 2005; Jiang
and Cotton, 2005), where w̄ is the large-scale vertical velocity, σw is the subgrid-scale variance of the vertical velocity,
and c is a coefficient. This formula takes the non-linear dependence of the cloud droplet number on the vertical velocity
into account. σw is diagnosed (Morrison et al., 2005) from
(4)

σw = K/ml ,

where K is the eddy diffusivity from the CAM3 model and
ml is the mixing length. The mixing length is calculated
based on Holtslag and Boville (1993) from the altitude z and
the asymptotic scale length λc (m), which is diagnosed from
the following formula:
λc = 300 m for z≤zpbl ,

(5)

and
λc = 30 + 270 exp(−z/zpbl ) for z≥zpbl ,

(6)

Atmos. Chem. Phys., 9, 239–260, 2009
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Table 3. Description of cases.
Case name

Within BLa

Within FTb

Primary sulfate

BHN
EMP
BLBHN
BHN PRIM
BHN EMP
BHN EMP PRIM

BHNc
EMPe

BHN
No FT nucleation
No FT nucleation
BHN
BHN
BHN

0%SOd2
0%SO2
0%SO2
2%SOf2
0%SO2
2%SO2

BHN
BHN
EMP
EMP

a Boundary layer.
b Free troposphere.
c Binary homogeneous nucleation (scheme of Vehkamäki et al.,

2002).
d 0% of anthropogenic SO emissions are input as primary sulfate.
2
e The empirical parameterization for boundary layer nucleation from
Eq. (1).
f 2% of anthropogenic SO emissions are input as primary sulfate.
2

where zpbl is the height of the planetary boundary layer. The
minimum value of σw is set to 0.1 m/s, following Ghan et
al. (1997) and Morrison et al. (2005).
In Lohmann et al. (1999, 2007) and Takemura et
al. (2005), fixed values for c are used (0.7 in Lohmann et
al., 1999 and Takemura et al., 2005; 1.3 in Lohmann et al.,
2007). Jiang and Cotton (2005) diagnosed c to be 0.24 using
large-eddy simulations of six observed boundary layer cases,
but also showed that the value of c diagnosed from these simulations varied from small values for cumulus clouds (around
0.10) to two to five times larger for stratocumulus clouds
(0.30–0.55) (Table 1 in Jiang and Cotton, 2005), which implies that the value of c may depend on other parameters,
such as σw or w̄. We diagnosed c by calculating cloud droplet
number concentration and integrating over a normal vertical
velocity distribution with a mean of zero and a standard deviation of σw and setting the computed droplet number to that
obtained using Eq. (3). Our results show that the coefficient c
in Eq. (3) must be treated as a function of the variance of the
vertical velocity, in order to reproduce the results from the
normal probability distribution and that it should decrease
for larger values of σw . Based on our tests, we used the
following empirical formula for c in our droplet nucleation
parameterization:
c = 0.20, when σw >10 m s−1

c=

log σw − log 0.1
log 10 − log σw
×0.6 +
× 0.1,
log 10 − log 0.1
log 10 − log 0.1

(7)

(8)

when 0.1 m s−1 <σw <10 m s−1
c = 0.60, when σw <0.1 m s−1

Atmos. Chem. Phys., 9, 239–260, 2009

(9)

The coefficient c should also depend on the mean velocity
and the number concentration of accumulation mode aerosol
(radius >50 nm). But, since the large scale vertical velocity in a grid of the GCM is normally less than 0.05 m/s,
we neglect the dependence of c on the mean velocity as
an approximation. Moreover, as long as the accumulation
mode aerosol concentration is less than 1000/cm3 , the cloud
droplet number concentration calculated from this approximation is within 10% of that calculated by integrating over
the normal vertical velocity distribution.
In part, because we suspect that our sea salt concentrations are underpredicted (Wang09), we set a lower limit to
the cloud droplet number concentration of 20 cm−3 to represent the minimum cloud droplet concentration in the background atmosphere. As we show in Sect. 6, however, the use
of this minimum number concentration adds uncertainties to
the calculated 1st AIE.
The volume mean radius of the cloud droplets is calculated
from the cloud drop number concentration and the liquid water content of the cloud. Then the cloud droplet effective
radius is parameterized based on Rotstayn and Liu (2003),
which takes account of the change in the dispersion of the
cloud droplet size distribution due to the change in the cloud
droplet number. The middle curve in Fig. 1 from Rotstayn
and Liu (2003) is used in this study.
The radiative transfer model is that of the NCAR CAM3
(Collins et al., 2006a), and the meteorological fields are taken
from the output of the coupled CAM3/IMPACT model with a
frequency of every four hours. The time step for the radiative
transfer model is one hour. The concentrations of the trace
gases CO2 , O3 are the same as those in the NCAR CAM3
model. We apply the effects of aerosols on clouds to all liquid clouds, and to both large scale and convective clouds.
The sensitivity of the 1st AIE to cloud types included in the
calculation is discussed in Sect. 6.
2.5

Overview of the model experiments

Table 3 lists all of the cases considered here. In case BHN,
only binary homogeneous nucleation is included in both the
boundary layer (BL) and the FT, and no primary-emitted sulfate particles are included. In case EMP, only the empirical
boundary layer nucleation from Eq. (1) is included. There
is no nucleation in the FT or any primary-emitted particulate sulfate. BLBHN is the same as EMP, except that binary
homogeneous nucleation replaces the nucleation parameterization based on Eq. (1) in the boundary layer. BHN PRIM is
the same as BHN except that 2% of the anthropogenic sulfur emissions are emitted as sulfate particles. BHN EMP
is the same as BHN except that the boundary layer nucleation scheme from Eq. (1) replaces binary homogeneous nucleation in the boundary layer. Finally, BHN EMP PRIM
is the same as BHN EMP except that 2% of the anthropogenic sulfur emissions are emitted as sulfate particles.
BHN, BHN PRIM, BHN EMP, and BHN EMP PRIM were
www.atmos-chem-phys.net/9/239/2009/
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compared with observations in Wang09. The EMP and
BLBHN cases are added here to quantify the effect of BHN
in the FT on CCN concentrations and the AIE.
The role of nucleation in the boundary layer on CCN
concentrations can be quantified by comparing BHN EMP
with BHN and BHN EMP PRIM with BHN PRIM. The
role of nucleation in the FT can be quantified by comparing BHN with BLBHN and BHN EMP with EMP. Finally,
the role of representing nucleation in the boundary layer by
primary-emitted sulfate particles can be quantified by comparing BHN PRIM with BHN and BHN EMP PRIM with
BHN EMP.
We ran two simulations for each of the cases in Table 3:
one with the present day (PD) emissions and one with the
preindustrial emissions (PI). In each simulation, the coupled
model was integrated for 1 year after an initial spin-up of four
months. Since the aerosol fields are not allowed to change
heating rates or droplet number concentrations in the climate
model, the aerosol fields do not affect the simulated meteorological fields, which allows us to compare the aerosol
fields from different cases from one-year simulations, as in
Wang09. Then the resulting aerosol fields from the coupled
model are used to calculate cloud droplet number concentration and 1st indirect forcing, following the procedure described in Sect. 2.4.

3

Global aerosol mass budgets in PD and PI simulations

Anthropogenic sulfur emissions were from Smith et
al. (2001, 2004), and those for the year 2000 (61.3 Tg S
per year) and the year 1850 (1.51 Tg S per year) were used
for the present day (PD) and the preindustrial (PI) simulations, respectively. Anthropogenic emissions of fossil fuel
and biomass burning carbonaceous aerosols were from Ito
and Penner (2005) but adjusted as discussed in Wang09. The
year 2000 PD emissions include fossil fuel BC and OM
(5.8 Tg BC and 15.8 Tg OM per year), and biomass burning BC and OM (4.7 Tg BC and 47.4 Tg OM per year). PI
emissions were those for 1870 (23.0 Tg per year for OM
and 2.52 Tg per year for BC). Natural emissions included
volcanic SO2 (4.79 Tg S per year from Andres and Kasgnoc, 1998), marine dimethyl sulfide (DMS) (26.1 Tg S per
year from Kettle and Andreae, 2000), OM from vegetation
(14.5 Tg per year from Penner et al., 2001), and mineral dust
provided by Ginoux (private communication, 2004) for the
year 1998 based on the algorithm of Ginoux et al. (2001) and
were the same for both the PD and PI simulations. Sea salt
emissions (around 2560 Tg per yr) were calculated online in
the coupled CAM/IMPACT model using the method defined
in Gong et al. (1997).
The global aerosol mass budgets for all six cases are very
similar, and only the results in the BHN PRIM case are
shown in Table 4. Aerosol burdens for the present day simulations are within the range of aerosol burdens simulated by
www.atmos-chem-phys.net/9/239/2009/
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other models (Wang09). The difference between the present
day and preindustrial simulations is largely determined by
the difference in the emissions, including both their amount
and location. The difference is also affected by, but to a lesser
extent, the difference in the scavenging efficiencies for the
initially hydrophobic species, such as black carbon, organic
carbon, and dust. For example, even though the emissions of
mineral dust are the same in both the PD and PI simulations,
the burden is slightly smaller in the PD simulation resulting
from the larger wet scavenging efficiency of dust coated with
sulfate.

4

Present day CCN concentration

Present day zonal annual-average CCN concentrations at
0.2% supersaturation and present day annual-average CCN
concentrations at the 3rd model level (around 930 hPa, representing the boundary layer) are shown in Fig. 2 and Fig. 3,
respectively, while Fig. 4 shows the ratio of the present day
annual-average boundary layer CCN concentration between
different cases. As expected, the BLBHN case produces the
smallest CCN concentrations and the BHN EMP PRIM case
produces the largest concentrations. Thus, binary homogeneous nucleation is generally not very effective in the boundary layer, whereas the introduction of primary aerosols together with the boundary layer nucleation scheme both act
to increase CCN concentrations in the boundary layer over
those from just BHN.
The effects of including the empirical boundary layer nucleation scheme can be quantified by comparing simulations
with and without this nucleation mechanism. These effects
are large when no primary sulfate particles are emitted, and
the global average CCN concentration in the boundary layer
is enhanced by 31.4% (Fig. 4a and Table 5). In the MBL,
boundary layer nucleation increases CCN concentrations by
more than 30% (compare Fig. 3b and e, and Fig. 4a). In particular, CCN concentrations are increased by 75% to more
than 150% over the tropical Eastern Pacific and in the middle
latitudes of North America and Europe and over the North
Atlantic. Over these regions, the production of sulfuric acid
gas is high and the concentration of primary particles is low,
which favors the occurrence of nucleation events. Over continental regions without high sulfuric acid concentrations, the
increases in CCN concentrations are small (less than 10%).
The effects of the empirical boundary layer nucleation mechanism are also small at high latitudes because of the lower
sulfuric acid gas concentration.
In contrast, in the cases where 2% of the anthropogenic SO2 emissions is emitted as particulate sulfate
(BHN EMP PRIM vs. BHN PRIM), the effects of the empirical boundary layer nucleation are much smaller and only
increase global average CCN concentration in the boundary
layer by 5.3% (Fig. 4b and Table 5). The increases in CCN
concentrations over most oceanic regions in the Northern
Atmos. Chem. Phys., 9, 239–260, 2009
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Table 4. Aerosol emissions and burdens in the present day and preindustrial simulations for the BHN PRIM case.
Aerosol types

Sources (Tg/yr or Tg S/yr)
PD
PI

Burden (Tg or Tg S)
PD
PI

Sulfate
Black carbon
Organic carbon
Dust sizea (µm)
0.05–0.63
0.63–1.25
1.25–2.50
2.50–10.0
0.05–10.0
Sea Salt sizea (µm)
0.05–0.63
0.63-1.25
1.25–2.50
2.50–10.0
0.05–10.0

60.06
10.51
77.52

24.00
2.52
37.44

0.86
0.13
1.02

0.33
0.033
0.47

76.57
291.53
662.58
1325.17
2355.86

76.57
291.53
662.58
1325.17
2355.86

1.62
6.03
10.83
4.28
22.77

1.62
6.40
11.00
4.30
23.34

112.47
430.90
932.15
1079.04
2554.57

112.86
432.34
935.21
1082.65
2563.07

0.42
1.56
2.56
0.46
5.01

0.42
1.56
2.57
0.47
5.02

a radius.
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Fig. 2. Present day zonal
annual-average
CCN concentrations (cm−3 ) at 0.2% supersaturation for all six cases. CAM3 used a hybrid vertical
Figure
2.
coordinate and the pressure at the kth model level is given by p(k) = A(k)p0 + B(k)ps , where ps is surface pressure, p0 is a specified
constant pressure (1000 hPa), A and B are coefficients. Data are plotted as a function of this hybrid vertical coordinate times 1000 and labeled
“Approximate Pressure”.
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Figure CCN
3. concentrations (cm−3 ) at 0.2% supersaturation near 930 hPa (the third model level) for all six cases.
Fig. 3. Present day annual-average
Table 5. Global annual-averaged CCN concentration in the boundary layer in the PD simulation, cloud top effective radius in the PD
simulation, change in the cloud top effective radius from anthropogenic emissions, anthropogenic fraction of CCN in the boundary layer,
column-integrated anthropogenic fraction of CCN, and the 1st AIE for all six cases.
Case name
BLBHN
BHN
EMP
BHN PRIM
BHN EMP
BHN EMP PRIM

CCN in the BL in PD (#/cm3 )
70.34
104.24
128.37
159.89
136.92
168.77

Reffa in PD (µm)

Change in Reff (µm)

fbaccn in the BL

Column-integrated faccn

1st AIE (w/m2 )

13.50
12.24
11.83
11.77
11.61
11.46

−0.69
−0.86
−0.84
−1.23
−0.84
−0.97

46.32
43.88
46.77
62.07
46.37
46.09

48.60%
48.76%
49.36%
57.57%
50.62%
55.36%

−0.81
−1.55
−1.22
−2.03
−1.49
−1.65

a Cloud top droplet effective radius for low level warm clouds.
b PD Anthropogenic fraction of CCN concentrations.

Hemisphere (NH) and over land areas in both hemispheres
are less than 10% (compare Fig. 3d and f and Fig. 4b). The
inclusion of the empirical boundary layer nucleation scheme
can even lead to a decrease in the CCN number concentrations over some regions, such as western United States, as
also shown in Spracklen et al. (2008). This is because the addition of tiny particles from boundary layer nucleation events
slows the growth of particles into CCN-sized particles by
competing with larger particles for the condensation of sul-

www.atmos-chem-phys.net/9/239/2009/

furic acid gas. In the MBL over the tropical Pacific and in the
SH, the effects of including the empirical boundary layer nucleation mechanism are still large since the emissions of anthropogenic primary sulfate particles are much smaller over
these regions.
Spracklen et al. (2008) used the empirical nucleation rate
represented by Eq. (1) but with different rate coefficients to
study the effects of the boundary layer nucleation on CCN
concentrations in spring (March–May) and how these depend
Atmos. Chem. Phys., 9, 239–260, 2009
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Fig. 4. Ratio of present day annual-average CCN concentrations (at 0.2% supersaturation) near 930 hPa (the third model level) between
different cases.

on rate coefficient. In their model, 2.5% of the anthropogenic
SO2 emissions were emitted as primary sulfate with the
aged size distribution that was suggested for the AEROCOM
emissions inventory (personal communication, D. Spracklen;
Dentener et al., 2006). The majority (88%) of the primary
anthropogenic SO2 comes from the industrial sector and is
emitted at a diameter of 1 µm, while the remaining fraction
comes from the traffic sector and is emitted at a diameter of
30 nm. Spracklen et al. (2008) showed that the enhancement
in April is 9% when the rate coefficient is 2.0×10−6 /s. Their
result is close to our annual average result (5.3% enhancement in the case when primary-emitted sulfate particles are
included), although we have somewhat different emissions
and concentrations of other primary particles (e.g., carbonaceous aerosol, sea salt) and have a different magnitude of
emissions of the precursor species (SO2 and DMS) of sulfuric acid gas. They also showed that the enhancement in April
ranges from 3 to 20% when the rate coefficient ranges from
2.0×10−8 to 2.0×10−4 /s.

Atmos. Chem. Phys., 9, 239–260, 2009

Our results suggest that the effects of including boundary
layer nucleation on the CCN concentrations depend on both
the rate coefficients (as shown by Spracklen et al., 2008),
and in an important way on the assumed and simulated primary particles. When primary-emitted sulfate particles are
included, the effect of including boundary layer nucleation is
much smaller because the depletion of sulfuric acid gas from
the condensational growth of primary particles decreases the
frequency and intensity of nucleation events, and slows the
growth of freshly nucleated particles. Although only primary
particles from anthropogenic sulfate are examined here, we
would expect that the effects of boundary layer nucleation on
CCN concentrations also depends on the treatment of other
primary particles (carbonaceous aerosols, dust and sea salt).
Given the large uncertainties in the treatment of these other
primary particles in global aerosol models, the accurate determination of the effects of boundary layer nucleation on
CCN concentrations may require significantly improved estimates of emissions.
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Fig. 5. Annual-averageFigure
anthropogenic
fraction of CCN concentration at 0.2% supersaturation near 930 hPa (the third model level) for all six
cases.
The effect of mixing free tropospheric aerosols into the
boundary layer can be quantified by comparing cases in
which binary homogeneous nucleation takes place throughout the atmosphere (case BHN or BHN EMP) with those in
which nucleation only takes place within the boundary layer
(case BLBHN or EMP). Figure 4c shows that if only binary
homogeneous nucleation is considered (BHN vs. BLBHN),
the mixing of aerosols from the FT into the boundary layer
has a large impact on the simulated CCN concentrations in
the boundary layer. The small concentrations of CCN particles produced within the boundary layer in this case allows particles to diffuse into the boundary layer from above
causing higher concentrations there, especially in the MBL
over regions where primary particles have little influence on
the CCN concentrations. In these regions concentrations are
increased by more than 200% (compare Fig. 3a and b and
Fig. 4c). These results are consistent with the model study
by Spracklen et al. (2005a). They are also consistent with
the analysis of Clarke et al. (2006), who estimated that entrainment from the FT can provide 35%–80% of the CCN
flux into the MBL over regions between 40◦ S and 40◦ N.

www.atmos-chem-phys.net/9/239/2009/

In the case where the empirical boundary layer nucleation
scheme is included (BHN EMP vs. EMP), nucleation in the
free troposphere increases boundary layer particles by less
than 20% everywhere except near the poles (Fig. 4d). This
shows that, if boundary layer nucleation events happen as
frequently as Eq. (1) suggests, the entrainment from the free
troposphere into the boundary layer is not as important as
previously thought. The effects of BHN in the FT are most
important at high latitudes and in the middle troposphere,
(Fig. 4d and compare Fig. 2d and e) because the impact of
the boundary layer nucleation is small in these regions (compare Fig. 2b and e).
The inclusion of primary-emitted sulfate particles significantly increases CCN concentrations (Fig. 4e and f). In
the scenarios where the empirical boundary layer nucleation
scheme is not included (BHN vs. BHN PRIM), the inclusion
of primary-emitted particulate sulfate increases CCN number concentrations in both the boundary layer and free troposphere, but the main effects are limited to the NH (compare
Fig. 2b and c, see Fig. 4e). Over regions strongly influenced
by industrial pollution, CCN concentrations are increased by
Atmos. Chem. Phys., 9, 239–260, 2009
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Fig. 6. Present day zonal annual-average anthropogenic fraction of CCN concentration at 0.2% supersaturation. “Approximate pressure” is
defined in the caption toFigure
Fig. 2. 6.

more than 200%, which is consistent with the results from
previous studies (Adams and Seinfeld, 2002; Spracklen et
al., 2005b). In the cases where the boundary layer nucleation
scheme is included (BHN EMP PRIM vs. BHN EMP), the
effects of primary-emitted particles are smaller than when it
is not (compare Fig. 4e and f) which is due to the competition for sulfuric acid gas between nucleation of new particles
and condensation onto pre-existing particles. The decreases
in the frequency and intensity of boundary layer nucleation
partly offset the increase in the aerosol particles from the
primary-emitted sulfate particles.

5

CCN concentrations in the boundary layer (∼930 hPa). This
fraction is comparable with that reported by Spracklen et
al. (2005a) (59% in December and 61% in July at the surface)
in a model that only included sulfate and sea salt aerosols,
and with that reported by Adams and Seinfeld (2002) (60%)
in a model that only included sulfate aerosols. Our results
show that over polluted regions, such as East Asia, the eastern United States and Europe, anthropogenic emissions contribute more than 80% of the CCN, but over remote oceanic
regions the contribution from anthropogenic emissions is
much smaller (Fig. 5d). For example, anthropogenic emissions contribute less than 5% of CCN in the SH south of
50◦ S.

Anthropogenic contribution to CCN concentrations

It is important to understant the perturbation to the CCN concentrations between the PD and PI simulations in order to
understand variations in the aerosol indirect forcing. Figures 5 and 6 show the annual-average boundary layer (third
model level) and the zonal mean PD anthropogenic fraction
of CCN concentrations, respectively. The PD anthropogenic
fraction of CCN concentrations is calculated as the increase
in the CCN concentrations from the PI to the PD divided by
the CCN concentrations in the PD. In the BHN PRIM case,
present day anthropogenic emissions contribute 62% of the
Atmos. Chem. Phys., 9, 239–260, 2009

There is a large difference in the contribution of CCN from
anthropogenic emissions to the zonal mean CCN concentration between the NH and SH. In the NH middle latitudes,
the anthropogenic fraction of CCN is of order ≈60–80% in
Fig. 6c, d, e, and f from the surface to the upper troposphere
(200 hPa). The simulations with the largest values near surface are those that have primary-emitted sulfate particles
(compare, for example, Fig. 6b and c), and the simulations
with the largest values in the upper troposphere are those that
either have BHN in the FT or have the empirical boundary
layer mechanism in the BL (compare Fig. 6b and d with a).
www.atmos-chem-phys.net/9/239/2009/
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It is interesting that the empirical boundary layer mechanism
increases the anthropogenic fraction of CCN more in the upper troposphere than it does at the surface (Fig. 6d) over the
NH. This is because pure sulfate particles have a larger contribution to the anthropogenic fraction of CCN concentrations in the upper troposphere than in the lower troposphere
in the NH (Fig. 2a and d). In the SH middle and high latitudes, the anthropogenic fraction of CCN is small near the
surface (less than 5% below about 700 hPa) in all simulations, and increases with altitude to ≈40% around 300 hPa.
The maximum at high altitudes in the SH results from the
transport of pollution in the middle troposphere from the SH
lower latitudes and from the NH (see also Spracklen et al.,
2005a).
When the empirical boundary layer nucleation scheme is
included in the BHN EMP PRIM case, the anthropogenic
contribution to CCN concentrations in the boundary layer is
56%, a decrease of 6 percentage points from the BHN PRIM
case. The decrease is large over oceanic regions strongly
influenced by continental pollution (compare Fig. 5d and f,
and Fig. 7b). For example, over the North Pacific, the inclusion of boundary layer nucleation decreases the anthropogenic fraction from 40%–60% in BHN PRIM to 20–40%
in BHN EMP PRIM. Over these regions, the relative increase in the SO2 concentration from the preindustrial to the
present day simulation is small due to the strong natural contribution from the oxidation of DMS, while the relative increase in the primary-emitted particles is large due to the
influence from continental pollution. Both of these factors
lead to a smaller relative contribution from boundary layer
nucleation to the CCN concentration in the PD compared to
that in the PI atmosphere, which decreases the anthropogenic
fraction of the CCN concentration. Over polluted continental
regions, the effect of the empirical boundary layer nucleation
scheme on the anthropogenic fraction of CCN is small.
In the cases which do not include any primary-emitted
anthropogenic sulfate (BHN EMP vs. BHN), the empirical boundary layer nucleation scheme increases the anthropogenic fraction of CCN by 1.5 percentage points from
44.9% in BHN to 46.4% in BHN EMP in the boundary
layer. This increase mainly occurs over continental regions (Fig. 7a), which contrasts with the cases that included
primary-emitted sulfate particles. Over these continental regions, the relative increase in the SO2 concentration from the
PI to the PD simulation is larger than the relative increase
in primary-emitted particles, which leads to a larger contribution to the CCN concentration in the PD than in the PI
atmosphere when the boundary layer nucleation mechanism
is included, thereby increasing the anthropogenic fraction of
CCN. Decreases in the anthropogenic fraction of CCN over
ocean regions are similar to the case when primary sulfate
particles are emitted, but the decrease is not as large (compare Fig. 7a and b).
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Binary homogeneous nucleation in the free troposphere
decreases the annual-average anthropogenic fraction of CCN
in the boundary layer compared to the case when it is only
included in the boundary layer, from 46.3% in BLBHN to
43.9% in BHN. This decrease occurs mainly over tropical
regions and over the SH (Fig. 7c). Over these regions, the
relative increase in the SO2 concentration from the PI to
the PD simulation is small due to strong natural contributions from the oxidation of DMS, which leads to a relatively
smaller contribution from binary homogeneous nucleation
to the CCN concentration in the PD than in the PI simulation. When these particles descend from the free troposphere into the boundary layer, they decrease the anthropogenic fraction of CCN. In contrast, over polluted continental regions and over much of the NH, binary homogeneous nucleation in the free troposphere increases the anthropogenic fraction of CCN in the boundary layer. Over these
continental regions, the relative increase in the SO2 concentration from the PI to the PD simulation is larger than the
relative increase in primary-emitted particles, which leads
to a relatively larger contribution from binary homogeneous
nucleation to the CCN concentration in the PD than in the
PI simulation, leading to the increase in the anthropogenic
fraction of CCN concentrations over continental regions and
throughout much of the NH. For the cases that include the
empirical boundary layer nucleation scheme, the effect of
binary homogeneous nucleation in the FT is much smaller
and the globally-averaged anthropogenic fraction of CCN in
the boundary layer is almost the same: 46.8% in EMP, and
46.4% in BHN EMP (Fig. 7d) In these scenarios, the CCN
concentrations in the boundary layer are mainly determined
by the empirical boundary layer nucleation scheme together
with the primary-emitted particles, and therefore the effect of
binary homogeneous nucleation in the FT on the CCN concentration in the boundary layer is small.
Binary homogeneous nucleation in the FT has an important impact on the anthropogenic fraction of CCN in the free
troposphere (Fig. 6a vs. b and Fig. 6d vs. e). It increases
the anthropogenic fraction of CCN in the middle and upper troposphere over the NH. Over those regions, BHN is
an important source of aerosol particles (Fig. 2a vs. b and
Fig. 2d vs. e), and the relative increase in the SO2 concentration from the PI to the PD simulation is larger than the
relative increase in primary-emitted particles. For scenarios
without boundary layer nucleation (Fig. 6a vs. b), BHN in
the FT decreases the anthropogenic fraction of CCN concentration over most of the SH. This is because the relative increase in the SO2 concentration from the PI to the PD in the
SH is somewhat smaller than the relative increase in primary
particles
This comparison suggests that the competition for sulfuric acid gas between primary particles and nucleation determines whether the inclusion of a nucleation mechanism
(boundary layer nucleation or free troposphere nucleation) in
the model increases or decreases the anthropogenic fraction
Atmos. Chem. Phys., 9, 239–260, 2009
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Fig. 7. Difference in annual-average anthropogenic fraction of CCN concentrations between difference cases.
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Figure
8. top droplet number concentrations (cm−3 ) derived from (a) MODIS (Quaas et al., 2006), (b) BHN, (c)
BHN PRIM and (d) BHN EMP PRIM.
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of the CCN particles. When the relative increase in the precursor gas species (SO2 ) is large and the relative increase
in primary particles is not that large, the inclusion of nucleation tends to increase the anthropogenic fraction. In contrast, when the relative increase in the precursor gas species
(SO2 ) is small but the relative increase in primary particles is
not that small, the inclusion of nucleation tends to decrease
the anthropogenic fraction.
The effect of including primary-emitted sulfate particles
on the anthropogenic fraction of CCN particles is large. For
the cases that don’t include the boundary layer nucleation
scheme, the inclusion of primary-emitted sulfate particles increases the annual-average anthropogenic fraction of CCN
from 44% in BHN to 62% in BHN PRIM. Large increases
in the anthropogenic fraction occur over Europe, South East
Asia, and regions of continental outflow over the North Atlantic (Fig. 7e). This large increase can be explained by two
factors: first, primary-emitted sulfate (at least at the sizes assumed here) forms CCN-size particles more efficiently than
do particles that nucleate from gas phase H2 SO4 , and second, the percentage change in primary-emitted sulfate particles between the PD and PI simulations is larger than the
percentage change in other primary particles (carbonaceous
aerosols, dust and sea salt) between the PD and PI simulations. The inclusion of the boundary layer nucleation scheme
partly offsets this large increase in the anthropogenic fraction
from primary-emitted sulfate, and leads to a smaller increase
in the anthropogenic fraction of CCN due to primary sulfate
than that in the case without boundary layer nucleation. The
increase in the boundary layer is 10 percentage points (from
46% in BHN EMP to 56% in BHN EMP PRIM) compared
to an increase of 18 percentage points without boundary layer
nucleation. The zonal annual-average anthropogenic fraction
of CCN shows that the inclusion of primary-emitted sulfate
particles also increases the anthropogenic fraction of CCN
in the middle to upper troposphere in the NH (Fig. 6c vs. b
or Fig. 6f vs. e). These results indicate that primary-emitted
sulfate particles not only increase CCN concentrations in the
PD significantly, but also increase the anthropogenic fraction
of CCN concentrations significantly.

6

Cloud droplet number concentrations and the first
aerosol indirect forcing

The simulated cloud top droplet number concentration for
lower level warm clouds is shown in Fig. 8 along with satellite observations. The satellite data was derived from version 4 of the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the Terra satellite (Platnick et al., 2003)
by Quaas et al. (2006). The MODIS cloud products include
both cloud optical depth and cloud droplet effective radius,
and Quaas et al. (2006) diagnosed droplet number from these
variables assuming adiabatic clouds. The simulated cloud
droplet number concentration at cloud top was diagnosed in
www.atmos-chem-phys.net/9/239/2009/
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the model using the ISCCP cloud simulator (Klein and Jacob, 1999; Webb et al., 2000) which emulates the way nadirlooking satellites measure clouds, and facilitates the comparison of the model data with satellite observations. For both
the satellite and simulated data, only warm (T>273 K) and
low level (pressure >640 hPa) clouds are sampled. The simulated data is sampled at each time step (every 30 min).
The magnitude and spatial distribution of cloud-top
droplet number from the BHN PRIM case agrees better with
the MODIS data than that from the BHN case. The simulated cloud droplet number concentration is larger over land
than over the ocean in BHN PRIM, because of the larger
anthropogenic emissions over land with concentrations between 75 and 225/cm3 over land and between 25 and 75/cm3
over ocean. However, the model generally has a smaller
cloud droplet number concentration, and simulates a smaller
land/ocean contrast than that in the observation. In the SH
between 40◦ and 60◦ , the simulated cloud droplet number
concentration is less than 50/cm3 while the measured cloud
droplet number from MODIS is about 75/cm3 . The high
cloud droplet number concentration observed over this region in MODIS is also consistent with the high number concentration of CCN derived by Vallina et al. (2007) from the
MODIS aerosol optical depth.
The inclusion of the empirical boundary layer nucleation
scheme (BHN EMP PRIM) improves the comparison with
MODIS cloud drop number concentration compared to the
BHN PRIM case. However, this version also underestimates
the observed cloud droplet number concentrations in the 40◦
and 60◦ S latitude belt. Pierce and Adams (2006) showed that
the inclusion of a source of ultrafine sea salt particles can increase the simulated cloud droplet number concentration resulting from the condensational growth of ultrafine particles
into CCN-size particles. The absence of condensable organic
species from biogenic emissions in the IMPACT model may
also cause an underestimate of the growth of small particles
into CCN-sized particles and contribute to the underestimation shown in Fig. 8. Recent studies (e.g., Vaattovaara et al.,
2006) from observational data have shown that the formation of the secondary organic aerosols can contribute to the
growth of recently formed particles.
Figure 9 shows the simulated change in cloud top effective radius from anthropogenic aerosols and the 1st aerosol
indirect forcing for the BHN PRIM case. Anthropogenic
aerosols decrease the global average cloud top effective radius by 1.20 µm with larger decreases over land and smaller
decreases over ocean. The 1st aerosol indirect forcing is
−2.03 W/m2 in this case. The spatial distribution of the first
indirect forcing is determined by the change in the cloud top
effective radius and, to a lesser extent, by the cloud forcing.
The maximum in the first aerosol indirect forcing occurs over
the north Pacific which is caused by the combination of the
strong decrease in the cloud effective radius and strong cloud
forcing over this region.
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Fig. 9. (a) The change in the annual-average cloud top effective radius from anthropogenic emissions and (b) Annual-average 1st AIE in the
BHN PRIM case. The values given in the title are global averages.
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Fig. 10. Change in the simulated annual-average 1st AIE from in-

cluding the empirical boundary layer nucleation mechanism in five
regions: N L: over Northern Hemisphere land; N O: over Northern Hemisphere oceans; S L: over Southern Hemisphere land; S O:
over Southern Hemisphere oceans; Global: global average (Red
bar: the difference between BHN EMP and BHN; Blue bar: the
difference between BHN EMP PRIM and BHN PRIM).

Figure 10 shows the change in the simulated 1st AIE from
including the empirical boundary layer nucleation mechanism in five regions: NH land, NH oceans, SH land, SH
oceans and the global average. These changes are consistent with the spatial pattern of the change in the simulated anthropogenic fraction of CCN shown in Fig. 7a and
b. The 1st aerosol indirect forcing is only −1.65 W/m2 in
the BHN EMP PRIM case, a decrease of 0.38 W/m2 in absolute magnitude from the BHN PRIM case, as shown in
Fig. 10 and in Table 5. This decrease occurs over most regions with the largest decrease over oceanic regions in the
NH, which comes from the decrease in the simulated anthropogenic fraction of CCN (Fig. 7b). In the cases without any
primary-emitted sulfate particles, the inclusion of the empirical boundary layer nucleation scheme changes the global
average forcing only slightly: from −1.55 W/m2 in BHN
to −1.49 W/m2 in BHN EMP, which is due to increases in
the (negative) forcing over land and decreases over the ocean
(Fig. 10). The inclusion of the empirical boundary layer nucleation scheme changes the spatial pattern of the first indiAtmos. Chem. Phys., 9, 239–260, 2009

Figure 11 shows the change in the zonal mean annualaverage 1st AIE and the change in the zonal annual-average
anthropogenic fraction of CCN from including primaryemitted sulfate particles. The inclusion of primary-emitted
sulfate particles has a large impact on the first aerosol indirect forcing, which is consistent with its impact on the
anthropogenic fraction of CCN as shown in Fig. 7e and
f. For the cases without the empirical boundary layer nucleation scheme, the inclusion of primary-emitted sulfate
particles changes the forcing from −1.55 w/m2 in BHN to
−2.03 w/m2 in BHN PRIM (Table 5). For the scenario with
the empirical boundary layer nucleation scheme, the effect of
including primary-emitted sulfate particles on the 1st indirect
forcing is smaller, only increasing the magnitude of the forcing from −1.49 W/m2 in the BHN EMP case to −1.65 W/m2
in the BHN EMP PRIM case (Table 5). The largest increases
take place in the middle latitudes of the NH where anthropogenic sulfur has the largest contribution to the total sulfur (Fig. 11). This suggests that the treatment of sub-grid
scale nucleation processes by including primary-emitted sulfate particles in the model introduces a large uncertainty in
the estimation of the aerosol indirect forcing.
Binary homogeneous nucleation in the FT increases the
forcing from −1.22 W/m2 in the EMP case to -1.49 W/m2
in the BHN EMP case (Table 5). Although the change in
the anthropogenic fraction of CCN in the boundary layer is
small between these two cases, the vertical profiles of the anthropogenic fraction of CCN show an increase when binary
homogeneous nucleation in the FT is included (Fig. 6d and
e), which may explain the increase in the 1st indirect forcing.
However, when there is no boundary layer nucleation, the inclusion of binary homogeneous nucleation in the FT doubles
the forcing from −0.81 W/m2 in BLBHN to −1.55 W/m2 in
BHN (Table 5). This large increase is caused by the unrealistically low droplet number concentrations simulated in
www.atmos-chem-phys.net/9/239/2009/
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Fig. 11. (a) Change in the zonal mean annual-average 1st AIE and
(b) the change in the zonal annual-average anthropogenic fraction
of CCN (right panel) from including primary-emitted sulfate particles (Red line: the difference between BHN PRIM and BHN; Blue
line: the difference between BHN EMP PRIM and BHN EMP).

the BLBHN case. In our calculation, we set a lower limit
to the cloud droplet number concentration of 20 cm−3 . Due
to the low cloud droplet number concentration simulated in
BLBHN, most regions have a constant cloud droplet number
concentration of 20 cm−3 in both the present day and preindustrial simulations, which decreases the 1st indirect forcing
significantly.
The first aerosol indirect forcing calculated in this study is
higher than that of most other studies (Foster et al. 2007).
Here we explore how our estimation of the 1st aerosol indirect forcing depends on the assumption of the cloud types
included in the indirect aerosol effect and the lower limit of
the cloud droplet number concentrations. We compare different choices for these factors to the forcing calculated in the
BHN PRIM case averaged over four months (January, April,
July and October) in order to save computer time.
As shown in Table 2.7 in Forster et al. (2007), different
models have included different cloud types in their estimation of the 1st AIE. Some models only include warm clouds
(e.g., Ming et al., 2005; Takemura et al., 2005), but other
studies include both warm and mixed-phase clouds (e.g.,
Penner et al., 2006; Chen and Penner, 2005). Some models
include only stratiform clouds (e.g., Suzuki et al., 2004), but
other studies include both stratiform and convective clouds
(e.g., Jones et al., 2001). In Fig. 12, in the simulation labeled WARM, we limited the 1st AIE to warm clouds only,
which are clouds with temperature warmer than 273.15 K. In
the STRAT case, we limited the 1st AIE to stratiform clouds
only. All other specifications in the WARM and STRAT
cases are the same as those in the BHN PRIM case. There
is a 24% and 40% decrease in the 1st AIE in STRAT and
in WARM, respectively, compared to that in BHN PRIM
(Fig. 12). Thus, the estimation of the 1st AIE is very sensitive
to the cloud types included in the simulation. The large contribution from mixed-phase clouds to the estimation of the
1st AIE (40%) depends, of course, on the fraction of these
www.atmos-chem-phys.net/9/239/2009/

Fig. 12.
12. The 1st AIE from 5 different model configurations (w/m2 ):
Figure
STD, using the average from four months (January, April, July and
October)in the case of BHN PRIM; WARM: the same as STD but
with only warm clouds (warmer than 273.15 K) included; STRAT:
the same as STD but with only stratiform clouds included; N40:
the same as STD but with the minimum cloud droplet number set to
40/cm3 ; N10: the same as STD but with the minimum cloud droplet
number set to 10/cm3 .

clouds that are assumed to remain in the liquid phase. Since
this fraction is simply specified in this model, the model sensitivity to this factor could be quite different with other formulations.
In the N40 and N10 simulations, we set the minimum
cloud droplet number concentration to 40 and 10/cm3 , respectively. In the N40 case, the 1st AIE is decreased by
40% compared with the BHN PRIM case, and in the N10
case, the 1st AIE is increased by 13% compared with the
BHN PRIM case (Fig. 12). A minimum number concentration of 40/cm3 has been used in some model studies (e.g.,
Lohmann et al., 2007). Although it may be reasonable to set
a minimum cloud droplet number concentration to determine
background droplet number concentrations if the predicted
aerosol number concentrations are too low, our sensitivity
tests show that the exact value of the minimum droplet number concentration makes a large difference in the estimated
AIE. Moreover, the effect of the minimum droplet number
depends on the simulated cloud droplet number.
7

Summary and discussion

The effects of different nucleation parameterizations have not
been included in global model studies of the aerosol indirect
effect. Here, we used a global aerosol model that includes
an empirical boundary layer nucleation scheme as well as binary homogeneous nucleation to explore how nucleation affects the concentration of CCN and aerosol indirect forcing.
We also investigated how the inclusion of primary-emitted
sulfate particles affects CCN concentrations and aerosol indirect forcing.
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The inclusion of the empirical boundary layer nucleation
scheme improved the comparison of cloud top droplet number concentrations from the model with satellite data over the
Southern Oceans, but the model still underestimates cloud
top droplet number concentrations in the region from 30◦ S
to 60◦ S. This underestimation may come from the absence
of ultrafine sea salt particles or from the absence of condensable organic species from marine biogenic emissions.
Our study showed that the effect of the empirical boundary layer nucleation scheme on CCN concentration depends
in an important way on the assumed and simulated primary
particles. Including the empirical boundary layer nucleation
increases global average CCN concentrations in the boundary layer by 31.4% when the primary sulfate particles are excluded, and by 5.3% when primary-emitted sulfate particles
are included. In the MBL over the tropics and in the SH, the
empirical boundary layer nucleation scheme increases CCN
concentrations in the PD simulation by 30–100% and this
increase has little dependence on whether primary-emitted
sulfate particles are or are not included since primary sulfate particles make only a small contribution to the primary
particles over these regions. However, uncertainties in the
emissions of natural primary particles (sea salt and dust) over
these remote regions prevent us from making any further
conclusion. For example, if the underestimation of the cloud
droplet number concentration in the Southern Ocean results
from an underestimation of natural primary particles (e.g.,
ultrafine sea salt particles), the effects of boundary layer nucleation may be overestimated over that region.
This study also shows that the inclusion of the empirical
boundary layer nucleation scheme in the model decreases the
effects of BHN in the FT on CCN concentrations in the MBL
as well as the effects of primary sulfate particles. When no
boundary layer nucleation is included, the inclusion of BHN
in the FT in the model increases CCN concentrations in the
MBL by more than 150%, which is consistent with other
model studies. However, when the empirical boundary layer
nucleation scheme is included in the model, BHN in the FT
has a much smaller effect on CCN concentrations. This suggests that, as long as boundary layer nucleation events occur
as frequently as Eq. (1) suggests, BHN in the FT is not a
critical factor in determining the CCN concentration in the
MBL. The inclusion of primary-emitted sulfate particles always increases CCN concentrations in the boundary layer,
although the inclusion of the empirical boundary layer nucleation scheme decreases the percentage increases in CCN
associated with primary-emitted sulfate from 53% to 23%.
Our study suggests that the effect of including a nucleation
mechanism (either boundary layer nucleation or free troposphere nucleation) in the model on the anthropogenic fraction
of the CCN particles and on the first aerosol indirect forcing
largely depends on the competition for sulfuric acid gas between primary particles and nucleation. When the relative
increase in the precursor gas species (SO2 ) between the PD
and PI simulations is large and the relative increase in priAtmos. Chem. Phys., 9, 239–260, 2009

mary particles is not that large, the inclusion of nucleation
tends to increase the anthropogenic fraction and to increase
the aerosol indirect forcing. This is the case for the effect of
boundary layer nucleation over the NH land when no primary
sulfate is included (Fig. 7a, and Fig. 10) and for the effect
of BHN over the NH land (Fig. 7c). In contrast, when the
relative increase in the precursor gas species (SO2 ) between
the PD and PI simulations is small but the relative increase in
primary particles is not that small, the inclusion of nucleation
tends to decrease the anthropogenic fraction and to decrease
the aerosol indirect forcing. This is the case for the effect of
the boundary layer nucleation over ocean regions (Fig. 7a, b
and Fig. 10), and for the effect of BHN over the SH (Fig. 7c).
This contrast explains why the empirical boundary layer nucleation scheme changes the spatial pattern of the first indirect forcing and shifts more of the contribution of the 1st
AIE to land (Fig. 10). The magnitude of the relative increase
in SO2 and primary particles between the PD and PI simulations causes a large decrease in the first indirect forcing
over ocean and small decreases or even increases in the first
indirect forcing over land in the simulations with boundary
layer nucleation compared to those without boundary layer
nucleation.
In this study, the nucleation rate from boundary layer nucleation only depends on the sulfuric acid gas concentrations,
and the meteorological fields are the same for both the PI and
PD simulations. So the primary particles and precursor gas
species are the two most critical factors in determining the
effects of nucleation on the anthropogenic fraction of CCN
particles and on the aerosol indirect forcing. However, if
boundary layer nucleation also depends on some other factors and if the meteorological fields are changed as a result
of global warming, the effects of including a boundary layer
nucleation mechanism on aerosol indirect forcing can differ
from that calculated here. For example, the ion-mediated
nucleation mechanism suggested by Yu (2006) leads to less
nucleation at higher temperatures (Yu et al., 2008b). This
suggests that including a boundary layer nucleation scheme
would have lead to a smaller increase and a larger decrease
in the anthropogenic fraction of CCN than that in this study,
if this ion-mediated nucleation mechanism were used and the
increase in temperature from the PI to the PD were included.
In this study, a 2-mode representation (nucleation/Aitken
mode and accumulation mode) of the sulfate aerosol size distribution is used to simulate the effects of nucleation events
from both boundary layer nucleation and BHN. As shown in
Wang09, a 3-mode representation with an additional mode
representing nucleation sizes (radius <5 nm) produces fewer
Aitken mode particles and more accumulation mode particles in the upper troposphere because of the large amount of
freshly nucleated particles from BHN. However, the 3-mode
representation has a smaller effect on the accumulation mode
particles in the boundary layer even when boundary layer nucleation is included. This is partly due to the fact that the
aerosol particles generated from boundary layer nucleation
www.atmos-chem-phys.net/9/239/2009/
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are grown by condensation up to a size of 3 nm and have
lower number concentrations in the nucleation mode compared with those from BHN. In addition, primary particles
are important sources for accumulation mode particles in the
boundary layer, whereas the growth of particles from the nucleation mode is important in the free troposphere. As a result, the effects of different size distribution treatments (3mode vs. 2-mode) is small. Since accumulation mode particles in the boundary layer are the focus of this study, we
would expect the 3-mode representation to have small effects
on the results reported here.
Our study also shows that the inclusion of primary-emitted
sulfate increases the anthropogenic fraction of CCN concentrations and the first aerosol indirect forcing significantly,
because primary-emitted sulfate forms CCN-size particles
more efficiently than do particles that nucleate from the gas
phase. The percentage change in primary-emitted sulfate
particles between PD and PI simulatons is larger than the percentage change in other primary particles. This suggests that
the treatment of sub-grid scale nucleation processes by including primary-emitted sulfate particles in the model introduces a large uncertainty in the estimation of the aerosol indirect forcing. When boundary layer nucleation is included,
the effect of primary-emitted sulfate particles is smaller.
In summary, this study shows the importance of different
nucleation mechanisms and the inclusion of primary sulfate
particles on the CCN concentrations and on the aerosol indirect forcing. Better parameterizations for the treatment of
sub-grid scale nucleation processes as well as the mechanisms of aerosol nucleation are urgently needed.
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