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Abstract. The number concentration of cloud condensation1l Introduction
nuclei (CCN) formed as a result of anthropogenic emissions

is a key uncertainty in the study of aerosol indirect forcing Atmospheric aerosols are an important component of the
and global climate change. Here, we use a global aerosayjopal climate system. One of the primary effects of aerosols
model that includes an empirical boundary layer nucleationjs to modify cloud properties by acting as cloud condensation
mechanism, the use of primary-emitted sulfate particles toyclej (CCN). This so-called aerosol indirect effect can be
represent sub-grid scale nucleation, as well as binary hogpiit into the “first indirect effect” — the effect of aerosol par-
mogeneous nucleation to explore how nucleation affects thejcies on initial cloud droplet size and cloud albedo — and the
CCN concentration and the first aerosol indirect effect (AIE). «second indirect effect” — the response of the cloud morphol-
The inclusion of the boundary layer nucleation scheme in-oqy to changes in the precipitation efficiency of the cloud
creases the global average CCN concentrations in the boundrorster et al., 2007). This aerosol indirect effect is one of the
ary layer by 31.4% when no primary-emitted sulfate parti- |argest uncertainties in our understanding of climate change.
cles are included and by 5.3% when they are included. Parone major challenge in the study of the aerosol indirect effect
ticle formation with the boundary layer nucleation schemejs o determine the source of the CCN-size particles, which
decreases the first indirect forcing over ocean, and increasggyolves the accurate treatment of both aerosol microphysics
the first indirect forcing over land when primary sulfate parti- gnq large scale atmosphere dynamics (Raes et al., 2000).
cles are included. This suggests that whether particle forma- The processes that determine the number of CCN parti-

tion from aerosol nucleation increases or decreases aeros . - . .
I X .8|es include emissions, photochemistry, nucleation, coagu-
indirect effects largely depends on the relative change of pri-

. L . - lation, condensation, and wet removal. Some patrticles are
mary particles and Sfemissions from the preindustrial to P

the present dav atmosphere. Including orimarv-emitted Sulprimary particles, i.e. emitted directly from sources, such
prese Yy ail phere. 9p y . as carbonaceous particles from open fires (Ito and Penner,
fate particle significantly increases both the anthropogeni

h . . Do 005), sea salt particles from the bubble-bursting process of
fracpon of CCN c_oncentratlons and the first aerosol |nd|rectWhitecaps (Clarke et al., 2006), and dust particles from wind
forcing. The forcing from various treatments of aerosol nu-

. . : erosion of dry soils (Ginoux et al., 2001). Some of these
clgatlon ranges from1.22 to—2.03w/nf. Thls. large vari- particles are large enough to act as CCN, such as some sea
ation shows the importance of better quantifying aerosol nu-

cleation mechanisms for the prediction of CCN concentra salt particles (Clarke et al., 2006), but other particles, such
. i P as hydrophobic soot particles, must first add soluble com-
tions and aerosol indirect effects.

pounds 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 va-
por (Kulmala et al., 2007). These freshly nucleated parti-
cles begin as nanometer sized particles, and need substantial
growth to become CCN-sized particles. New particle for-
mation events capable of producing CCN-size particles have

Correspondence tavl. Wang been observed at locations including the sub-Arctic boreal
BY (minghuai@umich.edu) forest (Lihavainen et al., 2003), coastal areas (O’Dowd et
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al., 2002a), in continental (McNaughton et al., 2004; Laak-sions. Pierce and Adams (2006) and Pierce et al. (2007)
sonen et al., 2005) and cloud outflow regions (Twohy et al.,extended the Adams and Seinfeld model, adding primary-
2002), and in the upper free troposphere (Singh et al., 2002)emitted aerosol particles from sea salt and carbonaceous
Primary particles and secondary particles interact with eactaerosols. Pierce and Adams (2006) showed that including
other by coagulation, and compete for gas phase specigbie emissions of ultrafine sea sakt@.05.m in radius) can
which may condense or form new particles through nucle-increase CCN concentrations at 0.2% supersaturation over
ation. the Southern Ocean by 20% to 60%, depending on the sea

Cloud processing is another important microphysical pro-salt emission parameterization which was used. Assuming
cess that may produce CCN-sized particles (Hoppel et al.an internal mixture of sulfate, sea salt, black carbon (BC)
1994). In an environment with high supersaturations, somend organic matter (OM) in their model, Pierce et al. (2007)
ultrafine particles€0.05,m in radius) can activate into non- showed that the inclusion of carbonaceous aerosol particles
precipitating cloud droplets. Once a droplet is formed, aque-can increase CCN concentrations (at 0.2% supersaturation)
ous oxidation of compounds within the drop will add mass by 65-90% in the globally averaged surface layer depending
to the pre-existing particles. When the cloud droplets evap-on the carbonaceous emissions inventory used. In another
orate, the residual aerosol particles are larger than originastudy, Stier et al. (2006) included all major aerosol types
aerosol particles and can be activated more readily with aand separately tracked soluble and insoluble particles and
more modest supersaturation. found that the column integrated soluble accumulation mode

The concentration of CCN-sized particles that are avail-number concentration only decreased by 4.6% when anthro-
able for cloud formation also depends on the transport bepogenic carbonaceous emissions were excluded. In contrast,
tween different atmospheric compartments (e.g. the marinevhen anthropogenic emissions from both carbonaceous par-
boundary layer (MBL) and the free troposphere (FT)) be-ticles and sulfur were excluded, the column integrated solu-
cause the residence time of aerosols within a typical atmoble accumulation mode number concentration was decreased
spheric compartment is shorter than the characteristic timdy 42.3%. Spracklen et al. (2005a) used a model that only
of many aerosol microphysical processes (Raes et al., 2000)ncluded sulfate and sea salt aerosols and simulated a larger
For example, observations have shown that subsidence frordecrease (60%) in the CCN concentration at the surface when
the FT may be an important process controlling MBL aerosolanthropogenic sources of sulfur were excluded. They also
number concentrations (Clarke et al., 1996, 2006; Van Din-found that in the tropical oceanic marine boundary layer, sea
genen, 1999). Clarke et al. (2006) estimated that entrainspray contributes less than 10% of the total CCN and that
ment from the FT can provide 35%—-80% of the CCN flux the remaining 90% were derived mostly from sulfate parti-
into the MBL over regions between 48 and 40 N with the cles that formed in the FT by binary homogeneous nucleation
rest from sea salt aerosol. (BHN).

Unraveling the role of these complicated processes in de- The model studies summarized above only considered bi-
termining CCN-sized particles requires a global model thatnary homogenous nucleation (BHN). Although BHN can ex-
can account for both aerosol microphysical processes anglain observed nucleation rates in the upper troposphere, it
large and small scale transport (Raes et al., 2000). In orean not explain the observed nucleation rates in the bound-
der to meet this need, global aerosol models with detailecary layer (e.g., Clarke et al., 1998). Several nucleation mech-
aerosol microphysics modules have been recently developednisms have been suggested to explain boundary layer nu-
(Wilson et al., 2001; Adams and Seinfeld, 2002; Gong etcleation events (Kulmala et al., 2006; Sihto et al., 2006;
al., 2003; Easter et al., 2004; Lauer et al., 2005; Liu et al.,Yu, 2006). Spracklen et al. (2006) include a boundary layer
2005; Spracklen et al., 2005a; Stier et al., 2005). Generallynucleation mechanism from Kulmala et al. (2006) in their
these aerosol microphysics modules include the formatiorglobal aerosol model and studied its effect on CCN concen-
of new aerosol particles (nucleation) from gas phase speciesations (Spracklen et al., 2008). They demonstrated that the
(e.g., sulfuric acid gas and water vapor), the condensatioiinclusion of the boundary layer nucleation scheme improves
of volatile gases on preexisting aerosol particles, the coagthe comparison of the simulated nucleation events with ob-
ulation of aerosol particles, and the cloud processing of theservations in Hyy&la, Finland, and improves the simulated
aerosol particles. The inclusion of these microphysical pro-particle size distribution and total particle number concentra-
cesses in a global aerosol model permits the model to pretions at three continental sites in Europe. Their global calcu-
dict the formation and cycling of aerosols in the global atmo- lation also showed that boundary layer nucleation increases
sphere and to determine the source of CCN-sized particles. springtime boundary layer global mean CCN concentrations

Several studies have used these global aerosol models tt 0.2% supersaturation by 3—20%.
investigate how different sources contribute to CCN concen- Large uncertainties remain in these model studies, how-
trations. Adams and Seinfeld (2002, 2003) used a modekver, especially in terms of the representation of primary-
that only included sulfate and showed that primary emissionemitted particles. For example, Pierce et al. (2007) assumed
of sulfate were more efficient at increasing CCN concentra-that all carbonaceous aerosols were emitted in a size dis-
tion per unit mass of SPemissions than gas-phase emis- tribution with a number median diameter, jdbf 0.023um
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and a geometric standard deviatien) ©f 2.00, while Stier  new context of the boundary layer nucleation mechanism in-
et al. (2006) assumed &, cbf 0.06um for carbonaceous cluded in the model; and 3) to further examine the effect of
aerosols from fossil-fuel and bio-fuel emissions and,@tl  nucleation and the emission of primary sulfate particles on
0.15um for those from vegetation fires withsaof 1.59 for ~ the indirect forcing by anthropogenic aerosols. Section 2 de-
all carbonaceous aerosols. These models also differ with rescribes our methods. The global mass budget for all cases
spect to whether or not primary-emitted sulfate particles werdas described in Sect. 3. The effects on simulated CCN con-
included. Spracklen et al. (2005a, 2006) did not include anycentrations are explored in Sect. 4. The effects on the an-
primary-emitted sulfate particles, while Stier et al. (2006), thropogenic fraction of CCN are presented in Sect. 5. Cloud
Pierce et al. (2007) and Spracklen et al. (2008) included thesdroplet number concentration and the first indirect effect are
particles, but assumed different amounts and sizes for thexplored in Sect. 6. Finally, Sect. 7 presents a discussion and
emitted particulate sulfate. our conclusions.

More importantly, the effects of including different
sources of CCN patrticles in models on the estimation of the
aerosol indirect forcing have not been studied. Several stud2 Methods
ies have used the size-resolved aerosol composition predicted
from their aerosol models to estimate the aerosol indirect ef2.1  The coupled IMPACT-CAM model
fect (Ghan et al., 2001a; Lohmann et al., 2007; Storelvmo et
al., 2006). But they did not examine how different treatmentsThe model used here consists of two components (Wang09):
in the prediction of the aerosol size and number concentrathe NCAR CAM3 atmospheric circulation model (Collins et
tion affect the estimation of the first indirect forcing. Ghan al., 2006a), and the LLNL/Umich IMPACT aerosol model
et al. (2001a) showed that the aerosol indirect forcing calcu{Liu et al., 2005). The aerosol model component (IMPACT)
lated on the basis of their predicted aerosol size was smalleincludes an aerosol microphysics module that simulates the
than that calculated on the basis of a prescribed size distridynamics of the sulfate aerosol size distribution (nucleation,
bution, because anthropogenic sulfate contributed less to theondensation, coagulation) and its interactions with primary
simulated CCN particles in the case of the predicted aeroso¢mitted non-sulfate aerosols: OM, BC, dust and sea salt
size due to its condensation on other primary particles. TheifHerzog et al., 2004). Both the mass and number of pure sul-
conclusion, however, may be affected by the prescribed sizéate aerosol in an arbitrary number of modes are predicted.
chosen in their sensitivity test because, as noted in Chemhlerzog et al. (2004) showed that a mode representation for
and Penner (2005), the choice of the prescribed aerosol sizeure sulfate aerosols is able to capture the expected variabil-
has a large impact on the aerosol indirect forcing. Furtherdty in the aerosol size distribution, given the estimated for-
more, their conclusion was drawn based on the aerosol indimation rates of gaseousHOy, and that the results from
rect forcing from anthropogenic sulfate only. The concurrentthe mode representation compare well with that of a sec-
increase in both anthropogenic sulfate and other non-sulfatéonal model. In addition, the mode representation is com-
aerosols may have different effects (Stier et al. 2006). More-putationally more efficient. Here we chose the two mode
over, they did not investigate how the treatment of individual version of the model which includes a nucleation/Aitken
processes affect the calculated aerosol indirect forcing, e.g/mode (<0.05xm) and an accumulation mode-@.05.m).
how the primary-emitted sulfate particles included in their Non-sulfate aerosols are assumed to follow predefined back-
model affect the simulated aerosol indirect forcing. ground size distributions (see Table 1 and Liu et al., 2005).

We have recently developed a global aerosol model (LiuSulfuric acid gas — bISOs(g) — is produced from the gas
et al., 2005) which has been coupled to an atmospheric cirphase oxidation of DMS and SO H>SOy(g) can nucleate
culation model (Wang et al., 2009, hereafter Wang09). Weto form new sulfate particles in the nucleation mode or can
showed that the inclusion of a boundary layer nucleationcondense onto preexisting sulfate or non-sulfate aerosol par-
mechanism provides a better agreement with long-term obticles. Sulfate aerosol particles can also coagulate with other
servations of aerosol size distributions than do models thaparticles. The hydrophilic and hydrophobic properties of
only include primary-emitted sulfate or BHN, especially over non-sulfate aerosols are determined by the amount of sulfate
the MBL and over the Southern Hemisphere (SH). We alsocoating that is produced through coagulation and condensa-
showed that the simulated effect of the boundary layer nudion. The agueous production of sulfate is equally distributed
cleation on the aerosol number concentration depends oamong the hygroscopic aerosol particles that are larger than
whether primary-emitted sulfate particles are or are not in-0.05.m in radius.
cluded. The atmospheric general circulation model (GCM) com-

Here we extend the work of Wang09. The goals of this ponent (NCAR CAM3) is a part of the Community Climate
study are threefold: 1) to study the effect of including a System Model (CCSM3) (Collins et al., 2006b). Cloud wa-
boundary layer nucleation mechanism on CCN concentrater and cloud ice are separate prognostic variables in CAM3,
tions; 2) to revisit the effects of BHN in the FT and primary- which makes it possible to treat the difference in radiative
emitted sulfate particles on CCN concentrations given theand sedimentation properties between cloud water and cloud
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Table 1. Size distribution parameters for non-sulfate aerosols. eterizations from Kulmala et al. (2006) and Sihto et al. (2006)

as:
Aerosol component Ni Mode radiusum  sigma jinm= A x [H2SOq], @
Fossil fuel OM/BC  0.428571 0.005 15
0.571428 0.08 1.7 or
1.0e-6 25 165 _ )
Biomass OM/BC 0.9987 00774 1.402  Jinm= K x [H2SO4]%, @)
and natural OM Zlézggzs 009.)236730 114';23 where A and K are rate coefficients. In the model, 3nm
Sea Salt " 0.965 0035 192 barticles are added to the nucleation mode at each time step
3.50-2 041 170 (which is dynamically determined based on the accuracy of
Dust 0.854240 0.05 1.65 the solution) instead of 1nm particles. The rate of formation
0.145687 027 267 of 3nm particles f3nm) is calculated fronyi,m using the for-
7.3e-5 40 240 mula from Kerminen and Kulmala (2002).

For the rate coefficients A and K, we adopt the median
aNi is the fraction of the total particle number in a given size range values derived from the case studies in Sihto et al. (2006)
and is dimensionless. which were 1.&107%/s and 1.x10-2cm?/s, respectively.

Wang09 showed that, the inclusion of these boundary layer
nucleation mechanisms improved the comparison of simu-

ice. Cloud droplet number concentrations were prescribedatEd aerosol size distributions with observations in the MBL.
in the precipitation process and in calculating the radiativeFurthermore, the use of Eq. (1) and (2) gave similar results,
properties of clouds. Boville et al. (2006) and Collins et especially in terms of the number concentration of the accu-
al. (2006a) document the physical parameterizations used iftulation mode particles. Here, we choose Eq. (1) to rep-
the model and its performance. resent boundary layer nucleation. The contribution of BHN
The two model components of the coupled system are conand the nucleation mechanism represented by Eq. (1) to the
currently run in MPMD (Multiple Processors Multiple Data) CCN concentration and to the first aerosol indirect forcing
mode to exchange aerosol fields and meteorological fields aill be quantified.
each advection time step of the IMPACT model. We used 26 Although the form of the empirical parameterization for
vertical levels and a horizontal resolution 0% 2.5 degrees ~ Nucleation is generally applicable, variations of several or-
for both the CAM3 and IMPACT models in this study. The ders of magnitude in the prefactors A and K have been ob-
time step for CAM3 was 30 min, and that for advection in Served, depending on location and the environmental condi-

IMPACT was 1 h. tions (Sihto et al., 2006; Riipinen et al., 2007; Kuang et al.,
2008). This indicates that species other than sulfuric acid
2.2 Nucleation mechanisms may play a role in nucleation. For example, biogenic iodine

oxides (O’ Dowd et al., 2002b), organic species (Zhang et

In the original IMPACT aerosol model (Liu et al., 2005), only al., 2004), and ammonia (Korhonen et al., 1999) can be im-
BHN using the parameterization of Vehkakm et al. (2002)  portant in particle formation. In addition, ion mediated nu-
was included. As mentioned above, BHN cannot explain thecleation may be also important (Yu et al., 2008a). Neverthe-
observed nucleation rate in the boundary layer (e.g., Clarkdess, this simple empirical parameterization is still useful for
et al., 1998). Moreover, the model study of Lucas and Aki- exploring the effects of boundary layer nucleation in global
moto (2006) has shown that the simulated nucleation ratenodels, given our poor understanding of the mechanisms be-
from BHN is negligible in the boundary layer. In addition hind particle formation.
Spracklen et al. (2005a) showed that there was very little
change in the simulated MBL aerosol number concentratior2.-3  Primary-emitted sulfate particles
when BHN was switch off in the lowest 3 km of their model. ) )

In Wang09, we implemented a parameterization to simu-Most global model studies that predict both aerosol mass and

late boundary layer nucleation in the IMPACT model. This number have included some fraction of sulfur emissions as
parameterization was based on an empirical fit to new|yprimary emitted sulfate particles to represent sub-grid scale

formed particles and their dependence on sulfuric acid valucleation (Liu et al., 2005; Easter et al., 2004; Stier et al.,

por from long-term observations of aerosol formation events2905; Adams and Seinfeld, 2002; Spracklen et al. 2005b;
----- Finland (Kulmala et al., 2006; Sihto et al., 2006 Pierce et al., 2007). The amount and size of these particles is

Riipinen et al., 2007). This parameterization also fits nucle-CN0Sen to represent the condensational growth and coagula-

ation events measured in a variety of continental and marindion Of both sulfate particles emitted directly from the source
atmospheric environments (Kuang et al., 2008). The nucle@nd those nucleated shortly after emission (Adams and Sein-

ation rate of 1nm particles is first calculated using the param-fem’ 2003).
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Table 2. Hygroscopicity and density for each aerosol component. Aerosol number |- Coupled climate-aerosol
concentration o Model (CAM-IMPACT)
Aerosol Component  Hygroscopiclty Density (g/cn?)
Sulfate 0.51 1.7 Cloud activation parameterization
BC 5.0e-7 15 (Abdul-Razzak and Ghan , 2000, 2002)
oM 0.13 12 Updraft velocity
Sea Salt 1.16 2.2 Cloud droplet number | . (Morrison et al. 2005)
Dust 0.14 2.6 concentration,
) ) effective radius = re and ry relationship
(Rotstayn and Liu 2003)
8The hygroscopicity parameter depends on the number of dissolved —
ions per molecule, the osmotic coefficient, the soluble mass frac- E L'&‘;“A"JY?&ZLZ‘E"%“ ]
tion, 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
4 ([ Metfields (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 accumulationFid: 1. Diagram showing the processes included in the estimation
mode with a mode diameter of 70 nm and a geometric stan®f the first aerosol indirect effect.
dard deviation of 2.0, and the remaining 15% of the mass
in the A|_tken mode W|th_ a mode diameter of 10nm and a ¢ internally mixed in each aerosol type. The bulk hy-
geometric standard deviation of 1.6. Wang09 showed thatgroscopicity parameter for each category of aerosol is the

this primary-emitted sulfate has a large impact on the S'm'volume-weighted average of the parameters for each com-

uIateId ?erosol dnumber dconc_efntI?tigns,z consdistent V‘Qlth th onent taken from Ghan et al. (2001b) (see Table 2). The
results from Adams and Seinfeld (2002) and Spracklen e ize distributions for pure sulfate, which have spatial and

al. (200.5b)' In t.h's study, we W_'” further examine how temporal variations, are predicted from the coupled CAM-
these prlmary-_emltted Sulfate _par_tlcles aff_ect the CCN num-ypact model, while the size distributions of the non-
ber concentration and the 1st indirect forcing. sulfate 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 parame-

We used a procedure similar to that used by Chen and Per{_erization is calculated from
ner (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 concentratiof_ohmann et al., 1999, 2007; Takemura et al., 2005; Jiang
using the cloud droplet activation parameterization of Abdul-and Cotton, 2005), wher is the large-scale vertical veloc-
Razzak and Ghan (2000, 2002). Then, the droplet numbeity, ¢, is the subgrid-scale variance of the vertical velocity,
concentration is used to calculate the cloud droplet effectiveandc¢ is a coefficient. This formula takes the non-linear de-
radius (Rotstayn and Liu, 2003). Finally, the cloud droplet pendence of the cloud droplet number on the vertical velocity

effective radius is used to calculate the cloud optical depthinto accounts,, is diagnosed (Morrison et al., 2005) from
and the first aerosol indirect forcing using an offline radia-

tive transfer model taken from the NCAR CAM3. Detailed oy = K/my, 4)
descriptions of each step follow. ) o

The cloud droplet number concentration was calculatedVNe€reX is the eddy diffusivity from the CAM3 model and
from the aerosol fields using a parameterization based offt 1S the mixing length. The mixing length is calculated
Kohler theory (Abdul-Razzak and Ghan, 2000, 2002). Thisbased on Holtslag and Boville (1993) from the altitude z and

parameterization combines the treatment of multiple aerosoll’® @symptotic scale lengih(m), which is diagnosed from
types and a sectional representation of size to deal with arth€ following formula:
b{trary aerospl mixing gtates and arbitrary aerosol size dls.—kc — 300 m forz<zpp. )
tributions. Five categories of aerosols are externally mixed:
pure sulfate, biomass burning OM/BC coated with sulfate,gng
fossil fuel OM/BC coated with sulfate, sea salt with sulfate,

and dust coated with sulfate; coating by sulfate is treated.. = 30+ 270 exg—z/zpb1) for z>zppi, (6)

2.4 Calculation of cloud droplet number and the 1st indi-
rect forcing

W =W+ c X oy, 3
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The coefficient should also depend on the mean velocity
and the number concentration of accumulation mode aerosol
(radius>50nm). But, since the large scale vertical veloc-

Table 3. Description of cases.

Case name Within BL  Within FT? Primary sulfate N . .
- ity in a grid of the GCM is normally less than 0.05m/s,
BHN BHN BHN ~ 0%sg we neglect the dependence ofon the mean velocity as
EMP EMP No FT nucleation  0%S® imati M | th lati
BLBHN BHN No FT nucleation  0%S6 an approximation. Moreover, as long as the accumulation
BHN_PRIM BHN BHN 206SG, mode aerosol concentration is less than 1008/¢he cloud
BHN_EMP EMP BHN 0%SQ droplet number concentration calculated from this approxi-
BHN_-EMP_PRIM  EMP BHN 2%3Q mation is within 10% of that calculated by integrating over
the normal vertical velocity distribution.
@Boundary layer. In part, because we suspect that our sea salt concentra-
bFree troposphere. tions are underpredicted (Wang09), we set a lower limit to
“Binary homogeneous nucleation (scheme of Vehidanet al.,  the cloud droplet number concentration of 20¢hto repre-
2002). sent the minimum cloud droplet concentration in the back-

d0%s of anthropogenic S£emissions are input as primary sulfate.

- o - ground atmosphere. As we show in Sect. 6, however, the use
€The empirical parameterization for boundary layer nucleation from

of this minimum number concentration adds uncertainties to
Eq. (1).
206 of anthropogenic S£emissions are input as primary sulfate the calculated 1st AIE.
' The volume mean radius of the cloud droplets is calculated
from the cloud drop number concentration and the liquid wa-
wherezpp is the height of the planetary boundary layer. The ter content of the cloud. Then the cloud droplet effective

al. (1997) and Morrison et al. (2005). which takes account of the change in the dispersion of the

In Lohmann et al. (1999, 2007) and Takemura etcloud dropletsize distribution due to the change in the cloud

al. (2005), fixed values for are used (0.7 in Lohmann et droplet number. The middle curve in Fig. 1 from Rotstayn
al., 1999 and Takemura et al., 2005; 1.3 in Lohmann et al.2nd Liu (2003) is used in this study.

2007). Jiang and Cotton (2005) diagnosed be 0.24 using The radiative transfer model is that of the NCAR CAM3
|arge-eddy simulations of six observed boundary |ayer CaseiCO”inS et al., 20063), and the meteOfOlOgical fields are taken
but also showed that the valuecodiiagnosed from these sim- from the output of the coupled CAM3/IMPACT model with a
ulations varied from small values for cumulus clouds (aroundfrequency of every four hours. The time step for the radiative
0.10) to two to five times larger for stratocumulus clouds transfer model is one hour. The concentrations of the trace
(0.30-0.55) (Table 1 in Jiang and Cotton, 2005), which im-gases C@, Og are the same as those in the NCAR CAM3
p|ies that the value of may depend on other parameterS, model. We apply the effects of aerosols on clouds to all ||q-
such as,, orw. We diagnosed by Ca|cu|ating cloud dr0p|et uid clouds, and to both Iarge scale and convective clouds.
number concentration and integrating over a normal verticailhe sensitivity of the 1st AIE to cloud types included in the
velocity distribution with a mean of zero and a standard devi-calculation is discussed in Sect. 6.

ation ofo,, and setting the computed droplet number to that ) _

obtained using Eq. (3). Our results show that the coefficient 2-5 Overview of the model experiments

in Eqg. (3) must be treated as a function of the variance of the . )
vertical velocity, in order to reproduce the results from the 1able 3 lists all of the cases considered here. In case BHN,

normal probability distribution and that it should decrease©nly binary homogeneous nucleation is included in both the
for larger values ofr,,. Based on our tests, we used the Poundary layer (BL) and the FT, and no primary-emitted sul-
following empirical formula forc in our droplet nucleation ~fate particles are included. In case EMP, only the empirical

parameterization: _boundary Iay_er n_ucleation from Eq. _(1) is incl_uded. There
is no nucleation in the FT or any primary-emitted particu-
¢ = 0.20, wheno,,>10ms? 7) late sulfate. BLBHN is the same as EMP, except that binary

homogeneous nucleation replaces the nucleation parameteri-
zation based on Eq. (1) in the boundary layer. BRRIM is
the same as BHN except that 2% of the anthropogenic sul-

o= 090w ~10g01 o, log10=logow o (8)  fur emissions are emitted as sulfate particles. BEMP
log 10— log 0.1 log10—log0.1 is the same as BHN except that the boundary layer nucle-
when 01ms <o, <10ms? ation scheme from Eq. (1) replaces binary homogeneous nu-
cleation in the boundary layer. Finally, BHEMP_PRIM
¢ = 0.60, wheno,, <0.1ms™* ) is the same as BHMEMP except that 2% of the anthro-

pogenic sulfur emissions are emitted as sulfate particles.
BHN, BHN_PRIM, BHN_.EMP, and BHNEMP_PRIM were
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compared with observations in Wang09. The EMP andother models (Wang09). The difference between the present
BLBHN cases are added here to quantify the effect of BHNday and preindustrial simulations is largely determined by
in the FT on CCN concentrations and the AlE. the difference in the emissions, including both their amount
The role of nucleation in the boundary layer on CCN and location. The difference is also affected by, but to a lesser
concentrations can be quantified by comparing BEMP extent, the difference in the scavenging efficiencies for the
with BHN and BHNEMP_PRIM with BHN_PRIM. The initially hydrophobic species, such as black carbon, organic
role of nucleation in the FT can be quantified by compar-carbon, and dust. For example, even though the emissions of
ing BHN with BLBHN and BHNEMP with EMP. Finally, = mineral dust are the same in both the PD and PI simulations,
the role of representing nucleation in the boundary layer bythe burden is slightly smaller in the PD simulation resulting
primary-emitted sulfate particles can be quantified by com-from the larger wet scavenging efficiency of dust coated with
paring BHN.PRIM with BHN and BHNEMP_PRIM with sulfate.
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* Present day CCN concentration
preindustrial emissions (PI). In each simulation, the coupled
model was integrated for 1 year after an initial spin-up of four Present day zonal annual-average CCN concentrations at
months. Since the aerosol fields are not allowed to chang®-2% supersaturation and present day annual-average CCN
heating rates or droplet number concentrations in the climat&oncentrations at the 3rd model level (around 930 hPa, rep-
model, the aerosol fields do not affect the simulated meteresenting the boundary layer) are shown in Fig. 2 and Fig. 3,
orological fields, which allows us to compare the aerosolrespectively, while Fig. 4 shows the ratio of the present day
fields from different cases from one-year simulations, as inannual-average boundary layer CCN concentration between
Wang09. Then the resulting aerosol fields from the couplecdifferent cases. As expected, the BLBHN case produces the
model are used to calculate cloud droplet number concensmallest CCN concentrations and the BHEIMP_PRIM case
tration and 1st indirect forcing, following the procedure de- Produces the largest concentrations. Thus, binary homoge-
scribed in Sect. 2.4. neous nucleation is generally not very effective in the bound-
ary layer, whereas the introduction of primary aerosols to-
gether with the boundary layer nucleation scheme both act
3 Global aerosol mass budgets in PD and Pl simulations  to increase CCN concentrations in the boundary layer over
those from just BHN.
Anthropogenic sulfur emissions were from Smith et The effects of including the empirical boundary layer nu-
al. (2001, 2004), and those for the year 2000 (61.3 Tg Scleation scheme can be quantified by comparing simulations
per year) and the year 1850 (1.51Tg S per year) were usedith and without this nucleation mechanism. These effects
for the present day (PD) and the preindustrial (Pl) simula-are large when no primary sulfate particles are emitted, and
tions, respectively. Anthropogenic emissions of fossil fuel the global average CCN concentration in the boundary layer
and biomass burning carbonaceous aerosols were from Its enhanced by 31.4% (Fig. 4a and Table 5). In the MBL,
and Penner (2005) but adjusted as discussed in Wang09. THmundary layer nucleation increases CCN concentrations by
year 2000 PD emissions include fossil fuel BC and OM more than 30% (compare Fig. 3b and e, and Fig. 4a). In par-
(5.8TgBC and 15.8 TgOM per year), and biomass burn-ticular, CCN concentrations are increased by 75% to more
ing BC and OM (4.7 TgBC and 47.4TgOM per year). Pl than 150% over the tropical Eastern Pacific and in the middle
emissions were those for 1870 (23.0 Tg per year for OMIlatitudes of North America and Europe and over the North
and 2.52Tg per year for BC). Natural emissions includedAtlantic. Over these regions, the production of sulfuric acid
volcanic SQ (4.79TgS per year from Andres and Kasg- gas is high and the concentration of primary particles is low,
noc, 1998), marine dimethyl sulfide (DMS) (26.1Tg S per which favors the occurrence of nucleation events. Over con-
year from Kettle and Andreae, 2000), OM from vegetation tinental regions without high sulfuric acid concentrations, the
(14.5Tg per year from Penner et al., 2001), and mineral dusincreases in CCN concentrations are small (less than 10%).
provided by Ginoux (private communication, 2004) for the The effects of the empirical boundary layer nucleation mech-
year 1998 based on the algorithm of Ginoux et al. (2001) andanism are also small at high latitudes because of the lower
were the same for both the PD and PI simulations. Sea sakulfuric acid gas concentration.
emissions (around 2560 Tg per yr) were calculated online in  In contrast, in the cases where 2% of the anthro-
the coupled CAM/IMPACT model using the method defined pogenic SG@ emissions is emitted as particulate sulfate
in Gong et al. (1997). (BHN_EMP_PRIM vs. BHN.LPRIM), the effects of the em-
The global aerosol mass budgets for all six cases are verpirical boundary layer nucleation are much smaller and only
similar, and only the results in the BHRRIM case are increase global average CCN concentration in the boundary
shown in Table 4. Aerosol burdens for the present day simuiayer by 5.3% (Fig. 4b and Table 5). The increases in CCN
lations are within the range of aerosol burdens simulated byconcentrations over most oceanic regions in the Northern
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Table 4. Aerosol emissions and burdens in the present day and preindustrial simulations for theBINNcase.

600 600

IZO

Aerosol types Sources (Tglyr or Tg S/yr)  Burden (Tg or Tg S)
PD PI PD PI
Sulfate 60.06 24.00 0.86 0.33
Black carbon 10.51 2.52 0.13 0.033
Organic carbon 77.52 37.44 1.02 0.47
Dust siz& (um)
0.05-0.63 76.57 76.57 162 162
0.63-1.25 291.53  291.53 6.03 6.40
1.25-2.50 662.58  662.58 10.83 11.00
2.50-10.0 1325.17 1325.17 428 4.30
0.05-10.0 2355.86 2355.86 22.77 23.34
Sea Salt siZ&(um)
0.05-0.63 112.47  112.86 042 042
0.63-1.25 430.90 432.34 156 1.56
1.25-2.50 932.15 935.21 256 257
2.50-10.0 1079.04 1082.65 0.46 047
0.05-10.0 255457 2563.07 5.01 5.02
Bradius.
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Fig. 2. Present day zonal annual-average CCN concentrationTsM 0.2% supersaturation for all six cases. CAM3 used a hybrid vertical
coordinate and the pressure at flie model level is given by (k) = A(k) pg + B(k) ps, Wherepy is surface pressuregps 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 labelec
“Approximate Pressure”.
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Fig. 3. Present day annual-average CCN concentrations @t 0.2% supersaturation near 930 hPa (the third model level) for all six cases.

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 CCNinthe BLin PD (#/é)n Reffin PD (um) Change in Reffgm) 3. inthe BL Column-integratechfcn 1St AIE (w/n?)
BLBHN 70.34 13.50 —0.69 46.32 48.60% -0.81
BHN 104.24 12.24 —0.86 43.88 48.76% —-1.55
EMP 128.37 11.83 -0.84 46.77 49.36% -1.22
BHN_PRIM 159.89 11.77 -1.23 62.07 57.57% —2.03
BHN_EMP 136.92 11.61 -0.84 46.37 50.62% —1.49
BHN_EMP_PRIM 168.77 11.46 -0.97 46.09 55.36% —1.65

8Cloud top droplet effective radius for low level warm clouds.
bPD Anthropogenic fraction of CCN concentrations.

Hemisphere (NH) and over land areas in both hemispherefuric acid gas. In the MBL over the tropical Pacific and in the
are less than 10% (compare Fig. 3d and f and Fig. 4b). The&H, the effects of including the empirical boundary layer nu-
inclusion of the empirical boundary layer nucleation schemecleation mechanism are still large since the emissions of an-
can even lead to a decrease in the CCN number concentrdhropogenic primary sulfate particles are much smaller over
tions over some regions, such as western United States, dbese regions.

also shown in Spracklen et al. (2008). This is because the ad-
dition 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-

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
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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  Our results suggest that the effects of including boundary
SO, emissions were emitted as primary sulfate with the layer nucleation on the CCN concentrations depend on both
aged size distribution that was suggested for the AEROCOMhe rate coefficients (as shown by Spracklen et al., 2008),
emissions inventory (personal communication, D. Spracklenand in an important way on the assumed and simulated pri-
Dentener et al., 2006). The majority (88%) of the primary mary particles. When primary-emitted sulfate particles are
anthropogenic S@comes from the industrial sector and is included, the effect of including boundary layer nucleation is
emitted at a diameter of Am, while the remaining fraction much smaller because the depletion of sulfuric acid gas from
comes from the traffic sector and is emitted at a diameter othe condensational growth of primary particles decreases the
30 nm. Spracklen et al. (2008) showed that the enhancemeritequency and intensity of nucleation events, and slows the
in April is 9% when the rate coefficient is 2<00-%/s. Their  growth of freshly nucleated particles. Although only primary
result is close to our annual average result (5.3% enhanceparticles from anthropogenic sulfate are examined here, we
ment in the case when primary-emitted sulfate particles aravould expect that the effects of boundary layer nucleation on
included), although we have somewhat different emissionaCCN concentrations also depends on the treatment of other
and concentrations of other primary particles (e.g., carbonaprimary particles (carbonaceous aerosols, dust and sea salt).
ceous aerosol, sea salt) and have a different magnitude dbiven the large uncertainties in the treatment of these other
emissions of the precursor species ¢&0d DMS) of sulfu-  primary particles in global aerosol models, the accurate de-
ric acid gas. They also showed that the enhancement in Apritermination of the effects of boundary layer nucleation on
ranges from 3 to 20% when the rate coefficient ranges fromCCN concentrations may require significantly improved es-
2.0x1078t0 2.0x10~%/s. timates of emissions.
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Fig. 5. Annual-average 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 In the case where the empirical boundary layer nucleation
boundary layer can be quantified by comparing cases irscheme is included (BHMEMP vs. EMP), nucleation in the
which binary homogeneous nucleation takes place throughfree troposphere increases boundary layer particles by less
out the atmosphere (case BHN or BHEMP) with those in  than 20% everywhere except near the poles (Fig. 4d). This
which nucleation only takes place within the boundary layershows that, if boundary layer nucleation events happen as
(case BLBHN or EMP). Figure 4c shows that if only binary frequently as Eq. (1) suggests, the entrainment from the free
homogeneous nucleation is considered (BHN vs. BLBHN),troposphere into the boundary layer is not as important as
the mixing of aerosols from the FT into the boundary layer previously thought. The effects of BHN in the FT are most
has a large impact on the simulated CCN concentrations inmportant at high latitudes and in the middle troposphere,
the boundary layer. The small concentrations of CCN par-(Fig. 4d and compare Fig. 2d and e) because the impact of
ticles produced within the boundary layer in this case al-the boundary layer nucleation is small in these regions (com-
lows particles to diffuse into the boundary layer from above pare Fig. 2b and e).
causing higher concentrations there, especially in the MBL
over regions where primary particles have little influence on The inclusion of primary-emitted sulfate particles signif-
the CCN concentrations. In these regions concentrations arigantly increases CCN concentrations (Fig. 4e and f). In
increased by more than 200% (compare Fig. 3a and b anthe scenarios where the empirical boundary layer nucleation
Fig. 4c). These results are consistent with the model studycheme is not included (BHN vs. BHRRIM), the inclusion
by Spracklen et al. (2005a). They are also consistent withof primary-emitted particulate sulfate increases CCN num-
the analysis of Clarke et al. (2006), who estimated that enber concentrations in both the boundary layer and free tropo-
trainment from the FT can provide 35%—-80% of the CCN sphere, but the main effects are limited to the NH (compare
flux into the MBL over regions between 48 and 40 N. Fig. 2b and c, see Fig. 4e). Over regions strongly influenced

by industrial pollution, CCN concentrations are increased by
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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 to Fig. 2.

more than 200%, which is consistent with the results fromCCN concentrations in the boundary layet9380 hPa). This
previous studies (Adams and Seinfeld, 2002; Spracklen efraction is comparable with that reported by Spracklen et
al., 2005b). In the cases where the boundary layer nucleatioal. (2005a) (59% in December and 61% in July at the surface)
scheme is included (BHNEMP_PRIM vs. BHN.EMP), the  in a model that only included sulfate and sea salt aerosols,
effects of primary-emitted particles are smaller than when itand with that reported by Adams and Seinfeld (2002) (60%)
is not (compare Fig. 4e and f) which is due to the competi-in a model that only included sulfate aerosols. Our results
tion for sulfuric acid gas between nucleation of new particlesshow that over polluted regions, such as East Asia, the east-
and condensation onto pre-existing particles. The decrease=n United States and Europe, anthropogenic emissions con-
in the frequency and intensity of boundary layer nucleationtribute more than 80% of the CCN, but over remote oceanic
partly offset the increase in the aerosol particles from theregions the contribution from anthropogenic emissions is

primary-emitted sulfate particles. much smaller (Fig. 5d). For example, anthropogenic emis-
sions contribute less than 5% of CCN in the SH south of
50° S.

5 Anthropogenic contribution to CCN concentrations

There is a large difference in the contribution of CCN from
Itis important to understant the perturbation to the CCN con-anthropogenic emissions to the zonal mean CCN concentra-
centrations between the PD and Pl simulations in order tdion between the NH and SH. In the NH middle latitudes,
understand variations in the aerosol indirect forcing. Fig-the anthropogenic fraction of CCN is of orde60-80% in
ures 5 and 6 show the annual-average boundary layer (thiréig. 6c, d, e, and f from the surface to the upper troposphere
model level) and the zonal mean PD anthropogenic fraction(200 hPa). The simulations with the largest values near sur-
of CCN concentrations, respectively. The PD anthropogenidace are those that have primary-emitted sulfate particles
fraction of CCN concentrations is calculated as the increasécompare, for example, Fig. 6b and c), and the simulations
in the CCN concentrations from the Pl to the PD divided by with the largest values in the upper troposphere are those that
the CCN concentrations in the PD. In the BHNRIM case, either have BHN in the FT or have the empirical boundary
present day anthropogenic emissions contribute 62% of théayer mechanism in the BL (compare Fig. 6b and d with a).
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It is interesting that the empirical boundary layer mechanism Binary homogeneous nucleation in the free troposphere
increases the anthropogenic fraction of CCN more in the up-decreases the annual-average anthropogenic fraction of CCN
per troposphere than it does at the surface (Fig. 6d) over then the boundary layer compared to the case when it is only
NH. This is because pure sulfate particles have a larger conincluded in the boundary layer, from 46.3% in BLBHN to
tribution to the anthropogenic fraction of CCN concentra- 43.9% in BHN. This decrease occurs mainly over tropical
tions in the upper troposphere than in the lower troposphereegions and over the SH (Fig. 7c). Over these regions, the
in the NH (Fig. 2a and d). In the SH middle and high lat- relative increase in the SQconcentration from the PI to
itudes, the anthropogenic fraction of CCN is small near thethe PD simulation is small due to strong natural contribu-
surface (less than 5% below about 700 hPa) in all simula-tions from the oxidation of DMS, which leads to a relatively
tions, and increases with altitude 4610% around 300 hPa. smaller contribution from binary homogeneous nucleation
The maximum at high altitudes in the SH results from theto the CCN concentration in the PD than in the PI simu-
transport of pollution in the middle troposphere from the SH lation. When these particles descend from the free tropo-
lower latitudes and from the NH (see also Spracklen et al.sphere into the boundary layer, they decrease the anthro-
2005a). pogenic fraction of CCN. In contrast, over polluted conti-

When the empirical boundary layer nucleation scheme isnental regions and over much of the NH, binary homoge-
included in the BHNEMP_PRIM case, the anthropogenic neous nucleation in the free troposphere increases the anthro-
contribution to CCN concentrations in the boundary layer ispogenic fraction of CCN in the boundary layer. Over these
56%, a decrease of 6 percentage points from the BHRIM continental regions, the relative increase in the $@ncen-
case. The decrease is large over oceanic regions stronglyation from the Pl to the PD simulation is larger than the
influenced by continental pollution (compare Fig. 5d and f, relative increase in primary-emitted particles, which leads
and Fig. 7b). For example, over the North Pacific, the in-to a relatively larger contribution from binary homogeneous
clusion of boundary layer nucleation decreases the anthronucleation to the CCN concentration in the PD than in the
pogenic fraction from 40%—60% in BHRRIM to 20—40% Pl simulation, leading to the increase in the anthropogenic
in BHN_EMP_PRIM. Over these regions, the relative in- fraction of CCN concentrations over continental regions and
crease in the S@concentration from the preindustrial to the throughout much of the NH. For the cases that include the
present day simulation is small due to the strong natural conempirical boundary layer nucleation scheme, the effect of
tribution from the oxidation of DMS, while the relative in- binary homogeneous nucleation in the FT is much smaller
crease in the primary-emitted particles is large due to theand the globally-averaged anthropogenic fraction of CCN in
influence from continental pollution. Both of these factors the boundary layer is almost the same: 46.8% in EMP, and
lead to a smaller relative contribution from boundary layer 46.4% in BHNEMP (Fig. 7d) In these scenarios, the CCN
nucleation to the CCN concentration in the PD compared toconcentrations in the boundary layer are mainly determined
that in the Pl atmosphere, which decreases the anthropogeniiy the empirical boundary layer nucleation scheme together
fraction of the CCN concentration. Over polluted continental with the primary-emitted particles, and therefore the effect of
regions, the effect of the empirical boundary layer nucleationbinary homogeneous nucleation in the FT on the CCN con-
scheme on the anthropogenic fraction of CCN is small. centration in the boundary layer is small.

In the cases which do not include any primary-emitted Binary homogeneous nucleation in the FT has an impor-
anthropogenic sulfate (BHEMP vs. BHN), the empiri- tantimpact on the anthropogenic fraction of CCN in the free
cal boundary layer nucleation scheme increases the anthrdroposphere (Fig. 6a vs. b and Fig. 6d vs. €). It increases
pogenic fraction of CCN by 1.5 percentage points from the anthropogenic fraction of CCN in the middle and up-
44.9% in BHN to 46.4% in BHNEMP in the boundary per troposphere over the NH. Over those regions, BHN is
layer. This increase mainly occurs over continental re-an important source of aerosol particles (Fig. 2a vs. b and
gions (Fig. 7a), which contrasts with the cases that included-ig. 2d vs. €), and the relative increase in the, ®0ncen-
primary-emitted sulfate particles. Over these continental redration from the PI to the PD simulation is larger than the
gions, the relative increase in the $€ncentration from the relative increase in primary-emitted particles. For scenarios
PI to the PD simulation is larger than the relative increasewithout boundary layer nucleation (Fig. 6a vs. b), BHN in
in primary-emitted patrticles, which leads to a larger contri- the FT decreases the anthropogenic fraction of CCN concen-
bution to the CCN concentration in the PD than in the PItration over most of the SH. This is because the relative in-
atmosphere when the boundary layer nucleation mechanisrarease in the S@concentration from the Pl to the PD in the
is included, thereby increasing the anthropogenic fraction ofSH is somewhat smaller than the relative increase in primary
CCN. Decreases in the anthropogenic fraction of CCN overparticles
ocean regions are similar to the case when primary sulfate This comparison suggests that the competition for sulfu-
particles are emitted, but the decrease is not as large (conric acid gas between primary particles and nucleation de-
pare Fig. 7a and b). termines whether the inclusion of a nucleation mechanism

(boundary layer nucleation or free troposphere nucleation) in
the model increases or decreases the anthropogenic fraction
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of the CCN particles. When the relative increase in the prethe model using the ISCCP cloud simulator (Klein and Ja-
cursor gas species ($Pis large and the relative increase cob, 1999; Webb et al., 2000) which emulates the way nadir-
in primary patrticles is not that large, the inclusion of nucle- looking satellites measure clouds, and facilitates the compar-
ation tends to increase the anthropogenic fraction. In conison of the model data with satellite observations. For both
trast, when the relative increase in the precursor gas specighe satellite and simulated data, only warm-@73 K) and
(SO) is small but the relative increase in primary particles is low level (pressure-640 hPa) clouds are sampled. The sim-
not that small, the inclusion of nucleation tends to decreasalated data is sampled at each time step (every 30 min).
the anthropogenic fraction. The magnitude and spatial distribution of cloud-top
The effect of including primary-emitted sulfate particles droplet number from the BHNPRIM case agrees better with
on the anthropogenic fraction of CCN particles is large. Forthe MODIS data than that from the BHN case. The simu-
the cases that don't include the boundary layer nucleatiorlated cloud droplet number concentration is larger over land
scheme, the inclusion of primary-emitted sulfate particles in-than over the ocean in BHRRIM, because of the larger
creases the annual-average anthropogenic fraction of CClnthropogenic emissions over land with concentrations be-
from 44% in BHN to 62% in BHNPRIM. Large increases tween 75 and 225/chrover land and between 25 and 75/cm
in the anthropogenic fraction occur over Europe, South Easbver ocean. However, the model generally has a smaller
Asia, and regions of continental outflow over the North At- cloud droplet number concentration, and simulates a smaller
lantic (Fig. 7e). This large increase can be explained by twdand/ocean contrast than that in the observation. In the SH
factors: first, primary-emitted sulfate (at least at the sizes asbetween 40 and 60, the simulated cloud droplet number
sumed here) forms CCN-size particles more efficiently thanconcentration is less than 50/8while the measured cloud
do particles that nucleate from gas phaseS8y, and sec-  droplet number from MODIS is about 75/ém The high
ond, the percentage change in primary-emitted sulfate parcloud droplet number concentration observed over this re-
ticles between the PD and PI simulations is larger than thegion in MODIS is also consistent with the high number con-
percentage change in other primary particles (carbonaceousentration of CCN derived by Vallina et al. (2007) from the
aerosols, dust and sea salt) between the PD and PI simulddODIS aerosol optical depth.
tions. The inclusion of the boundary layer nucleation scheme The inclusion of the empirical boundary layer nucleation
partly offsets this large increase in the anthropogenic fractiorscheme (BHNEMP_PRIM) improves the comparison with
from primary-emitted sulfate, and leads to a smaller increaséMODIS cloud drop number concentration compared to the
in the anthropogenic fraction of CCN due to primary sulfate BHN_PRIM case. However, this version also underestimates
than that in the case without boundary layer nucleation. Thethe observed cloud droplet number concentrations in the 40
increase in the boundary layer is 10 percentage points (fronand 60 S latitude belt. Pierce and Adams (2006) showed that
46% in BHNLEMP to 56% in BHNEMP_PRIM) compared the inclusion of a source of ultrafine sea salt particles can in-
to an increase of 18 percentage points without boundary laye¢rease the simulated cloud droplet number concentration re-
nucleation. The zonal annual-average anthropogenic fractiosulting from the condensational growth of ultrafine particles
of CCN shows that the inclusion of primary-emitted sulfate into CCN-size particles. The absence of condensable organic
particles also increases the anthropogenic fraction of CCNspecies from biogenic emissions in the IMPACT model may
in the middle to upper troposphere in the NH (Fig. 6¢ vs. balso cause an underestimate of the growth of small particles
or Fig. 6f vs. e). These results indicate that primary-emittedinto CCN-sized particles and contribute to the underestima-
sulfate particles not only increase CCN concentrations in thdion shown in Fig. 8. Recent studies (e.g., Vaattovaara et al.,
PD significantly, but also increase the anthropogenic fraction2006) from observational data have shown that the forma-
of CCN concentrations significantly. tion of the secondary organic aerosols can contribute to the
growth of recently formed particles.
Figure 9 shows the simulated change in cloud top effec-
6 Cloud droplet number concentrations and the first  tive radius from anthropogenic aerosols and the 1st aerosol
aerosol indirect forcing indirect forcing for the BHNPRIM case. Anthropogenic
aerosols decrease the global average cloud top effective ra-
The simulated cloud top droplet number concentration fordius by 1.2Qum with larger decreases over land and smaller
lower level warm clouds is shown in Fig. 8 along with satel- decreases over ocean. The 1st aerosol indirect forcing is
lite observations. The satellite data was derived from ver-—2.03W/n¥ in this case. The spatial distribution of the first
sion 4 of the Moderate Resolution Imaging Spectroradiome-indirect forcing is determined by the change in the cloud top
ter (MODIS) aboard the Terra satellite (Platnick et al., 2003) effective radius and, to a lesser extent, by the cloud forcing.
by Quaas et al. (2006). The MODIS cloud products includeThe maximum in the first aerosol indirect forcing occurs over
both cloud optical depth and cloud droplet effective radius,the north Pacific which is caused by the combination of the
and Quaas et al. (2006) diagnosed droplet number from thesstrong decrease in the cloud effective radius and strong cloud
variables assuming adiabatic clouds. The simulated cloudorcing over this region.
droplet number concentration at cloud top was diagnosed in
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Fig. 9. (a) The change in the annual-average cloud top effective radius from anthropogenic emissifsfammial-average 1st AIE in the
BHN_PRIM case. The values given in the title are global averages.

E NO PRIM B PRIM rect forcing and shifts more of the contribution of the 1st AIE
0.80 to land (i.e. the changes are more positive over the oceans
in Fig. 10). This suggests the importance of including a
0.60 boundary layer nucleation mechanism in the estimation of

0.40 | the global aerosol indirect forcing.

Figure 11 shows the change in the zonal mean annual-

Change in the 1st AIE (w/m ?)

0.20 1 average 1st AIE and the change in the zonal annual-average
0.00 - anthropogenic fract_ion of CCN from includ_ing prima_lry-
emitted sulfate particles. The inclusion of primary-emitted
-0.20 sulfate particles has a large impact on the first aerosol in-
N_L N_O S_L S_O Globe direct forcing, which is consistent with its impact on the

. . . ~anthropogenic fraction of CCN as shown in Fig. 7e and
Fig. 10. Change in the simulated annual-average 1st AIE from in-f, For the cases without the empirical boundary layer nu-
cluding the empirical boundary layer nucleation mechanism in five cleation scheme, the inclusion of primary-emitted sulfate
regions: NL: over Northern Hemisphere land;_@: over North- particles changes the forcing from1.55w/n? in BHN to

ern Hemisphere oceans;LlSover Southern Hemisphere land,C3 —2.03w/n?in BHN_PRIM (Table 5). For the scenario with
over Southern Hemisphere oceans; Global: global average (Reﬂq ) . )

bar- the difference between BHEMP and BHN: Blue bar the e empirical boundary layer nucleation scheme, the effect of
difference between BHNEMP_PRIM and BHNPR]M). including primary-emitted sulfate particles on the 1stindirect
forcing is smaller, only increasing the magnitude of the forc-
ing from —1.49 W/n¥ in the BHNLEMP case to-1.65 W/n¥
Figure 10 shows the change in the simulated 1st AIE fromin the BHN.EMP_PRIM case (Table 5). The largest increases
including the empirical boundary layer nucleation mecha-take p!ace in the middle latitudes of.the. NH where anthro-
nism in five regions: NH land, NH oceans, SH land, SH Pogenic sulfur has the largest contribution to the total sul-
oceans and the global average. These changes are cofitf (Fig. 11). This suggests that the treatment of sub-grid
sistent with the spatial pattern of the change in the simu-Scalé nucleation processes by including primary-emitted sul-
lated anthropogenic fraction of CCN shown in Fig. 7a andfate pqrtlclgs in the model mfcroduces a I.arge uncertainty in
b. The 1st aerosol indirect forcing is onlyl.65W/n? in  the estimation of the aerosol indirect forcing.
the BHNLEMP_PRIM case, a decrease of 0.38 \W/in ab- Binary homogeneous nucleation in the FT increases the
solute magnitude from the BHRRIM case, as shown in forcing from —1.22 W/n? in the EMP case to -1.49 W/n
Fig. 10 and in Table 5. This decrease occurs over most rein the BHN.EMP case (Table 5). Although the change in
gions with the largest decrease over oceanic regions in théhe anthropogenic fraction of CCN in the boundary layer is
NH, which comes from the decrease in the simulated anthrosmall between these two cases, the vertical profiles of the an-
pogenic fraction of CCN (Fig. 7b). In the cases without any thropogenic fraction of CCN show an increase when binary
primary-emitted sulfate particles, the inclusion of the empir- homogeneous nucleation in the FT is included (Fig. 6d and
ical boundary layer nucleation scheme changes the globat), which may explain the increase in the 1st indirect forcing.
average forcing only slightly: from-1.55W/n? in BHN However, when there is no boundary layer nucleation, the in-
to —1.49 W/n? in BHN_EMP, which is due to increases in clusion of binary homogeneous nucleation in the FT doubles
the (negative) forcing over land and decreases over the oceahe forcing from—0.81 W/n? in BLBHN to —1.55 W/n? in
(Fig. 10). The inclusion of the empirical boundary layer nu- BHN (Table 5). This large increase is caused by the unre-
cleation scheme changes the spatial pattern of the first indialistically low droplet number concentrations simulated in
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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 fractiofr !9 12- The 1st AIE from 5 different model configurations (wyr
of CCN (right panel) from including primary-emitted sulfate parti- S10: USing the average from fou_r months_ (January, April, July and
cles (Red line: the difference between BHIRIM and BHN: Blue ~ Octoben)in the case of BHIRRIM; WARM: the same as STD but

line: the difference between BHEMP_PRIM and BHNEMP). with only warm clouds (vyarmer than 273.15 K) inclyded; 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

] o 40/crr?’; N10: the same as STD but with the minimum cloud droplet
the BLBHN case. In our calculation, we set a lower limit number set to 10/ch

to the cloud droplet number concentration of 20émDue

to the low cloud droplet number concentration simulated in

BLBHN, most regions have a constant cloud droplet numberclouds that are assumed to remain in the liquid phase. Since
concentration of 20 cm? in both the present day and prein- this fraction is simply specified in this model, the model sen-
dustrial simulations, which decreases the 1st indirect forcingSitivity to this factor could be quite different with other for-
significantly. mulations.

The first aerosol indirect forcing calculated in this study is In the N40 and N10 simulations, we set the minimum

higher than that of most other studies (Foster et al. 2007)_(:IOU(1_drloplelt ntlil]mbﬁ‘rloconcent[gtloil EOA?I(E) _an(; 1Gicre- db
Here we explore how our estimation of the 1st aerosol in-SPectively. - In the case, the 1S IS decreased by

direct forcing depends on the assumption of the cloud typesA'oo/0 compared with the BHIWRIM case, and in the N10

included in the indirect aerosol effect and the lower limit of $35€ the 1st AIE is increased by 13% compared with the

the cloud droplet number concentrations. We compare differ-"jﬂ_H\LPRl'vI case (Fig. 12). A minimum number concentra-

ent choices for these factors to the forcing calculated in thqt_Ion of 40/cnt has been used in some model studies (e.g.,
BHN_PRIM case averaged over four months (January, April, oh_m_ann etal., 2007). Although it may be r_easonable to .Set
July and October) in order to save computer time. a minimum cloud droplet number concer_ltrathn to determme
] . ) background droplet number concentrations if the predicted

As shown in Table 2.7 in Forster et al. (2007), different 510501 number concentrations are too low, our sensitivity
models have included different cloud types in their estima-iagts show that the exact value of the minimum droplet num-
tion of the 1st AIE. Some models only include warm clouds pe cqncentration makes a large difference in the estimated

(€.g., Ming et al., 2005; Takemura et al., 2005), but othera|e \oreover, the effect of the minimum droplet number
studies include both warm and mixed-phase clouds (e'g'depends on the simulated cloud droplet number.
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 clouds7 Summary and discussion

(e.g., Jones et al., 2001). In Fig. 12, in the simulation la-

beled WARM, we limited the 1st AIE to warm clouds only, The effects of different nucleation parameterizations have not
which are clouds with temperature warmer than 273.15 K. Inbeen included in global model studies of the aerosol indirect
the STRAT case, we limited the 1st AIE to stratiform clouds effect. Here, we used a global aerosol model that includes
only. All other specifications in the WARM and STRAT an empirical boundary layer nucleation scheme as well as bi-
cases are the same as those in the BMRIM case. There hary homogeneous nucleation to explore how nucleation af-
is a 24% and 40% decrease in the 1st AIE in STRAT andfects the concentration of CCN and aerosol indirect forcing.

in WARM, respectively, compared to that in BHRRIM We also investigated how the inclusion of primary-emitted

(Fig. 12). Thus, the estimation of the 1st AIE is very sensitive Sulfate particles affects CCN concentrations and aerosol in-
to the cloud types included in the simulation. The large con-direct forcing.

tribution 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/ Atmos. Chem. Phys., 928892009



256 M. Wang and J. E. Penner: Aerosol indirect forcing in a global model

The inclusion of the empirical boundary layer nucleation mary particles is not that large, the inclusion of nucleation
scheme improved the comparison of cloud top droplet num-tends to increase the anthropogenic fraction and to increase
ber concentrations from the model with satellite data over thethe aerosol indirect forcing. This is the case for the effect of
Southern Oceans, but the model still underestimates clouthoundary layer nucleation over the NH land when no primary
top droplet number concentrations in the region froiS0 sulfate is included (Fig. 7a, and Fig. 10) and for the effect
to 60° S. This underestimation may come from the absenceof BHN over the NH land (Fig. 7c). In contrast, when the
of ultrafine sea salt particles or from the absence of condensrelative increase in the precursor gas species)®etween
able organic species from marine biogenic emissions. the PD and PI simulations is small but the relative increase in

Our study showed that the effect of the empirical bound-primary particles is not that small, the inclusion of nucleation
ary layer nucleation scheme on CCN concentration dependtends to decrease the anthropogenic fraction and to decrease
in an important way on the assumed and simulated primarnthe aerosol indirect forcing. This is the case for the effect of
particles. Including the empirical boundary layer nucleationthe boundary layer nucleation over ocean regions (Fig. 7a, b
increases global average CCN concentrations in the boundand Fig. 10), and for the effect of BHN over the SH (Fig. 7c).
ary layer by 31.4% when the primary sulfate particles are ex-This contrast explains why the empirical boundary layer nu-
cluded, and by 5.3% when primary-emitted sulfate particlescleation scheme changes the spatial pattern of the first in-
are included. In the MBL over the tropics and in the SH, the direct forcing and shifts more of the contribution of the 1st
empirical boundary layer nucleation scheme increases CCMIE to land (Fig. 10). The magnitude of the relative increase
concentrations in the PD simulation by 30-100% and thisin SO, and primary particles between the PD and PI sim-
increase has little dependence on whether primary-emittedlations causes a large decrease in the first indirect forcing
sulfate particles are or are not included since primary sul-over ocean and small decreases or even increases in the first
fate particles make only a small contribution to the primary indirect forcing over land in the simulations with boundary
particles over these regions. However, uncertainties in thdéayer nucleation compared to those without boundary layer
emissions of natural primary particles (sea salt and dust) ovenucleation.
these remote regions prevent us from making any further In this study, the nucleation rate from boundary layer nu-
conclusion. For example, if the underestimation of the cloudcleation only depends on the sulfuric acid gas concentrations,
droplet number concentration in the Southern Ocean resultand the meteorological fields are the same for both the Pl and
from an underestimation of natural primary particles (e.g.,PD simulations. So the primary particles and precursor gas
ultrafine sea salt particles), the effects of boundary layer nuspecies are the two most critical factors in determining the
cleation may be overestimated over that region. effects of nucleation on the anthropogenic fraction of CCN

This study also shows that the inclusion of the empirical particles and on the aerosol indirect forcing. However, if
boundary layer nucleation scheme in the model decreases th®undary layer nucleation also depends on some other fac-
effects of BHN in the FT on CCN concentrations in the MBL tors and if the meteorological fields are changed as a result
as well as the effects of primary sulfate particles. When noof global warming, the effects of including a boundary layer
boundary layer nucleation is included, the inclusion of BHN nucleation mechanism on aerosol indirect forcing can differ
in the FT in the model increases CCN concentrations in thefrom that calculated here. For example, the ion-mediated
MBL by more than 150%, which is consistent with other nucleation mechanism suggested by Yu (2006) leads to less
model studies. However, when the empirical boundary layemucleation at higher temperatures (Yu et al., 2008b). This
nucleation scheme is included in the model, BHN in the FT suggests that including a boundary layer nucleation scheme
has a much smaller effect on CCN concentrations. This sugwould have lead to a smaller increase and a larger decrease
gests that, as long as boundary layer nucleation events occum the anthropogenic fraction of CCN than that in this study,
as frequently as Eq. (1) suggests, BHN in the FT is not aif this ion-mediated nucleation mechanism were used and the
critical factor in determining the CCN concentration in the increase in temperature from the PI to the PD were included.
MBL. The inclusion of primary-emitted sulfate particles al- In this study, a 2-mode representation (nucleation/Aitken
ways increases CCN concentrations in the boundary layemmode and accumulation mode) of the sulfate aerosol size dis-
although the inclusion of the empirical boundary layer nu- tribution is used to simulate the effects of nucleation events
cleation scheme decreases the percentage increases in C@ém both boundary layer nucleation and BHN. As shown in
associated with primary-emitted sulfate from 53% to 23%. Wang09, a 3-mode representation with an additional mode

Our study suggests that the effect of including a nucleationrepresenting nucleation sizes (radiS nm) produces fewer
mechanism (either boundary layer nucleation or free tropo-Aitken mode particles and more accumulation mode parti-
sphere nucleation) in the model on the anthropogenic fractiorcles in the upper troposphere because of the large amount of
of the CCN patrticles and on the first aerosol indirect forcing freshly nucleated particles from BHN. However, the 3-mode
largely depends on the competition for sulfuric acid gas be-representation has a smaller effect on the accumulation mode
tween primary particles and nucleation. When the relativeparticles in the boundary layer even when boundary layer nu-
increase in the precursor gas speciesy|ie@tween the PD  cleation is included. This is partly due to the fact that the
and PI simulations is large and the relative increase in pri-aerosol particles generated from boundary layer nucleation
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are grown by condensation up to a size of 3nm and haveindres, R. J. and Kasgnoc, A. D.. A time-averaged inventory
lower number concentrations in the nucleation mode com- of subaerial volcanic sulfur emissions, J. Geophys. Res., 103,
pared with those from BHN. In addition, primary particles ~ 25251-25261, 1998.

are important sources for accumulation mode particles in thé3oville, B. A., Rasch, P. J., Hack, J. J., and McCaa, J. R.: Repre-
boundary layer, whereas the growth of particles from the nu- sentation of clouds and preupltatlon processes in the community
cleation mode is important in the free troposphere. As a re- 2tmosphere model version 3 (cams), J. Clim., 19, 2184-2198,

. . A 2006.
sult, the effects of different size distribution treatments (3- Chen, Y. and Penner, J. E.: Uncertainty analysis for estimates of the

r_nOde .VS' 2-mode) is small. Since accumUIat'O.n mode par- first indirect aerosol effect, Atmos. Chem. Phys., 5, 2935-2948,

ticles in the boundary layer are the focus of this study, we 2005, http://www.atmos-chem-phys.net/5/2935/2005/

WOUId eXpect the 3'm0de I’epl’esentation to haVe Sma” eﬁ:ect€|arke’ A. D.’ Uehara’ T_, and Porter’ J. N.: Lagrangian evolution

on the results reported here. of an aerosol column during the atlantic stratocumulus transition

Our study also shows that the inclusion of primary-emitted  experiment, J. Geophys. Res., 101, 43514362, 1996.

sulfate increases the anthropogenic fraction of CCN concenClarke, A. D., Davis, D., Kapustin, V. N., Eisele, F., Chen, G.,

trations and the first aerosol indirect forcing significantly, ~Paluch, I., Lenschow, D., Bandy, A. R., Thornton, D., Moore,

because primary-emitted sulfate forms CCN-size particles <~ Mauldin, L., Tanner, D., Litchy, M., Carroll, M. A., Collins,

more efficiently than do particles that nucleate from the gas J» 2nd Albercook, C.. Particle nucleation in the tropical bound-
. . ) ary layer and its coupling to marine sulfur sources, Science, 282,

phase. The percentage change in primary-emitted sulfate 89-92 1998

particles between PD and PI simulatons is larger than the Peltiarke, A:. D., Owens, S. R., and Zhou, J. C.: An ultrafine sea-salt

centage change in other primary particles. This suggests that fiyx from breaking waves: Implications for cloud condensation

the treatment of sub-grid scale nucleation processes by in- nycleij in the remote marine atmosphere, J. Geophys. Res., 111,

cluding primary-emitted sulfate particles in the model intro- D06202, doi:10.1029/2005JD006565, 2006.

duces a large uncertainty in the estimation of the aerosol inCollins, W. D., Rasch, P. J., Boville, B. A., Hack, J. J., McCaa, J.

direct forcing. When boundary layer nucleation is included, R., Williamson, D. L., Briegleb, B. P, Bitz, C. M,, Lin, S. J.,

the effect of primary-emitted sulfate particles is smaller. and Zhang, M. H.: The formulation and atmospheric simulation
In summary, this study shows the importance of different of the community atmosphere model version 3 (cam3), J. Clim.,
. ’ . . . - 19, 2144-2161, 2006a.
nucl_e?tlon mﬁcf?gll\slms and the_ mcIusn;n of Erlmary Slflfag.aCollins, W. D., Bitz, C. M., Blackmon, M. L., Bonan, G. B.,
particles on the concentrations and on the aerosol indi- Bretherton, C. S., Carton, J. A., Chang, P., Doney, S. C., Hack, J.

rect forcing. Better parameterizations for the treatment of ; Handerson. T. B.. Kiehl. J. T. Large, W. G., McKenna, D. S.

sub-grid scale nucleation processes as well as the mecha- ganter, B. D., and Smith, R. D.: The community climate system
nisms of aerosol nucleation are urgently needed. model version 3 (ccsm3), J. Clim., 19, 2122-2143, 2006b.
Easter, R. C., Ghan, S. J., Zhang, Y., Saylor, R. D., Chapman, E.
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