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Abstract. The indirect effect of aerosols on climate is highly grow them to CCN sizes. The percent change in CCN(0.2%)
uncertain and limits our ability to assess anthropogenic cli-concentration between pre-industrial times and present day
mate change. The foundation of this uncertainty is uncer-does not depend greatly on the nucleation rate parameteriza-
tainty in the number of cloud condensation nuclei (CCN), tion used for our base case scenarios; however, because other
which itself stems from uncertainty in aerosol nucleation, factors, such as primary emissions and SOA, are uncertain in
primary emission and growth rates. In this paper, we use @oth time periods, this may be a coincidence.

global general circulation model with aerosol microphysics
to assess how the uncertainties in aerosol nucleation, emis-

sion and growth rates affect our prediction of CCN(0.2%)

concentrations. Using several nucleation rate parameteril Introduction

zations that span six orders of magnitude of globally aver-

aged nucleation rates, the tropospheric average CCN(0.2%)tmospheric aerosols are important to climate because they
concentrations vary by 17% and the boundary layer averscatter and absorb radiation and affect the radiative properties
age vary by 12%. This sensitivity of tropospheric averageOf clouds. The connections between aerosols and cloud ra-
CCN(0.2%) to the nucleation parameterizations increases téliative properties are known as the indirect effects of aerosols
33% and 20% when the total primary emissions are reduce®n climate. The aerosol indirect effects occur because an-
by a factor of 3 and the SOA condensation rates are increasediropogenic emissions have increased the number of cloud
by a factor of 3.5, respectively. These results show that it iscondensation nuclei (CCN), the particles on which cloud
necessary to better understand global nucleation rates whegrops form. The first indirect effect, or cloud albedo ef-
determining CCN concentrations. When primary emissionsfect, occurs because the reflectivity of sunlight (albedo) in
rates are varied by a factor of 3 while using a binary nu-2a cloud is modified by changes in cloud droplet number con-
cleation parameterization, tropospheric average CCN(0.2%¢entration (CDNC). With constant cloud liquid water mass,
concentrations also vary by 17%, but boundary layer averincreases in CCN/CDNC cause increases in liquid water sur-
age vary by 40%. Using the fastest nucleation rate parameface area, thus reflecting more sunlight to space and cool-
terization, these changes drop to 3% and 22%, respectivelyng climate (Twomey, 1974, 1977, 1991). In the Intergov-
These results show the importance of reducing uncertaintie§rnmental Panel on Climate Change (IPCC) Fourth Assess-
in primary emissions, which appear from these results to bénent Report, the cloud albedo effect was the most uncer-
somewhat more important for CCN than the much larger un-tain of the quantified radiative forcing changes since pre-
certainties in nucleation. These results also show that unindustrial times. The estimated albedo effect spanned
certainties in nucleation and primary emissions are more im0 —1.8 Wn12 (Forster et al., 2007). The second indirect

portant when sufficient condensable material is available tcgffect, or cloud lifetime effect, occurs because increasing the
CDNC reduces the diameter of the cloud droplets (Albrecht,

_ 1989) inhibiting the cloud’s ability to precipitate. However,
Correspondence tal. R. Pierce potential cloud-dynamic feedbacks complicate the calcula-
BY (jeffrey.robert.pierce@gmail.com) tion of this effect (Ackerman et al., 2004; Twohy et al.,
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2005). The IPCC has not quantified the value of radiative The ability for new particles to grow to CCN sizes de-
forcing from the cloud lifetime effect. It is necessary to un- pends on the existing size distribution of particles and the
derstand the causes of these large aerosol-cloud-climate ugondensational growth rate of the new particle (Pierce and
certainties in order to reduce these large uncertainties. Adams, 2007). This means that the sensitivity of CCN to
In order to quantify how clouds have changed, the changenucleation rates will depend greatly on the factors that con-
in CCN concentrations due to human activity must be under+rol the size distribution (e.g. the primary emissions size and
stood. Whether or not an atmospheric particle will act as arate, the condensation rate and the nucleation rate itself) and
CCN depends on the maximum water-vapor supersaturatiogrowth rate (e.g. the SOA and sulfate condensation rates and
in the clouds along with the diameter and composition of thethe size distribution). Furthermore, because the size distribu-
particle. In typical stratus clouds with a maximum super- tions and condensational growth rates have changed between
saturation of about 0.2%, particles with dry diameters largerpre-industrial times and today, the sensitivity of CCN to nu-
than about 80—100 nm generally act as CCN. All particles incleation rates may also have changed.
the atmosphere are either emitted directly to the atmosphere Emitted particles mix into the atmosphere at sizes gener-
as a patrticle (primary emissions) or are formed in-situ in theally much larger (diameters at least 10 nm or greater) than
atmosphere from condensable gases (particle nucleation dhe size of nucleated particles (diameters~dfnm). This
new particle formation). CCN may either be emitted directly means that emitted particles affect CCN concentrations more
at CCN sizes, have grown from a primary particle smallereasily than do nucleated particles (Pierce and Adams, 2007).
than CCN sizes or have grown from a nucleated particle. ItThe uncertainties in the primary emission rates and sizes, al-
has been proposed that in many parts of the atmosphere, nthough still large, are generally much smaller than the uncer-
cleation and subsequent growth to CCN sizes is a dominantainties in the nucleation rates; however, because these emit-
pathway for the formation of CCN (Pirjola et al., 2002; Li- ted particles affect CCN more efficiently than nucleated par-
havainen et al., 2003; Laaksonen et al., 2005; Sotiropoulou eficles, they may also contribute greatly to uncertainty in CCN
al., 2006), while in other areas, particularly in the boundarypredictions. We will examine the relative importance of un-
layer and near particle sources, primary emissions dominateertainties in primary emissions and nucleation rates to CCN
CCN production (Adams and Seinfeld, 2003; Spracklen etformation globally. This will allow resources to be directed
al., 2005b; Pierce and Adams, 2006). Therefore, uncertaintyat reducing the uncertainties of the more important process.
in aerosol nucleation rates and primary emission rates and Recently, global atmospheric models with online aerosol
sizes may lead to large uncertainties in predicted CCN conmicrophysics have been used to predict the time and location
centrations. dependent aerosol size distributions (Ghan et al., 2001; Wil-
There are several proposed particle nucleation mechason etal., 2001; Adams and Seinfeld, 2002; Adams and Sein-
nisms that may be significant for particle formation globally. feld, 2003; Easter et al., 2004; Rodriguez and Dabdub, 2004;
These mechanisms include: binary nucleation in which sul-Spracklen et al., 2005b; Spracklen et al., 2005a; Stier et al.,
furic acid vapor and water vapor condense to form the new2005; Pierce and Adams, 2006; Spracklen et al., 2006; Stier
particles (Jacker-Voirol and Mirabel, 1989; Kulmala et al., etal., 2006; Pierce et al., 2007; Spracklen et al., 2008). These
1998; Vehkariki et al., 2002), ternary nucleation in which models provide a tool for evaluating the connection between
sulfuric acid vapor, ammonia and water vapor condense taucleation/emissions and the concentrations of CCN in the
form the new particles (Kulmala et al., 2002; Napari et al., global atmosphere. Spracklen et al. (2006) evaluated the con-
2002; Anttila et al., 2005; Yu, 2006b) and ion-induced nucle- tribution of boundary layer nucleation from cluster activa-
ation in which gas-phase ions aid in either binary or ternarytion theory to particle number in a global model and found
nucleation (Yu and Turco, 2001; Laakso et al., 2002; Kazil that particle concentrations in remote continental regions are
and Lovejoy, 2004; Lovejoy et al., 2004; Kazil et al., 2006; likely dominated by nucleated particles while concentrations
Yu, 2006a). Additionally, cluster activation theory has beenin polluted continental regions are likely dominated by pri-
proposed to explain the dependence of nucleation rate on sulnary particles. Spracklen et al. (2008) expanded this work to
furic acid concentrations in the boundary layer (Kulmala etexplore the impact of these boundary layer nucleation events
al., 2006; Sihto et al., 2006). Depending on the nucleationon boundary layer CCN as well as exploring the effect of un-
mechanism or model of the nucleation mechanism, the preeertain SOA condensation rates on the connection between
dicted nucleation rates may differ by many orders of magni-nucleation and CCN. Similarly, Makkonen et al. (2008) ex-
tude (Lucas and Akimoto, 2006; Jung et al., 2008). Globally,plored the sensitivity of aerosol and cloud droplet number
Lucas and Akimoto (2006) showed that the maximum nucle-concentrations to boundary layer nucleation rates and SOA
ation rates varied by five orders of magnitude between thdormation rates. Both of these studies showed that CCN
Vehkanéki et al. (2002) binary nucleation parameterization, concentrations can vary by large amounts at some bound-
Napari et al. (2002) ternary nucleation parameterization, andry layer locations due to changes in the nucleation and SOA
Modgil et al. (2005) ion-induced nucleation parameteriza-rates. Complimenting these studies, Wang and Penner (2008)
tion. showed how the contribution of boundary layer nucleation to
CCN depends greatly on the primary emissions rates in the
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model. These important studies have shown that CCN pretotal amount of aerosol ammonium and total aerosol MSA
dictions will remain uncertain until we have a better under- are also predicted for a total of 242 online aerosol tracers in
standing on nucleation, primary emissions and SOA. How-each grid cell. Besides these aerosol species, the model also
ever, there remains a gap in our understanding of the relativpredicts the following six gas-phase speciesiOb, SOy,
importance of each of these processes to predicting CCNDMS, H,SO4, NH3 and a generic gas representing secondary
This relative importance is necessary to determine where fuerganic aerosol (SOA) precursors for a total of 248 tracked
ture research should be focused in order to improve CCNspecies. Size-resolved dry and wet deposition is as described
estimates. in Pierce et al. (2007) and Adams and Seinfeld (2002). Mod-
In this paper, we will use a global aerosol microphysicsified Kdhler theory (Raymond and Pandis, 2002; Raymond
model (Adams and Seinfeld, 2002; Pierce and Adams, 2006and Pandis, 2003) is used to determine the CCN(0.2%) con-

Pierce et al., 2007) to: centrations throughout this paper as described in Pierce et
al. (2007).
1. Evaluate the sensitivity of total particle number and
CCN concentrations to nucleation rates. 2.2 Changes to previous version of model

2. Determine how the sensitivity of CCN to nucleation
rates depends on other factors: SOA condensation rat
and the primary emissions rates.

The model used here includes several modifications to the
€hodel used in Pierce et al. (2007). Nucleation and con-
densation rates are now calculated simultaneously using the

3. Compare the sensitivity of CCN to nucleation rates to Pseudo-steady-state approximation (PSSA) for sulfuric acid

the sensitivity of CCN to primary emissions rates. vapor (Pierce and Adams, 2009). In general, this greatly in-
creases the length of time steps allowed while still simulating

4. Estimate how the sensitivity of CCN to nucleation may accurately the nucleation rates, thus decreasing computation
have changed since the pre-industrial time period. time. The accuracy and speed of the PSSA was evaluated in
_ ) ) Pierce and Adams (2009). Rather than explicitly represent-

The following section of the paper describes the model deng aerosol microphysics below 10 nm, the growth of nucle-
tails and the various glmulatlons. Sgctlon 3 describes the regieq particles to the first size biPg=10 nm) is now approx-
sults and the conclusions are given in Sect. 4. imated using the parameterization of Kerminen et al. (2004).
This approximation predicts the formation of 10-nm parti-
cles from the formation rate of critical-nuclei-sized parti-
cles, the condensational growth rate of these particles and
2.1 Overview the total condensation sink of existing particles larger than

10 nm. The growth of the new particles to 10 nm occurs due
The simulations presented in this paper are performed in théo condensation of both sulfuric acid and SOA. The growth
Goddard Institute for Space Studies model II-prime (GISSof the nuclei through self-coagulation is not considered lead-
II-prime) (Hansen et al., 1983; Prather, 1986; Del Genio anding to an underprediction of the 10 nm particle formation rate
Yao, 1992; Del Genio et al., 1996; Rind and Lerner, 1996).when the new particle formation rate is large (Kerminen et
The model resolution is 4 degrees latitude by 5 degrees lonal., 2004). Errors from this technique also occur due to the
gitude and has 9 vertical layers from the surface to the modeinstantaneous growth of nucleated clusters to 10-nm parti-
top at 10 mb in the stratosphere, although the layers are corsles. This instantaneous growth assumes that the growth rate
centrated in the troposphere. For the simulations here, theemains constant throughout the growth to 10 nm, such that
model is initialized for the first three modeled months. An changes in the growth rate would lead to errors. Additionally,
additional 12 months of simulation are used for the results.errors may occur because the instantaneous growth to 10 nm
All results shown in this paper are annually averaged ovewill artificially increase the condensation sink earlier in the
this year. nucleation event.

The aerosol size distribution between dry diameters 10nm Gas-phase ammonia and bulk aerosol ammonium are now
to 10um is represented using the TwO-Moment Aerosol simulated in the model in order to predict ternary nucleation
Sectional (TOMAS) microphysics algorithm (Adams and Se-rates. All ammonia is assumed to be aerosol ammonium
infeld, 2002). The size distribution is divided into 30 geo- when the total number of ammonia molecules (gas phase am-
metrically spaced size sections classified by the mass of thenonia plus particle ammonium) is less than two times the to-
particles without ammonium or water. The number of par- tal aerosol sulfate molecules. When the total number of am-
ticles in each size section is predicted as well as the masmonia molecules is greater than two times the total aerosol
of aerosol sulfate, sea salt, hydrophilic organic matter, hy-sulfate molecules, the excess ammonia is free gas-phase am-
drophobic organic matter, internally-mixed elemental carbonmonia. The aerosol ammonium is assumed to partition to
and externally-mixed elemental carbon in each size sectionaerosol sizes in proportion to the sulfate mass. Realistically,
Additionally, the mass of aerosol water in each size sectiongas-phase ammonia is present even when the aerosols are

2 Model description
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acidic; therefore, our assumption about gas-phase ammoniaates that occur throughout the entire troposphere (Lucas and
being present only when sulfate is neutralized may lead toAkimoto, 2006). The first two parameterizations will be used
an underprediction of gas-phase ammonia and ternary nucléiere to estimate potential bounds on the effect of nucleation
ation rates. As will be discussed in the next section, ternaryon CCN. When gas-phase ammonia is present, the Napari
nucleation rates are already very high, and this underpredicet al. (2002) parameterization predicts nucleation rates many
tion does not likely affect the results. The emissions of am-orders of magnitude faster than the Vehlékiret al. (2002).
monia will be discussed in a subsequent section. In the simulations using Napatri et al. (2002), the Vehk&im

In order to account for growth of particles from the con- et al. (2002) parameterization is used when gas-phase am-
densation of SOA (Kulmala et al., 2005; Vaattovaara et al.,monia concentrations are below 0.1 pptv. There are several
2006; Holmes, 2007), we have implemented a simple buiissues with employing the Napari et al. (2002) parameteri-
flexible treatment of SOA formation. A generic SOA pre- zation in this work. One is that the ammonia input into the
cursor representing all SOA precursor gases is emitted angarameterization is a mixing ratio rather than a concentra-
forms SOA with a first-order loss rate of 12 h. The SOA pre- tion. Because the nucleation rate should depend on the am-
cursor is assumed to convert entirely to SOA and is used tanonia concentration, not its mixing ratio, we convert the am-
generate specific SOA condensation rates. This does not repronia to an effective mixing ratio defined as the ammonia
resent any actual SOA precursor in the atmosphere; howevemixing ratio at 273K and 1 atm if the ammonia concentra-
this allows us to control easily how much SOA condensestion were held constant. Another issue is that it has been
onto the particles globally. The condensed SOA is treatedshown that Napari et al. (2002) yields nucleation rates that
as non-volatile hydrophilic organic matter as described inare unrealistically high (Anttila et al., 2005; Gaydos et al.,
Pierce et al. (2007). The SOA condenses onto the aeros@005; Jung et al., 2006; Merikanto et al., 2007). Merikanto
size distribution in proportion to its effective surface areaet al. (2007) presents a parameterization of ternary nucle-
(corrected for non-continuum effects). This assumption re-ation that includes the effect of stable ammonium bisulfate
garding the condensation of SOA is consistent with the factformation that was not included in Napari et al. (2002). The
that growth of nucleation-mode particles is often dominatedMerikanto et al. (2007) parameterization, however, predicts
by the condensation of organics (Fan et al., 2006; Laaksonenucleation rates in our model similar to that of Vehksdan
et al., 2008). The SOA fields will be discussed further in theet al. (2002). The fact that the Napari et al. (2002) param-
emissions section. eterization better predicts boundary layer nucleation events

The number median diameter of biomass burning and(or lack thereof) in Pittsburgh than six other parameteriza-
biofuel burning carbonaceous emissions has been increasdtpns considered, including Merikanto et al. (2007), suggests
from 30 nm to 100 nm based on measurements from biomasthat it has skill in predicting atmospheric nucleation occur-
burning plumes in the Amazon (Rissler et al., 2004; Risslerrences in the Northeastern United States (Jung, 2008; Jung
et al., 2006). Fossil fuel primary carbonaceous emissions arét al., 2008). Because we are concerned in this paper with
still emitted with a number median diameter of 30 nm. Pri- the sensitivity of CCN to large potential uncertainties nucle-
mary sulfate aerosol emissions have been reduced from 3%tion, we continue to use the Napari et al. (2002) parame-
of aerosol sulfur emissions to 1% of aerosol sulfur emissionderization. A third issue with using the Napari et al. (2002)
because the model was overpredicting the measured nunparameterization (or any parameterization that predicts very
ber of particles in polluted regions even when carbonaceou$igh nucleation rates) is that it predicts nucleation rates fast
aerosols were omitted. Additionally, to account for sub-grid €nough that nucleation mode growth through self coagula-
coagulation, the simulations now include the parameterization is important. The nucleation-mode parameterization of
tion of Pierce et al. (2008), which aids in predicting regional Kerminen et al. (2004) does not take into account self co-
background concentrations. In this implementation of the pa-agulation, so the new particle formation rate at 10nm di-
rameterization, primary particles undergo coagulation withameter may be underpredicted in cases where self coagula-
pre-existing particles for 10 h to determine their “effective” tion is the primary growth mechanism for nucleation-mode

regional emissions size and number distributions. particles. Due to the large uncertainty in the ternary nucle-
ation rates, we present additional results from a simulation
2.3 Nucleation mechanisms that uses the Vetdmaki et al. (2002) parameterization in the

free troposphere and additionally use the cluster activation-
Three nucleation rate parameterizations are used in thesgpe nucleation in the boundary layer (Kulmala et al, 2008).
simulations, the binary nucleation parameterization of The nucleation rate of 1 nm clusters are proportional to the
Vehkariki et al. (2002), the ternary nucleation parameter-gas-phase sulfuric acid concentration, and the proportional-
ization of Napari et al. (2002) and the cluster activation pa-ity constant is 1.8106 s~1 (Sihto et al., 2006). The sim-
rameterization of Kulmala et al. (2006). The Vehkgdet  ulation using the activation-type nucleation in the boundary
al. (2002) binary nucleation has a moderate nucleation ratéayer will give enhanced boundary layer nucleation, but with
that occurs primarily in the free troposphere, whereas the Narates more likely realistic than the ternary nucleation simula-
pari et al. (2002) ternary nucleation has very high nucleationtions.
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2.4 Emissions SO, sources are often rich with ultrafine particles, we ex-
pect that emitting the additional SOA in these regions will
In the simulations, we investigate the implications of vari- maximize the increase the number of CCN, thereby achiev-
ous assumptions about present-day and pre-industrial gas amag an upper bound on SOA contribution to CCN. We refer
aerosol emissions as well as varying SOA production rates. to this SOA source as “additional SOA’. The combined SOA
is close to the upper bound of the estimate in Kanakidou et
2.4.1 Present-day emissions al. (2005).

The present-day sulfur (SCand DMS) emissions are de- 2.4.2 Pre-industrial emissions
scribed in detail in Koch et al. (1999). The DMS emissions
total 10.8 TgSyrl. The volcanic emission rate of $Qs Pre-industrial sea-salt, DMS and volcanicS€issions are
4.8TgSyrl. The emission rate of anthropogenic S@ the same as in the present-day simulations, 8missions
68.3TgSyrl. One percent of anthropogenic sulfur emis- from domestic and open biomass burning for the year 1750
sions are emitted as primary sulfate (0.7 TgSyr The pri-  are taken from the AEROCOM inventory and are 1.6 Tglyr
mary sulfate is emitted in two modes. Fifteen percent of the(Dentener et al., 2006). No sulfur is emitted as primary sul-
mass is emitted to the first mode, which has a number mefate. The pre-industrial ammonia emissions are described in
dian diameter of 10nm and a geometric standard deviatiorAdams et al. (2001) and the total emission rate of ammonia
of 1.6. The remainder of the mass is in the second modeis 18.7 TgNyr!. The pre-industrial fossil fuel contribution
which has a number median diameter of 70 nm and a geoto carbonaceous emissions is assumed to be zero. The pre-
metric standard deviation of 2 (Adams and Seinfeld, 2002;industrial open burning and biofuel contributions to carbona-
Adams and Seinfeld, 2003). The total emission rate of am-ceous emissions are taken for the year 1750 from the AERO-
monia is 57.6 TgNyr! (Bouwman et al., 1997; Adams et COM inventory (Dentener et al., 2006). The emissions rates
al., 1999; Adams et al., 2001) Because the same host mod@f OM and EC are 30 Tgyr and 1.4 Tgyr?!, respectively.
is used, the resultant ammonia and ammonium concentratiolmhe number median diameter for these emissions is 100 nm
fields are close to those in Adams et al. (1999). The emiswith a geometric standard deviation of 2 as with the present
sions of carbonaceous aerosol are the same as the BBAS#ay simulations. All pre-industrial simulations use the same
simulation in Pierce et al. (2007) except for the change inbiogenic SOA as in the present-day simulations but do not
the size of emissions for open burning and biofuel burning asnclude the “additional SOA” source.
described in Sect. 2.2. These primary organic and elemen-
tal carbon aerosol emissions rates are taken from Bond €.5 Simulations
al. (2004). We add seasonality to the Bond et al. (2004) open
burning emissions by scaling the emissions to the fractions offable 1 summarizes the ten simulations that will be dis-
the grid cells that are on fire as used by Liousse et al. (1996)cussed in this paper. The NONUC simulation uses the stan-
while keeping the total annual emissions from open burningdard present-day gas and aerosol emissions, includes bio-
constant. To convert the organic carbon (OC) mass presentegenic SOA, but has no nucleation. NONUC is used as a
in Bond et al. (2004) to OM we assume an OM:OC ratio baseline for assessing the contribution of nucleation to CCN.
of 1.8 (El-Zanan et al., 2005; Yu et al., 2005; Zhang et al., The BINARY and TERNARY simulations are similar, but
2005). The emissions rates of OM and EC are 61 Tgyr use the Vehkagiki et al. (2002) and Napari et al. (2002) nu-
and 8.0 Tgyr?!, respectively. Sea-salt emissions are foundcleation parameterizations, respectively. These two simula-
using the emissions parameterization of Clarke et al. (2006}ions are compared to see how the choice of nucleation pa-
and is described in Pierce and Adams (2006). The resultingameterization may affect the CCN prediction with our base-
sea-salt mass emission rate is 7120 Tglyr case present-day emissions and SOA. The REDBINARY (re-
SOA is generated from biogenic and a generic “addi-duced binary nucleation) simulation is the same as the BI-
tional/anthropogenic” sources. The biogenic SOA source ifNARY simulation except the binary nucleation rates pre-
from SOA fields given in the AEROCOM inventory (Den- dicted by Vehkaréki et al. (2002) are reduced by a factor
tener et al., 2006). The biogenic SOA leads to 19.1 Tgyr of ten. The ACTIVATION simulation is the same as BI-
of SOA condensed. The biogenic SOA formation alone isSNARY, except the cluster activation-type nucleation scheme
within the lower end of the estimate for global SOA (12— of Kulmala et al. (2006) is used to predict the nucleation
70 Tgyr 1) given in Kanakidou et al. (2005). In certain sim- rates within the boundary layer (the results for this simula-
ulations, an additional source of SOA precursor is emitted tation are only for the month of June). The REDBINARY and
determine an upper bound on the contribution of SOA to theACTIVATION simulations give further insight into how sen-
growth of ultrafine particles to CCN. The sources of thesesitive CCN predictions are due to more modest changes in
emissions are assumed to be co-located with anthropogenicucleation rate. The BINARY-RP and TERNARY-RP (re-
SO, emissions and contribute an additional 45 Tglynet  duced primary emissions) simulations are the same as the
condensation of SOA. Because regions near anthropogeniBINARY and TERNARY simulations except that the aerosol
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Table 1. Overview of simulations. Detailed descriptions of the nucleation parameterizations, emissions and SOA treatments are in the text.

Name Nucleation paramterization  Primary aerosol emissions o #8@®NH; SOA
NONUC none Present Present Base
BINARY Vehkan&ki et al. (2002) Present Present Base
TERNARY Napari et al. (2002) Present Present Base
REDBINARY Vehkandki et al. (2002) Present Present Base
ACTIVATION * Sihto et al. (2006) and Present Present Base
Vehkandki et al. (2002)
BINARY-RP Vehkandki et al. (2002) Present/3 Present Base
TERNARY-RP Napari et al. (2002) Present/3 Present Base
BINARY-HISOA Vehkanéki et al. (2002) Present Present Enhanced
TERNARY-HISOA Napari et al. (2002) Present Present Enhanced
BINARY-PI Vehkaniki et al. (2002) Pre-industrial Pre-industrial Base
TERNARY-PI Napari et al. (2002) Pre-industrial Pre-industrial  Base

* Activation-type nucleation in boundary layer and binary homogeneous nucleation in free troposphere; results only for the month of June

primary emissions (both number and mass of all natural and (%)
anthropogenic emissions) are reduced by a factor of 3. Th&lUE=———~
. L +J
factor of 3 reduction was chosen to represent the variabil-
ity generally found in emissions inventories (Penner et al.,where CCN is the total number of CCN in the atmosphere,
2001). This allows us to calculate the sensitivity of CCN to tccn is the lifetime of CCN (approximated here to be 7
changes in primary emissions and determine how much moreays), E is the global particle number emission rate ahd
sensitive CCN concentrations are to nucleation when feweis the global particle nucleation rate. The NUE is the global
primary emissions are present. The BINARY-HISOA and average fraction of new particles that form CCN. The NUE is
TERNARY-HISOA (high SOA) simulations are the same as many orders of magnitude smaller in the ternary nucleation
the BINARY and TERNARY simulations except that “addi- simulations indicating the very low probability of growth to
tional SOA’ described above is included. These simulationsCCN sizes when many nuclei are present. Table 2 will be ref-
are used to explore how the sensitivity of CCN to nucle- erenced throughout the paper as we explore the simulations
ation rates depends on the growth rates of the new particlesn detail.
The BINARY-PI and TERNARY-PI simulations use the pre-  The difference between the nucleation rate and the new
industrial gas and aerosol emissions. These simulations angarticle formation rate at 10 nm highlights the effect of the
used to determine if the sensitivity of CCN to nucleation rate Kerminen et al. (2004) parameterization that approximates
changes between the pre-industrial time period and today. the new particle formation rate at 10 nm from the nucleation
rate, growth rate and condensation sink. Note that the pre-
dicted nucleation rates are about six orders of magnitude
apart between corresponding binary and ternary nucleation
simulations, but the difference in the new particle formation
rates at 10 nm are only about an order of magnitude apart.
Annually averaged aerosol number budgets for ten simulaSimilarly, for the June results, the ACTIVATION simulation
tions are shown in Table 2. Values for BINARY, TERNARY has tropospheric nucleation rates about 8 times larger than
and ACTIVATION are also shown for the month of June. BINARY; however, their 10nm formation rates are only a
Shown are the global nucleation rate, new particle forma-f2ctor of 2 apart. This strong dampening of the 10 nm new

tion rate into the first model bin{10 nm), primary emissions particle formation rate to changes in the nucleation rate re-
rate, the total number of particles with, >10 nm (conden- sults from a combination of three factors: slower conden-
' P

sation nuclei, CN10) and the total number of CCN at 0.29,Sational growth rates at faster nucleation rates due to larger
supersaturation (CCN(0.2%)). For ease of interpretation, alfondensation sinks, faster coagulation removal rates at faster
values in the table are normalized by the volume of the tro-nucleation rates due to larger coagulation sinks and the lack
posphere at 273K and 1atm. In the final column is what weOf growth through nucleation-mode self coagulation in the

call the Number Utilization Efficiency (NUE). The NUE is Kerminen et al. (2004) parameterization. The first two ef-
defined as: fects are realistic, but the latter effect is due to a limitation of

the parameterization. It is difficult at this time to determine
how much of the dampening is from each of these effects.

1)

3 Results

3.1 Aerosol number budgets
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Table 2. Global annual-average tropospheric aerosol number budgets and burdens for the various simulations. Values normalized by
tropospheric volume at 273 K and 1 atm.

Nucleation rate  New particle formation Emissionrate ONE&10nm)  CCN(0.2%) NUE

Name (cm3s71y rate at 10nm(cm3s1) (cm3s 1) cm3 cm™

NONUC 0.00<10° 0.00x 10° 1.09x1073 254 116 1.&10°1
BINARY 5.77x10°3 3.74x10°4 1.09x1073 545 143 3.%10°2
TERNARY 1.01x 104 9.18x1073 1.09x10~3 1350 167 2.%10°8
REDBINARY 1.21x1073 1.94x10~4 1.09x10°3 443 139 1.x10°1
BINARY-RP 6.38x 103 4.54x10~4 3.71x1074 489 122 3.1072
TERNARY-RP 1.0410% 1.04x 102 3.71x1074 1400 162 2.&10°8
BINARY-HISOA 4.01x10°3 2.79x1074 1.09x10°3 489 159 5.%1072
TERNARY-HISOA 9.22¢<10° 1.03x1072 1.09x1073 1270 190 3.410°8
BINARY-PI 6.27x10~4 1.67x10~4 6.00x10°°> 272 45.1 1.x10°1
TERNARY-PI 2.08<10° 1.14x1072 6.00<107> 807 55.8 4.410°8
BINARY (June)* 4.82x1073 4.35x10~4 1.09x103 589 174 4.%10°2
TERNARY (June¥* 1.25x10* 9.96x10°3 1.09x1073 1552 210 2.&10°8
ACTIVATION (Junef*  3.66x102 9.31x 1074 1.09x1073 685 183 8.6¢1073

* NUE, Number Utilization Efficiency, is the fraction of nucleated and emitted particles that become a CCN
** Data for month of June only

high in these locations. This bias, along with the difficulty
in comparing point concentration measurements to predicted

In order to address the sensitivity of aerosol budgets to nucleconcentrations in large grid boxes, prevents us from mak-
ation, primary emissions and SOA, we must verify that ouring any hard conclusions regarding the accuracy of individ-
model is getting atmospherically relevant results. We com-ual simulations. Furthermore, even if we did not have any
pare the annually averaged CR {>10 nm, CN10) concen- bias or sampling issues, the model could be tuned to match
trations to observations of annually averaged CN10 from thethe observations through many different combinations of nu-
locations in Table 3 and Fig. 1 (note, ACTIVATION results cleation, primary emissions and SOA, making it impossible
are not presented here because we do not have a full year &1 @ CN-only comparison to know which combination is cor-
data). The data we have chosen was restricted to sites outsid@ct. Regardless, these comparisons allow us to make sure
urban areas with a minimum sample time of about one yearthat we are generally predicting atmosphericly relevant con-
The sites included are part of a European network of siteentrations and that we do not have major microphysical er-
presented in Van Dingenen et al. (2004), the Global Monitor-rors in the model.

ing Division (GMD) of the Earth Systems Research Labora- The log-mean normalized bias (LMNB) and log-mean
tory (Schnell, 2003http://www.esrl.noaa.gov/gmdand the  normalized error (LMNE) for the comparisons are included
Thompson Farm site of AIRMAPh{tp://airmap.unh.edy/  on each panel. The LMNB for the various simulations range
The CN10 observations were taken using a condensation nifrom —0.04 to 0.43, meaning that the average bias in the sim-
cleus counter (CNC) in the case of the GMD and AIRMAP ulations range from an underprediction of 9% to an overpre-
data and using a CNC with various size scanning devicegliction of a factor of 2.7. The LMNE for the various sim-
in the case of the European sites. The low diameter cutulations range from 0.27 to 0.44, meaning that the average
off for the CNCs in the GMD and AIRMAP data is 10nm error in the simulations range from a factor of 1.9 to a fac-
(which corresponds to the lower size limit of the model). tor of 2.7. These values shown here show a large improve-
The lower size limit for the CNCs used in the Van Dingenen ment, particularly in the bias, over the same comparison in
et al. (2004) paper vary, however, they have corrected theiPierce et al. (2007). The most similar simulation in Pierce
number counts for a lower cutoff of 10 nm using the size- et al. (2007) to those shown here, BBASE, had a LMNB
distribution measurements. The anthropogenio 8®is-  of 0.68 and a LMNE of 0.70 corresponding to overpredic-
sions for the model are taken from the 1985 GEIA emissiongions by an average factor of 4.8. The improvements in the
inventory. Because these emissions have generally decreassiiulations shown in this paper are due to the reduction of
since 1985 in Europe and North America where most of thethe fraction of primary sulfate emissions from 3% of anthro-
comparisons are located, the modeled CN10 may be biaseplogenic sulfur to 1%, the increase in the size of open burning

3.2 Comparison of aerosol number to observations
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Table 3. Locations of number concentration measurements used for comparison.
CN is the number of particles with diameter larger than 10 nm.

Location Region Reference Time Lat. Lon. Elev.(m) CN(cp
A Aspvereten, Sweden Europe Van Dingenen et al. (2004) Jan 2001-Dec 2001 ° 58.8%9.#4 20 2000
B Harwell, UK Europe Van Dingenen et al. (2004) May 1998-Nov 2000 516 —-1.3 125 3000
C  Hohenpeissenberg, Germany Europe Van Dingenen et al. (2004) Apr 1998-Aug 2000 ° 47.81.C° 988 2500
D  Melpitz, Germany Europe Van Dingenen et al. (2004) Dec 1996-Nov 1997 °51.5 12.9 86 5600
E Ispra, Italy Europe Van Dingenen et al. (2004) Feb 2000-Dec 2000 °45.8 8.6° 209 9000
F  Thompson Farm, NH, USA North America  http://www.airmap.unh.edu 2001-2005 431 -71.00 75 7250
G Lamont, OK, USA North America  http://www.cmdl.noaa.gov/aero/data/ 1996-2004 365 -97.5 318 5200
H Bondville, IL, USA North America http://www.cmdl.noaa.gov/aero/data/ 1994-2005 401 -88.3 230 3700
| Sable Island, NS, Canada North America http://www.cmdl.noaa.gov/aero/data/ 1992-1999 439 -60.0° 5 850
J  Trinidad Head, CA, USA North America  http://www.cmdl.noaa.gov/aero/data/ 2002-2005 411 1242 107 590
K American Samoa, USA Remote http://www.cmdl.noaa.gov/aero/data/ 1995-2005 —-14.2 -170.53 42 220
L  South Pole Remote http://www.cmdl.noaa.gov/aero/data/ 1995-2005 —90.0° 102.00 2810 100
M Point Barrow, AK, USA Remote http://www.cmdl.noaa.gov/aero/data/ 1995-2005 713 -156.6 11 110
N  Mauna Loa, HI, USA Free Tropospherehttp://www.cmdl.noaa.gov/aero/data/ 1995-2005 195 -155.6 3397 330
O Jungfraujoch, Switzerland Free Troposphere  Van Dingenen et al. (2004) Jun 1997-May 1998 °  47.68.0° 3580 525

binary nucleation was used (BINARY verses BINARY-RP).
L . . . . .
60N [ oA ] For the same reduction of primary emissions in the ternary
o g8 o v cases, the comparison was insensitive to the primary emis-
30°N[ N . . .
. sions due to a saturation of CN10 in the boundary layer by

o 8 nucleation. Increasing SOA only slightly affected the com-

parisons. Additional SOA acts to both increase the coagula-
tion sink (reducing the predicted CN10) and grow the small-

60°sf ] est particles to sizes where they coagulate more slowly (in-
creasing the predicted CN10). In the binary nucleation cases,
the former dominates, while in the ternary nucleation cases,

30°s|- q

. L I I I
180°W 120°W 60°W 0° 60°E 120°E 180°W

Fig. 1. Locations of aerosol number concentration measurement§he latter does.
used for model evaluation. Letters correspond to those listed in Ta- As mentioned earlier, there are difficulties in comparing
ble 3, which provides additional details. Dark blue letters denotemeasurements from individual sites with grid-cell averaged
European boundary layer, red letters denote polluted North Americoncentrations. Similarly, it is possible that some scenar-
can boundary layer, green letters denote remote boundary layer, anjgg compare well to observations because of compensating
cyan letters denote free troposphere. errors. Given these challenges and uncertainties, we avoid
ruling out any of these scenarios as implausible. The rest
of our analysis focuses on understanding the implications of
and biofuel combustion carbonaceous emissions and the adlifferent scenarios and processes explored here.
dition of the sub-grid coagulation parameterization Pierce et
al. (2008). Of course as we noted previously, there are mang.3 Nucleation with base-case present-day emissions
ways to improve the comparison to these measurements. In
the case of the carbonaceous emissions and sup—grld Coagigure 3 shows pressure-latitude maps of the annually aver-
ulation, however, these changes were based on independegeq nycleation rates, CN10 concentrations, and CCN(0.2%)
improvements in the understanding of the emissions (Risslegoncentrations for the BINARY and TERNARY simulations.
etal., 2004, 2006) and theory (Pierce et al., 2008). Consistent with the global nucleation rates in Table 2, the
In general, the most important factor affecting these com-nucleation rate in TERNARY is many orders of magnitude
parisons is whether the simulations used the nucleatiorfaster than in BINARY in panels (a) and (b). Furthermore,
schemes of Vehkamaki et al. (2002) or Napatri et al. (2002)nucleation in TERNARY is ubiquitous throughout the tropo-
(the binary and ternary simulation families). The simulated sphere (Fig. 3b), where in BINARY it is limited to colder
CN10 is markedly different between the pairs of binary andaltitudes and does not extend appreciably into the bound-
ternary simulations (holding everything else constant). How-ary layer (Fig. 3a). This implies that the model is predicting
ever, the omission of nucleation altogether (NONUC), com-that free ammonia occurs, at least some of the time, through-
pared to the BINARY case, only affected the CN10 at someout the entire troposphere. This is what is seen in Plate 3
of the most remote locations. The reduction of primary emis-of Adams et al. (1999), which our ammonia fields match
sions caused a large change in the simulated CN10 only whealosely. The nucleation rates shown here in Fig. 3a and b
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Fig. 2. Comparison of annually averaged predicted aerosol number concentrationl( nm) to observations for the eight present-day
simulations (cn2 at 273K and 1 atm). The locations are presented in Table 3 and Fig. 1. The solid line shows a 1:1 ratio and the dashed
lines show ratios of 10:1 and 1:10. Dark blue letters denote European boundary layer, red letters denote North American polluted boundary
layer, green letters denote remote boundary layer, and cyan letters denote free troposphere. Log-mean normalized bias (LMNB) and log-mea
normalized error (LMNE) are given on each panel.

is qualitatively similar to the binary and ternary nucleation reason for the difference in nucleation rates between these re-
rates predicted by Lucas and Akimoto (2006) in their Fig. 2. sults and Lucas and Akimoto (2006) is that the aerosol fields
As with the TERNARY simulation here, Lucas and Aki- in Lucas and Akimoto (2006) do not respond to nucleation
moto (2006) using Napari et al. (2002) predict ternary nucle-events (Lucas and Prinn, 2003).

ation throughout the entire troposphere with annually aver- Regions of high nucleation in the TERNARY simula-
aged nucleation rates around®bdn—3s~! throughout much  tion show increases in CN10 over the BINARY simulations
of the atmosphere. The predictions of binary nucleation argFig. 3c and d). The differences in CN10 concentrations
also similar to the Lucas and Akimoto (2006) prediction us- are, however, much smaller than the differences in nucleation
ing Vehkanaki et al. (2002); both show maximum nucleation rates. As shown in Table 2, the CN10 globally are different
rates predicted in the Northern Hemisphere free tropospheréyy only a factor of about 2.5. The reasons for the reduced
lower nucleation rates in the southern hemisphere free troposensitivity of CN10 to changes in nucleation rate are simi-
sphere and very little nucleation near the surface. The maxitar to the dampening of changes in the new particle forma-
mum nucleation rates in BINARY, however, appear to be onetion rate at 10 nm. Again, these reasons are a combination of
or two orders of magnitude lower than the binary nucleationslower condensational growth rates at faster nucleation rates
rates predicted in Lucas and Akimoto (2006). A potential due to larger condensation sinks, faster coagulation removal
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Fig. 3. Pressure (hPa) vs. latitude maps for annually averaged nucleation rate%s{that 273K and 1atm], CNR, >10nm) (crrr3 at
273K and 1 atm), CCN(0.2%) (cn? at 273K and 1 atm) for the BINARY and TERNARY simulations.

rates at faster nucleation rates due to larger coagulation sinks To assess the contribution of nucleation to CCN(0.2%),
and the lack of growth through nucleation-mode self coagu-Fig. 4a shows the ratio of CCN(0.2%) predicted using the
lation in the Kerminen et al. (2004) parameterization. BINARY simulation to that of the NONUC simulation.
The sensitivity of CCN(0.2%) to changes in nucleation The omission of nucleation in the model leads to large re-
(Fig. 3e and f) is even lower than the that of CN10 (Fig. 3c ductions of CCN(0.2%) in the upper troposphere with the
and d). This is because the nucleated particles that grew t€CN(0.2%) more than 50% larger when nucleation occurs.
10nm must now grow to sizes where they can act as CCNlowards the surface, primary emissions contribute more
at 0.2% supersaturatio(,>~80 nm). Because the Kermi- strongly to CCN(0.2%) and omission of nucleation changes
nen et al. (2004) parameterization is not used for the growtlthe CCN(0.2%) less. Globally, the total CCN(0.2%) drops
of these sized particles, the dampening is due to changes iby only about 19% (Table 2) from the BINARY value when
the condensation and coagulation sinks with nucleation ratenucleation is omitted (percent changes near the surface are
The very low value of NUE in the TERNARY simulation weighted more because the concentrations are higher). Fig-
shows that the tropospheric CCN system is reaching a saturaire 4b shows the ratio of CCN(0.2%) predicted using the BI-
tion point with respect to new particle formation; insufficient NARY simulation to that of the REDBINARY simulation.
condensable vapor exists to grow all these particles to CCNrhe effect of reducing the Vehkaiki et al. (2002) nucle-
sizes. The ratio of the CCN(0.2%) for the TERNARY and ation rates by a factor of ten has only a minor effect on the
BINARY simulations is shown in Fig. 4c. This shows that CCN(0.2%) concentrations. As shown in Table 2, the global
throughout most of the troposphere, the CCN(0.2%) concennucleation rate in REDBINARY is 21% of the global nucle-
trations increase by 5-20% when switching from binary toation rate in BINARY. Although the binary nucleation rate
ternary nucleation. The global CCN burden in Table 2 in- at constant sulfuric acid production is reduced to 10%, the
creases by 17% when switching from binary to ternary nu-global nucleation rate is still 21% of the original because of
cleation. Although there are about 6 orders of magnitudea feedback where the reduction in the nucleation rate causes
more particles forming in the atmosphere in the TERNARY the sulfuric acid vapor concentration to be larger, increasing
case, the effect on CCN is small because this increase in nuthe nucleation rate. Other reasons for the dampening of the
cleation is nearly cancelled by the large decrease in the NUEhanges in CCN(0.2%) to changes in the nucleation rate in-
(Table 2). clude the changes in the coagulation and condensation sinks
with changes in the nucleation rate, similar to the comparison
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Fig. 4. Pressure (hPa) vs. latitude maps of the annually averaged ratios of CCN(0.2%) concentrations from the following s(@narios:
BINARY to NONUC, (b) BINARY to REDBINARY, (c) TERNARY to BINARY, (d) TERNARY-RP to BINARY-RP,(e) BINARY to
BINARY-RP, and(f) TERNARY to TERNARY-RP.

of BINARY and TERNARY. This dampening is reflected in pled here, the global CCN(0.2%) appears to increase mono-
the NUE values in Table 2. All else being equal, increas-tonically with increases in global nucleation albeit with di-
ing the nucleation rate decreases the number utilization effiminishing return due to a decrease in NUE with increas-
ciency, the fraction of new patrticles that become CCN(0.2%).ing nucleation rate. We found only one example in which
Also shown in Table 2 is the effect of activation nucle- CCN(0.2%) decreased with increasing nucleation rate: the
ation in the boundary layer on tropospheric CCN(0.2%).tropical upper troposphere (Fig. 4c and d). The reduction is
In June, the tropospheric-average nucleation in ACTIVA- modest (5-10%), localized and in response to a strong change
TION is a factor of 10 higher than in BINARY causing in nucleation rates. This occurs because the very cold tem-
an increase in CN10 by 17% across the troposphere. Thgeratures in this region favor nucleation even at loy5Ey
global CCN(0.2%) increases by about 5%. As shown inconcentrations, concentrations too low to grow the nuclei ef-
Fig. 5, the boundary layer CCN(0.2%) also increase by 5% adiciently to CCN sizes. This behavior is not observed in our
tropospheric CCN(0.2%) are dominated by boundary layersimulations in the planetary boundary layer.
CCN(0.2%). Figure 5b shows that the increase in bound- The 5% sensitivity of CCN(0.2%) to the addition of activa-
ary layer CCN(0.2%) from BINARY to TERNARY is more ~tion nucleation in the boundary layer (witt=1x10~°s™)
than twice that of Fig. 5a. If the nucleation rates in the was also seen by Wang and Penner (2008) in their simula-
TERNARY simulation are unrealistically high, this 5% sen- tions that also included primary sulfate particle emissions.
sitivity of CCN(0.2%) to nucleation between the ACTIVA- However, when they did not include the primary sulfate par-
TION and BINARY simulations may be a more realistic ticles, the sensitivity of CCN(0.2%) to nucleation increased
bound for the sensitivity of CCN(0.2%) to nucleation for our greatly. A higher sensitivity of CCN(0.2%) to boundary layer
base case emissions and SOA. nucleation was also seen by Makkonen et al. (2008), who had
Across the 5 simulations with present-day base-case pri©n @ small number emission rate of primary sulfate. The con-
mary emissions and SOA, the CCN(OZ%) increases monotrast of these results shows that the SenSitiVity of CCN(OZ%)
tonically with increasing global nucleation rates betweent0 nucleation may depend greatly on the primary emissions
the NONUC, REDBINARY, BINARY, ACTIVATION and  rates. This sensitivity will be explored in more detail in the
TENARY simulations. For the reasonably comprehensivenext section.
span of nucleation rates, mechanisms and distributions sam-
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sphere and insensitive to primary emissions rates in the up-
per troposphere. The region most affected by changes in
the emissions rate is the area around the Southern Ocean
where sea-salt emissions of CCN sizes tend to dominate the
CCN(0.2%). In the TERNARY/TERNARY-RP comparison

in particular (Fig. 4f), the CCN(0.2%) is quite insensitive
(<5%) to primary emissions throughout most of the free tro-
posphere. The globally-averaged CCN(0.2%) increase from
BINARY-RP to BINARY is 17%, whereas the CCN(0.2%)
increase from TERNARY-RP to TERNARY is only 3%. This
highlights that if nucleation rates are fast, as predicted by Na-
pari et al. (2002), the CCN concentrations are insensitive to
primary emissions throughout much of the troposphere (with
the important exception of the boundary layer where CCN
affect low level clouds). Although CCN(0.2%) is more sen-
sitive to the nucleation rates in the reduced primary cases,
the overall NUE is lower in these cases. This is because the
primary emissions in general have a much higher probability
of becoming a CCN, so the removal of the primary emissions
lowers the overall NUE.

3.5 Sensitivity to SOA production rates

[ [ [ I I |
25 4 6 8 9 9510512 1.5 2 3 4
. ] , The high SOA simulations (HISOA) have SOA production
F'?_' S ngt'Ct;‘:(‘g 2’5)5”5 Iongtutu?_e m?pstﬁf the ”t‘r?mp'j’ avefrage rates over 3 times larger than in the base case simulations.
ratios o .Z2%0) concentrations 1tor the montn or June 1rom e : H H
the following scenarios:(a)ACTIVATION to BINARY and (b) The addltl(.)nal S.OA Is.formed n poI_Iuted regions where an-
TERNARY to BINARY. thropogenic S@_ls emitted. Incregsmg the_ amount qf con-
densable vapor increases the fraction of primary particles and
nuclei that grow to CCN, as illustrated by the NUE values
3.4 Contribution of primary emissions to CCN in Table 2. The HISOA scenarios have NUE values that
are 30-50% higher than the corresponding base-case SOA
In this section, we explore both the sensitivity of CCN to simulations. Figure 6 illustrates how changes in the uncer-
changes in primary emissions rates as well as how the sensiain SOA production rates affect CCN(0.2%) as well as the
tivity of CCN to nucleation itself changes with primary emis- sensitivity of CCN(0.2%) to the nucleation rates. Figure 6a
sions rates. Figure 4c shows the sensitivity of CCN(0.2%)shows the change in CCN(0.2%) when the additional SOA
to changes in the nucleation rate with the base-case preseist added to the BINARY simulation. Figure 6b shows the
day emissions. Figure 4d shows this sensitivity when thechange in CCN(0.2%) when the additional SOA is added
primary aerosol emissions have been reduced by a factoio the TERNARY simulation. Figure 6¢c shows the sensi-
of 3 (ratio of CCN(0.2%) in TERNARY-RP to BINARY- tivity of CCN(0.2%) to nucleation rates when the additional
RP). As may be expected, with lower primary emissions,SOA is present. Figure 6a and b show similar increases in
nucleation contributes a greater fraction of the CCN(0.2%)CCN(0.2%) when the additional SOA is added. The increase
and nuclei have less competition for condensing vapors, sds largest near the surface north of3Q This region corre-
the CCN(0.2%) are thus more sensitive to the nucleationsponds to the areas where most of the “additional SOA” is
rate. Much of the free troposphere and tropical boundaryproduced in the model. The lifetime of the SOA precursor is
layer in Fig. 4d shows CCN(0.2%) increases greater tharpnly 12 h, so most of it will not travel far from the surface.
20%. Globally, there is a 33% increase in CCN(0.2%) be- In Fig. 6c¢, the sensitivity of CCN(0.2%) to nucleation in
tween TERNARY-RP and BINARY-RP (Table 2) as com- these high SOA simulations is somewhat larger than this sen-
pared to only a 17% increase for base-case primary emissitivity in the base case simulations (Fig. 4c). This increase
sions. This increase in sensitivity of CCN(0.2%) to nucle- shows that with more SOA and faster condensational growth
ation with decreased primary emissions was also seen imates, the ternary nucleation simulations become more ef-
Wang and Penner (2008). Figure 4e and f shows the serfective at growing nuclei to CCN sizes. This is similar to
sitivity of CCN(0.2%) to changes in the primary emissions the enhancement of the contribution of nucleation to bound-
under binary (Fig. 4e) and ternary (Fig. 4f) nucleation. Both ary layer CCN because of increased SOA condensation rates
panels show that the CCN(0.2%) are most sensitive to theéhat was presented in Spracklen et al. (2008). The sensitiv-
changes in the primary emissions rates in the lower atmoity of CCN(0.2%) to nucleation rates in Fig. 6¢ is somewhat
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Fig. 6. Pressure (hPa) vs. latitude maps of the annually averaged ratios of CCN(0.2%) concentrations from the following s(@narios:
BINARY-HISOA to BINARY, (b) TERNARY-HISOA to TERNARY andc) TERNARY-HISOA to BINARY-HISOA.

smaller than this sensitivity in the reduced primary emissions To explore the sensitivity of pre-industrial CCN(0.2%)
simulations (Fig. 4d). The global sensitivities of CCN(0.2%) to the nucleation rate, Fig. 7e shows the CCN(0.2%) for
to nucleation rates are 17% in the base case simulations, 33%e BINARY-PI case, Fig. 7f shows the CCN(0.2%) for the
in the reduced primary emissions simulations and 20% in theTERNARY-PI case, Figs. 8a and 8b show the changes in
high SOA simulations (Table 2). Although the simulations CCN(0.2%) between preindustial times and today for bi-
are not done here, we expect the CCN(0.2%) concentrationsary and ternary nucleation, respectively, and Fig. 8c shows
to be most sensitive to nucleation rates if both the reducedhe ratio of CCN(0.2%) in the TERNARY-PI simulation to
primary emissions and high SOA assumptions are considerethat in the BINARY-PI simulation. Qualitatively, this ra-

simultaneously. tio plot (Fig. 8c) looks similar to the plot of CCN(0.2%)
TERNARY:BINARY ratio (Fig. 4c). Globally, there is a
3.6 Pre-industrial simulations 24% increase in CCN(0.2%) in the TERNARY-PI simulation

over the BINARY-PI simulation, somewhat larger than the
In understanding the effect of changes in aerosols on cloudg 79 increase between the TERNARY and BINARY simula-
and climate, we are concerned with how CCN have changegions. There is, however, large uncertainty in the sensitivity
between pre-industrial times and today. In this section, wepf CCN(0.2%) to nucleation in the pre-industrial simulations
explore the sensitivity of CCN(0.2%) to nucleation rates due to large uncertainties in primary aerosol and precursor
during pre-industrial times. This analysis will allow us gas emissions. It is also worth noting that the NUE is higher
to see if this sensitivity has changed since pre-industrialin the pre-industrial simulations than in the present-day sim-
times, and it also allows us to see if the indirect forcing de-yjations. This may be due to either the reduced coagulation
pends on the nucleation parameterization. Figure 7 showsink or a higher fraction of new particles being emissions at

pressure-latitude maps of the annually averaged nucleatiogCN sizes (e.g. sea salt) in the pre-industrial simulations.
rates, CN10 concentrations, and CCN(0.2%) concentrations

for the BINARY-PI and TERNARY-PI simulations. The pre- Figure 8a and b show the changes in CCN(0.2%) be-
industrial nucleation rates shown in Fig. 7a and b shows simitween the pre-industrial simulations and the present-day
lar spatial trends to the present-day nucleation rates in Fig. 3@ase-case simulations when binary nucleation and ternary
and b; however, the pre-industrial nucleation rates are a fachucleation are used in the model, respectively. The change
tor of 10 lower for binary nucleation and a factor of 5 lower in CCN(0.2%) is large regardless of the nucleation param-
for ternary nucleation (Table 2). The clear influence of pri- eterization used. The largest changes occur in the North-
mary emissions on the present-day CN10 in the lower tro-ern Hemisphere where strong anthropogenic pollution is
posphere (Fig. 3c and d) is not present in the pre-industriabdded in the present-day simulations. Globally averaged,
CN210 (Fig. 7c and d) where nucleation is the dominant con-the increase in CCN(0.2%) from pre-industrial times to the
tributor to CN10 globally (Table 2). The CN10 in the North- present day is 3.2 and 3.0 for binary and ternary, respec-
ern Hemisphere boundary layer in the TERNARY-PI are hightively (Table 2). To estimate the effect of uncertain nucle-
due to the stronger source of ammonia in the Northern Hemi-ation rates on indirect forcing, we compare the boundary
sphere than in the southern hemisphere. The global sensitiayer average CCN(0.2%) concentration between the pre-
ity of CN10 to the nucleation rates is about a factor of 2.5 toindustrial simulations and the base-case present-day simu-
3 in the pre-industrial simulations, similar to the present-daylations. We use the boundary layer averages because low
base-case simulations. clouds have the greatest spatial coverage and are generally
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thin and susceptible to changes in CCN concentrations. Théainty in the indirect effect between pre-industrial times and
boundary layer average CCN(0.2%) concentrations are 71.8pday. This suggests that the anthropogenic indirect forcing
92.0, 261 and 297 cn? for BINARY-PI, TERNARY-PI, BI- may not be sensitive to the nucleation mechanism; however,
NARY and TERNARY simulations, respectively. If meteo- as shown in the previous sections, the effect of nucleation
rology is held constant and cloud microphysical feedbacksrate on present day CCN depends on primary emissions and
are ignored, the change in cloud albedo is proportional toSOA, which are both uncertain, so this insensitivity may be
IN(CCNpresent-day/ CCNpre—industrial ,» Which is 1.29 for the bi-  a coincidence. Nevertheless, it appears that the effects of
nary nucleation simulations and 1.17 for the ternary nucle-increased primary emissions (tending to reduce the impor-
ation simulations. This rough calculation suggests that untance of nucleation) and the effects of increased condensable
certain nucleation rates only contribute about 10% uncervapors (tending to increase the importance of nucleation)
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largely cancel between pre-industrial and present-day simtroposphere while primary emissions were more important
ulations. in the boundary layer. Primary emissions mass and number

were scaled globally by a factor of 3 and the CCN(0.2%)

varied by 17% in throughout the troposphere and by 40%
4 Conclusions in the boundary layer (when binary nucleation was used).

The sensitivity of CCN(0.2%) to primary emissions were re-
Uncertainties in nucleation and primary emissions affect ourduced when ternary nucleation is used (3% in the whole tro-
prediction of CCN and cloud radiative forcing. In this paper, posphere and 22% in the boundary layer); this shows that pri-
we evaluated the uncertainty in CCN(0.2%) concentrationsmary emissions are less important for generating CCN when
due to uncertainty in the nucleation and primary emissionnucleation rates are high. The number, mass and size of pri-
rates in a general circulation model with online size-resolvedmary emissions must be better constrained in order to reduce
aerosol microphysics. uncertainty in CCN(0.2%).

We found that large uncertainties in nucleation rates cause Similar to present-day CCN(0.2%), pre-industrial
modest uncertainties in present-day CCN(0.2%) concentracCN(0.2%) was also sensitive to the nucleation parameteri-
tions. Between two nucleation parameterizations, the bi-zation; however, the change in CCN between pre-industrial
nary nucleation parameterization of VehKkaknet al. (2002)  times and present day was less sensitive to the choice of
and the ternary nucleation parameterization of Napari efhucleation parameterization. When the binary nucleation
al. (2002), the nucleation rate varied by six orders of mag-parameterization was used, CCN(0.2%) increased by a
nitude, globally. The number of present-day CCN(0.2%) in-factor of 3.2 between the pre-industrial and present-day
creased by 17% in the troposphere and increased by 12% isimulations. ~Similarly, when the ternary nucleation pa-
the boundary layer when using Napari et al. (2002) ratherrameterization was used, CCN(0.2%) increased by a factor
than Vehkaraki et al. (2002). As evidenced by the very of 3.0. In the boundary layer, a rough estimate suggests
low values of the number utilization efficiency (NUE) in that the sensitivity of the indirect effect (on albedo) to
the TERNARY simulation, the tropospheric CCN system is which nucleation parameterization is used is om§0%.
has reached a saturation point at the very high nucleatiomowever, because this result depends on a cancellation of
rates, and only a very small fractiorc{0~") of the parti-  the effects of anthropogenic primary emissions (increasing
cles can grow to CCN sizes. Using two additional nucleationthe condensation and coagulation sinks, thus reducing the
schemes, one with reduced binary nucleation and anothesffect of nucleation) and anthropogenic condensable vapor
with cluster activation-type nucleation in the boundary layer, (increasing the effect of nucleation), this insensitivity may
we found that global CCN monotonically increased with in- be partly coincidental.
creasing global nucleation rates. This implies that although Uncertainties in nucleation, primary emissions and SOA
the CCN concentrations may saturate, the CCN concentramay all affect predictions of CCN. Other than the small ef-
tion does not likely reach a maximum and then decrease witlect of the nucleation rate parameterization on the change in
increasing nucleation rates (at least for the large range of nuUECN from pre-industrial times to today, which may be coin-
cleation rates tested here). cidental, the results herein showed that significant work must

The sensitivity of CCN(0.2%) to changes in nucleation be done to reduce the uncertainties in these processes before
rate increased both when the primary particle emissions wergve may better understand the aerosol indirect effect. Further-
reduced and when the SOA formation rates were increasednore, we did not specifically address the changes in CCN
In simulations where all primary particle emissions were re-to changes in the primary emission size distribution while
duced by a factor of 3 (both number and mass), the sensitivkeeping the primary mass emissions rates constant, and this
ity of CCN(0.2%) to nucleation was 33% globally averaged, will contribute to additional uncertainty in CCN from pri-
about twice that of the base case primary emissions. In simumary emissions.
lations where additional SOA was added to the biogenic SOA
in the base case, increasing SOA by over a factor of 3, thetcknowledgementsThis research was supported by the En-
sensitivity of CCN(0.2%) to nucleation was 20%, globally, viropmental Protection Agency (EPA) through the Science to
lighy highr han that of base caso SOA (17%). Becausdhere Fesuls (STAR Crahale Floveniy G1e6szong v
the primary particle emissions and SOA fqrmauon. ratgs are, | ministration (NASA grant NNGOAGES6G).
uncertain globally, this shows that the relative contribution of
nucleation to CCN depends very much on the availability of ggjteq py: A. Laaksonen
condensable vapor to grow the nuclei as well as competition
from primary particulate emissions.

Uncertainty in CCN(0.2%) from uncertainty in primary
emissions was as large as, if not larger than, the uncertainty
in CCN(0.2%) from nucleation. As expected, nucleation is
relatively more important to CN10 and CCN in the upper
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