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Abstract. Aerosol nucleation is an important source of parti- tween condensation sink and coagulational scavenging. Con-
cle number in the atmosphere. However, in order to becomeeptually, with a fixed condensable vapor budget (sulfuric
cloud condensation nuclei (CCN), freshly nucleated parti-acid and organics), any increase in CCN concentrations due
cles must undergo significant condensational growth whileto higher nucleation rates necessarily entails an increased
avoiding coagulational scavenging. In an effort to quan-aerosol surface area in the accumulation mode, resulting in
tify the contribution of nucleation to CCN, this work uses a higher condensation sink, which lowers vapor concentra-
the GEOS-Chem-TOMAS global aerosol model to calculatetions and growth rates. As a result, slowly growing nuclei
changes in CCN concentrations against a broad range of nuare exposed to a higher frequency of coagulational scaveng-
cleation rates and mechanisms. We then quantify the facing for a longer period of time, thus reducing their survival
tors that control CCN formation from nucleation, including probabilities and closing a negative feedback loop that damp-
daily nucleation rates, growth rates, coagulation sinks, conens the impact of nucleation on CCN. We confirm quantita-
densation sinks, survival probabilities, and CCN formationtively that the decreases in survival probability predicted by
rates, in order to examine feedbacks that may limit growthGEOS-Chem-TOMAS due to higher nucleation rates are in
of nucleated particles to CCN. Nucleation rate parameteri-accordance with this simple theory of survival probability.
zations tested in GEOS-Chem-TOMAS include ternary nu-
cleation (with multiple tuning factors), activation nucleation
(with two pre-factors), binary nucleation, and ion-mediated
nucleation. We find that nucleation makes a significant con-1  Introduction
tribution to boundary layer CCN(0.2 %), but this contribu-
tion is only modestly sensitive to the choice of nucleation Aerosols affect climate directly by scattering incoming so-
scheme, ranging from 49 to 78 % increase in concentrationdar radiation and indirectly by modifying cloud properties.
over a control simulation with no nucleation. Moreover, a The largest uncertainty in climate forcing is the aerosol in-
two order-of-magnitude increase in the globally averaged nudirect effect, which consists of the cloud brightness (albedo)
cleation rate (via changes to tuning factors) results in smaleffect and the cloud lifetime effect and is thought to have
changes (less than 10 %) to global CCN(0.2 %) concentra@n overall cooling influence on global temperature (Twomey,
tions. To explain this, we present a simple theory showing1974; Albrecht, 1989). If water vapor amount and cloud dy-
that survival probability has an exponentially decreasing de-namics are held constant, brighter clouds with longer life-
pendence on the square of the condensation sink. This fundimes are formed with enhanced aerosol number concentra-
tional form stems from a negative correlation between con-tions. The subset of particles that serve as sites for cloud
densation sink and growth rate and a positive correlation bedroplet formation are known as cloud condensation nuclei
(CCN). The ability of a particle to function as a CCN mainly

Published by Copernicus Publications on behalf of the European Geosciences Union.



5578 D. M. Westervelt et al.: Analysis of nucleation-CCN feedbacks

depends on three factors: the maximum supersaturation adphere. Although the nucleation rate is simply proportional
relative humidity reached in the cloud, the particle diame-to sulfuric acid concentration, activation nucleation has been
ter, and the particle composition. In order for particles to af- shown to agree well with ambient nucleation observations at
fect clouds, they are either introduced into the atmosphere byive locations (Westervelt et al., 2013). lon-mediated nucle-
direct emission or by formation of new particles (aerosol nu-ation, (Yu, 2010) in which atmospheric ionization enhances
cleation). Nucleated particles and ultrafine particles from pri-the nucleating ability of precursor vapors is also considered
mary emissions must undergo significant growth to achievan the present work. lon-mediated nucleation rates and num-
the sizes required to function as CCN (Kerminen, 2005;ber concentrations have compared favorably to observations
Pierce and Adams, 2007; Kuang et al., 2009). The reprein a global model (Yu and Turco, 2011), although other stud-
sentation of nucleation in models is uncertain with orders-ies have found that ions do not likely play a large role in
of-magnitude differences in nucleation rates between comboundary layer nucleation (Laakso et al., 2007; Manninen et
monly used schemes, leading to uncertainty in estimates oél., 2009; Gagné et al., 2010; Kirkby et al., 2011; Almeida et
the nucleation contribution to CCN (Makkonen et al., 2009; al., 2013).
Merikanto et al., 2009; Pierce and Adams, 2009b; Wang and Understanding the growth and loss processes of fresh nu-
Penner, 2009; Yu and Luo, 2009; Spracklen et al., 2010; Redelei is a critical step in determining the contribution of nu-
dington et al., 2011). The role of sulfuric acid vapor as an es-cleation events to aerosol number and CCN concentrations.
sential nucleating species has been reported by many studié¥hether or not a nucleated particle can act as a CCN de-
(Doyle, 1961; Kulmala and Laaksonen, 1990; Weber et al.,pends on its survival probability (SP): the likelihood that the
1995, 1997; Noppel et al., 2002; Berndt et al., 2005; Sihto etparticle will grow to large enough sizes (typically at least
al., 2006; Kuang et al., 2008; Sipila et al., 2010; Vuollekoski 50-100 nm) without being subject to coagulation scaveng-
et al., 2010; Pierce et al., 2012; Kulmala et al., 2013). Othering (Kerminen, 2005; Pierce and Adams, 2007; Kuang et al.,
vapors that may assist in the initial stages of nucleation in-2009). The concept of survival probability is defined rigor-
clude low-volatility organic vapors (Zhang et al., 2004; Met- ously in Westervelt et al. (2013) and in Sect. 2.3 of this pa-
zger et al., 2010; Paasonen et al., 2010), amines (Kurtén gier. Although both primary and nucleated particles undergo
al., 2008; Bzdek et al., 2010; Kirkby et al., 2011; Chen et al.,the same microphysical processes (condensation, coagula-
2012; Almeida et al., 2013), and ammonia (Ball et al., 1999;tion), their survival probabilities may be vastly different due
Erupe et al., 2010; Kirkby et al., 2011). Chen et al. (2012) re-to their very different initial particles sizes. Initial sizes of nu-
cently proposed an acid—base nucleation mechanism involveleating clusters are typicalty 1 nm in size, which is much
ing sulfuric acid and amines and achieved nucleation rate closmaller than any primary emission size ranges (Makela et al.,
sure to within a factor of 10, which is significantly better than 1997; Vehkaméki et al. 2002; Kulmala et al., 2004, 2013).
classical theories which differ by as much as a factor 8?10 Because of this size disadvantage, particles formed via nu-
Additionally, a laboratory study by Almeida et al. (2013) re- cleation have further to grow through a larger range of sizes
cently showed that amines may help explain observed nucleand are exposed to coagulation scavenging for longer periods
ation rates in the lower atmosphere. of time than primary emissions. Additionally, these smaller
Many parameterizations have been developed for calcuparticles are highly diffusive and more likely to collide with
lating nucleation rates in global models; we highlight a few pre-existing particles. Coagulational frequency is therefore
that are commonly used below. The binary nucleation pa-higher between fresh nuclei and larger pre-existing particles,
rameterization of Vehkamaki et al. (2002) is often used toadding to the disadvantage that nucleated particles have to
represent particle nucleation in the free troposphere. In thiggrow to CCN sizes. Kuang et al. (2009) inferred survival
scheme, supersaturated solutions of water vapor and sulfuriprobabilities from size distribution measurements and found
acid form thermodynamically stable clusters. The Napari etthat at least 80 % of the nucleated particles measured at At-
al. (2002) parameterization adds ammonia g\NHs a third  lanta, GA and Boulder, CO were lost by coagulation before
nucleating species. Because the original formulation of Na-the nucleation mode reached CCN sizes in the cases that they
pari et al. (2002) showed high biases in predictions of nucle-studied (20 % survival probability), even during days with
ation rates and aerosol number concentrations (Jung et alhigh growth rates.
2006; Merikanto et al., 2007), a scaled version with a glob- Most attempts to quantify the contribution of nucleation
ally constant nucleation rate tuning pre-factor of2@anbe  events to global CCN concentrations have come in the
used as in Westervelt et al. (2013). This modified ternary paform of sensitivity studies in which nucleation is zeroed
rameterization has been incorporated into a both a regionabut as a control simulation and then is compared to sim-
and global aerosol model and shows reasonable agreemeuntations with nucleation active. Modeling studies have re-
with observations (Jung et al., 2010; Westervelt et al., 2013)ported CCN sensitivities to nucleation ranging from roughly
The activation nucleation mechanism (Kulmala et al., 2006)5-60 % (Makkonen et al., 2009, 2012; Merikanto et al.,
is an empirical formulation which is often applied in the 2009; Pierce and Adams, 2009b; Reddington et al., 2011,
planetary boundary layer (PBL) in conjunction with the bi- Spracklen et al., 2008, 2010; Wang and Penner, 2009; Yu and
nary scheme of Vehkamaki et al. (2002) in the free tropo-Luo, 2009). Each of these studies used different models and
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often significantly different inputs, assumptions, and met-This can result in a small but non-negligible enhancement in
rics for assessing CCN sensitivity, making model intercom-the surface area over the course of a nucleation burst.
parison difficult. The details of these studies are compared In this work, we quantify the global sensitivity of CCN to
in depth in Westervelt et al. (2013) and also in Table 1.uncertainties in nucleation rates across a wide range of nucle-
Recently, Lee et al. (2013) compiled 28 model parameterstion rates in a global aerosol microphysics model (GEOS-
covering several important aerosol processes and ran Mont€hem-TOMAS) in an attempt to help unify the previous
Carlo simulations to determine the magnitude of uncertaintystudies of this sensitivity. We also compare CCN sensitivi-
in CCN concentrations caused by each parameter. They fintles for simulations with biogenic secondary organic aerosol
that while 45 % of CCN are attributed to nucleation, the CCN (SOA) only (19 Tgyr?, default treatment in GEOS-Chem-
are generally insensitive to the details of the nucleation rate¥OMAS) and simulations with an extra 100 Tgyrof an-
across a wide, but sensible, range of boundary layer and freg¢hropogenic SOA (Spracklen et al., 2011; D’Andrea et al.,
tropospheric nucleation assumptions. On the other hand, th2013). Here, CCN sensitivity refers to the percent increase in
most important factors contributing to uncertainties in CCN CCN concentrations between two simulations with differing
include the emissions size distribution of primary particles, nucleation rates and mechanisms (generally the comparison
the amount of carbonaceous emissions, sub-grid sulfate foris between a simulation with no nucleation to a simulation
mation, and aerosol deposition. with a certain nucleation scheme turned on). We also inves-
The relative insensitivity of CCN concentrations to very tigate the microphysics of CCN formation in detail with one
large increases in the nucleation rate can be explained in fouyear of modeled size distribution output to determine quan-
steps: (1) for fixed condensable vapor production rates, atitatively the feedback factors that are controlling our sensi-
increase in aerosol number due to nucleation and subsequetitity results. We specifically test the hypothesis that higher
growth causes an increase in surface area in the accumulationucleation rates will lead to a lower survival probability and
mode and a higher condensation sink; (2) the higher conwill dampen CCN concentrations using global modeling re-
densation sink depletes vapors needed for particle growthsults and the nucleated particle analysis code presented in
thus, the concentrations of condensable vapors are reducalfestervelt et al. (2013). We propose a simple theory for
and growth rates are slowed; (3) the higher condensatiorthe hypothesized CCN dampening in which particle survival
sink also correlates with higher coagulation scavenging freprobability is inversely related to condensation sink and show
quencies; thus, a larger fraction of the growing particles arehat model results are generally consistent with this simple
scavenged (even if growth rates were held constant, whictiheory.
they are not); (4) this combination of the slower growth rates
and the faster coagulation scavenging lower particle survival
probabilities and CCN formation rates. Although CCN con- 2 Models and analysis
centrations will typically not decrease as a result of increased
nucleation, the increase in CCN will be dampened such thap.1 GEOS-Chem
their fractional increase in CCN will be much smaller than
the fractional increase in the nucleation rate. The Goddard Earth Observing System global chemical trans-
The increase in surface area due to nucleation (step port model (GEOS-Chem) version 8.2.2 is used for this
above) requires elaboration since conventional wisdom holdstudy (Bey et al., 2001http://geos-chem.ojg The version
that the surface area of the nucleation mode is too small t@f GEOS meteorological fields used was GEOS-3 for all
contribute significantly to surface area. There are two mainsimulations. In all simulations,°4latitude by 3 longitude
reasons the surface area (and thus condensation sink) will irresolution is used with 30 vertical sigma-coordinate lay-
crease from enhanced nucleation rates. First, the atmospheegs extending from the surface to 0.01 hPa. We describe a
has a limited budget of condensable vapors, sulfuric acid andew key model setup features here but refer the reader to
secondary organics, that dominate the mass concentration dfrivitayanurak et al. (2008) and Westervelt et al. (2013)
CCN mode patrticles. Given the fixed amount of aerosol masgor full details. Anthropogenic emissions are treated with
produced, any increase in CCN number concentrations (e.gthe Emissions Database for Global Atmospheric Research
due to nucleation) implies a shift in the CCN mode to smaller (EDGAR) inventory and regional inventories (Olivier et al.,
sizes and, therefore, an increase in aerosol surface area a@96). These regional inventories include Big Bend Re-
condensation sink. This effect is analogous to the aerosol ingional Aerosol and Visibility Observational Study (BRAVO)
direct effect in which a fixed water vapor budget implies an emissions inventory for Mexico and the southwestern US,
increase in cloud surface area if number concentrations inCriteria Air Contaminants (CAC) for anthropogenic emis-
crease. Second, the direct contribution of nucleated particlesions over Canadatp://www.ec.gc.ca/inrp-npji/ the Co-
to surface area and condensation sink is non-negligible. Fooperative Programme for Monitoring and Evaluation of
events with high nucleation and growth rates, enough nuclethe Long-range Transmission of Air Pollutants in Europe
ation mode particles will form to compensate for their small (EMEP), EPA National Emissions Inventory (NEI) for the
surface area contribution (we will show an example of this). United StatesHhttp://www.epa.gov/airdatg/and the Streets
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Table 1. Summary of previous nucleation-CCN formation studies. Values are CCN(0.2 %) except for Yu and Luo (2009) which used
CCN(0.4) %.

Study Model Bounds Pri. Sulf. % change
Spracklen et al. (2008) GLOMAP ACT vs. NONUC 2.5% of Sémis. 20
Merikanto et al. (2009) GLOMAP BHN- ACT vs. BHN 2.5% of S@ 45
Makkonen et al. (2009) ECHAM5-HAM BHN- ACT vs. BHN 25% SQ 50
Yu and Luo (2009) GEOS-Chem-APM  ION vs. NONUC None 60
Wang and Penner (2009) IMPACT/CCSM3 BHNACT vs. BHN 2% of SQ 5
Pierce and Adams (2009b) GISS-TOMAS TER vs. BHN 1% oSO 12
Makkonen et al. (2012) ECHAMS5.5-HAM2  ACT vs. BHN 2.5% of 50 19
Lee et al. (2013) GLOMAP ACH BHNvs. NONUC 0-1% of S@ 45

inventory for Asian emissions (Streets et al., 2003; Auvrayscribed in Adams and Seinfeld (2003). Sea salt emissions are
and Bey, 2005). Biogenic emissions in the model follow the treated in the same manner as in Trivitayanurak et al. (2008)
MEGAN database, and biomass burning emissions use thand are described in detail in Pierce and Adams (2006). Or-
Global Fire Emissions Database version 2 (GFEDv2) (Guen-ganic aerosols are unchanged from Westervelt et al. (2013),
ther et al., 2006). NQemissions from aircraft, lightning, and except for some changes to SOA condensation which are dis-

soil are considered in the global model. Shipping®is-
sions are considered within EDGAR and EMEP.

2.2 TwO-Moment Aerosol Sectional (TOMAS)

cussed in Sect. 2.2.3. Advection, chemistry, and deposition
have remained largely unchanged from the work of Trivi-

tayanurak et al. (2008), although periodic minor updates in
both advection and chemistry (e.g., newer reaction rate con-

stants and photolysis constants) have been implemented into
successive versions of GEOS-Chem.

As in Westervelt et al. (2013), aerosol microphysical pro-

cesses such as condensation, coagulation, and nucleation &2&.1 Nucleation simulations

calculated using the TwO Moment Aerosol Sectional algo-

rithm (TOMAS) (Adams and Seinfeld, 2002). TOMAS was We have implemented a humber of nucleation mechanisms
introduced as a regular component of the host model GEOSinto the model. As in Westervelt et al. (2013), binary ho-
Chem in version 8.2.2 and 8.3.1 and is available for down-mogenous nucleation (Vehkamaki et al., 2002), ternary ho-
load fvww.geos-chem.olg Advantages of the TOMAS al- mogenous nucleation (Napari et al., 2002), and activation
gorithm and GEOS-Chem implementation include the factnucleation (Kulmala et al., 2006; Sihto et al., 2006) are in-
that all aerosol species have explicit, interactive micro-cluded. The various simulations that we perform with the
physics and TOMAS conserves number and mass concentralifferent nucleation theories are described in Table 2. Binary
tions, allowing calculation of aerosol number budgets. Gen-nucleation (BHN) alone is one simulation. For ternary nu-
erally, we employ the work of Trivitayanurak et al. (2008) cleation, we employ three different simulations: one with a
and Westervelt et al. (2013) with the organic aerosol ad-globally applied 10° tuning factor on the nucleation rate
ditions of Pierce et al. (2007), the dust additions of Lee (TERS5), another with a IC tuning factor (TER3), and a

et al. (2009), and the nucleation implementations of Piercethird with no tuning factor (the original formulation, TER).
and Adams (2009a). There are a number of nucleation theo¥ernary nucleation defaults to binary nucleation whenzNH
ries added to the model, which are described in Sect. 2.2.1mixing ratios are below 0.1 pptv since the ternary nucleation
TOMAS computes the effects of nucleation, coagulation,scheme predicts no nucleation below this NMixing ra-
condensation/evaporation, cloud processing, size-resolvetio. Activation is also broken up into multiple simulations:
dry and wet deposition, and emissions on the number andne with theA pre-factor equal to 2 10 s, and an-
mass size distribution of aerosols (Tzivion et al., 1987;other with A =1x 10-%s~1. The factor-of-two change in
Adams and Seinfeld, 2002). Aerosol chemical composition isthe A value is smaller than order-of-magnitude changes eval-
represented by nine species: sulfate, sea salt, hydrophilic andgated in previous studies (Spracklen et al., 2008, 2010). We
hydrophobic organic carbon, externally and internally mixed use this smaller perturbation in nucleation rates to determine
elemental carbon, mineral dust, ammonium, and aerosol wahow much CCN will increase due to a relatively smaller
ter. Each of the nine species is tracked across 40 logarithenhancement in nucleation rates compared to our ternary
mically spaced size sections covering a diameter range o$imulations (TER, TER3, TERS5). The activation nucleation
1.1nm to 10pum, resulting in 360 TOMAS-specific model schemes only act in the boundary layer, and binary nucle-
tracers. Primary sulfate aerosol emissions are 1% of anthroation is used in the free troposphere in these simulations. We
pogenic S@ emissions and use the size distributions de-employ the ion-mediated nucleation (IMN) of (Yu, 2010) as

algorithm
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Table 2. List of simulations. All eight simulations were also run at 2.2.3 Secondary organic aerosol
higher SOA production rates, as described in the text.

We use the simple (SOA) fixed yield approach in which SOA

Name Nucleation Reference is considered to be essentially non-volatile and does not ther-
NONUC  None (control) N/A modynamically partition between the vapor and condensed
BHN Binary homogenous Vehkaméki et al. (2002)  phase, which has been shown to be a better approximation
ION lon-mediated (IMN) Yu (2010) for representing the growth of ultrafine particles (Pierce et
ACTL  Activation (A=10"°) gfh'trg"ja'f ;t ?2'-0(02806% al., 2011; Riipinen et al., 2011; D’Andrea et al., 2013). SOA
ACT?2 Activation (A=2 x 10-6) Kulmala et al. (2006), is essentially a “pseudo-primary” source in TO.MAS, cal-
Sihto et al. (2006) culated as 10% of modeled monoterpene emissions. The
TERS Ternary (10° tuning factor)  Napari et al. (2002), globally averaged flux using this approach is approximately
Jung et al. (2006), 19 Tgyr1, which is on the low end of estimated SOA fluxes

5 S Westervelt elt 32'-0(022013) (Goldstein and Galbally, 2007; Heald et al., 2011; Spracklen
TER Ternary (107 tuning factor) Jﬁﬁgttl zlt 6(12'(506) ) et al., 2011) Similar to sulfuric acid condensation, SOA con-
Westervelt et al. ('2013) dgnses to all particles pased on thejr Fuchs surface area (Pan-
TER Ternary (no tuning factor) Napari et al. (2002) dis et al., 1991). Despite strong evidence for the partitioning
of semi-volatile organic aerosols between the gas and par-

ticle phase (Donahue et al., 2006), the SOA treatment used

another simulation. Finally, we perform a control simulation here is simple and performed well in earlier nucleation stud-
(NONUC) where all nucleation is turned off in the global ies that compared to observed aerosol number concentra-
model, which gives eight simulations total. Simulations weretions and growth rates (Riipinen et al., 2011, Pierce et al.,
run for a total of 13 monthsi with 1 month of Spin_up, which 2011, Westervelt et al., 2013) and is not inconsistent with
is not used in the analysis. equilibrium partitioning if low-volatility organics are formed
As in Westervelt et al. (2013), gas-phase sulfuric acid con-quickly (Donahue et al., 2011).

centrations are calculated using a pseudo-steady-state ap-Recent studies have pointed to a large missing source
proach for each time step (Pierce and Adams, 2009a). Addiof SOA in global models, perhaps anthropogenic or an-
tionally, the lower boundary on the size distribution ofiini  thropogenically controlled in nature (Heald et al., 2011;
allows for explicit simulation of the dynamics of fresh nuclei Spracklen et al., 2011). As a result, we include a series of

(Lee et al., 2013). eight more simulations in which 100 Tgy* of an additional
SOA precursor is emitted at locations coincident with anthro-
2.2.2 CCN calculations pogenic SQ emissions (Spracklen et al., 2011; D'Andrea et

al., 2013). The generic precursor has a timescale of 12 h until
Cloud condensation nuclei formation in the GEOS-Chem-ijt forms SOA with unit yield in the condensed phase. Al-
TOMAS model is similar to the methods described in pastthough this is a simple approach, it is sufficient enough for

model versions (Pierce et al., 2007; Trivitayanurak et al.,our purposes in testing the sensitivity of CCN concentrations
2008; Lee et al., 2009). We calculate CCN concentration§rom nucleation.

at two fixed supersaturations of 1.0 and 0.2 %, representative

of convective and stratiform clouds. A comprehensive form2.3  Nuclei fate analysis

of Kohler theory (Raymond and Pandis, 2003) is employed

via look-up tables that take particle composition as input andwe output one year of size distribution data from the model

yield critical activation diameters at various supersaturationsevery 30 minutes from the model grid cell corresponding to

as output for every combination of particle compositions. WeHyytial4, Finland and calculate nucleation-relevant param-

do not consider the effects of surfactants on the Kelvin effecteters in as in Westervelt et al. (2013), which evaluated the

and CCN formation (Facchini et al., 1999). global model using many of the same parameters. In Wester-

CCN(0.2 %) and CCN(1.0 %) are both calculated for everyyelt et al. (2013), the model showed good agreement with ob-

nucleation simulation in this work. Concentrations are calcu-servations, as average growth and nucleation rates, survival

lated both spatially (latitude and longitude) and zonally av- probabilities, and CCN formation rates were biased by less

eraged (latitude and atmospheric pressure/altitude). We thethan 50 %.

take percent differences between the CCN concentrations for \We refer the reader to Westervelt et al. (2013) for details,

each simulation and the concentrations for the NONUC conpyt briefly, the nucleation and growth rates are based on a

trol simulation. single-day analysis first outlined in Dal Maso et al. (2005).
The nucleation ratels, is a number balance between the rate
of formation of nucleation mode particles and losses of those
particles due to coagulation and growth out of the size range.
For purposes of the nucleation rate calculation, we define the
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N10 concentration [cm~*] order rate of uptake of sulfuric acid and/or other condensable
a 10 vapors to aerosols (Eq. 2). In Eq. (2), refers to the gas-
10 phase diffusion constanf)y; is the particle diameter in size
1050 bin i, N; is the number concentration in sizeandp; is the
non-continuum correction factor, which is a function of the
10~ Knudsen number (Seinfeld and Pandis, 2006).
10 max
10" CS=27D ) BDyN; )
i=1
b o 105 Calculation of survival probability is adapted from the Prob-
60N [ T 2 P . o o0 ability of Ultrafine Growth (PUG) theory, introduced by
30°N Pierce and Adams (2007). We define survival probability as
R . 10 the ratio of particle formation rates at the initial point of
1020 growth (typically J3) and the CCN-relevant size or endpoint
0 o of growth (J,,, with n» =50 or 100 nm typically). It is calcu-
60%s lated according to Eqg. (3) below (see also Eqgs. 4-6 in Wester-
e P TEAET 10 velt et al. 2013). It is a highly time and size resolved method
that involves calculating timescales of condensation growth
Cloud Condensation Nuclei (0.2%) [cm™~] and coagulation loss at each step in the growing nucleation
c o : 10 mode. The formation rate of 100 nm particlegp) is cal-
00N [ : 1050 culated as the 3 nm formation rate multiplied by the survival
30°N . 7 3 1025 probability from 3 to 100 nm (Eq. 4). Likewisdpgis calcu-
oo [ e =\ : lated asJz multiplied by the survival probability to 50 nm.
305 | 10*° These two particle sizes are within the range of typical acti-
w0 10 vation diameters for CCN concentrations.
90°5,55 g o o o o o 100 n—1 rcond
PSO 120°wW 60°W 0 60°E 120°E 180 SPm,n _ l—[ exp<_ k(‘:kozé) (3)
Figure 1. Annual-average boundary layer global distributioriVa k=m Tk

(a), CCN(1.0 %)(b), and CCN(0.2 %fjc) for the ternary simulation
with a 1073 tuning factor (TER5 simulation).

J, =Sk, J3 4)

nucleation mode as the 3—25 nm size range. Diameter growtliVe extend our survival probability calculation beyond the
rates are also calculated for the 3—-25nm range as well asnd of the first day and estimate a multi-day survival proba-
a 25-100 nm range that is used for the survival probabilitybility. This estimate extrapolates the 25—-100 nm growth rate
calculation. Growth rate (GR) is the rate of change in sizeand coagulational loss rates at the end of the growth pe-
(diameter) over time during a nucleation and growth eventriod and applies it to subsequent days, allowing particles
(see Fig. 2 of Westervelt et al., 2013). to either grow to CCN sizes or be lost via coagulation at
Two important quantities for particle and vapor loss, which a later time. We judge that the multi-day survival probabil-
partially determine CCN sensitivity to nucleation, are the co- ity estimate probably overstates the ultimate CCN formation
agulation sink and condensation sink. The coagulation sinkfor several reasons. First, while real nuclei do not grow as
Coags (units of st), of particles of sizé to a larger sizej quickly overnight but are lost to coagulation, we extrapo-
is dependent on a coagulation coefficiekitj and the num-  |ate the daytime growth rate for all subsequent hours, day
ber concentration in the larger size rang,(Eqg. 1). Inour  or night. Second, it is expected that growth rates on nucle-
calculations, we calculate coagulation coefficients for all par-ation days are somewnhat higher than average. Third, it is ex-
ticles larger than siz& The coagulation coefficient is based pected that the coagulation sink on nucleation days is some-

on Fuchs equation (Seinfeld and Pandis, 2006). what lower than average (Gong et al., 2010; Wu et al., 2011).
max As air masses have often shifted over a given location on days
Coag$S = }KiiNi + Z KijN; (1)  after nucle'ation days, it i; difficult to .track explicitly the ac-
2 =11 tual evolution of the growing nucleation mode after the first

day. Thus, this extrapolation method allows us to better esti-
The condensation sink (CS, also units otsis proportional ~ mate the growth to sizes beyond what is reached in the first
to the aerosol surface area in the kinetic regime and partiday.
cle diameter in the continuum regime. It describes the first-
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2.4 Simplified model for dependence of survival and CS. We note, however, that the GR is also proportional to
probability on condensation sink the production rate of condensable vapors. If this production
rate varies widely between nucleation events, this simplified
In addition to the methods described in Sect. 2.3, the SUI’Vivahqode| for the survival probabi“ty will not genera”y y|e|d
probability can also be represented in another way based ogood predictions. It is also possible that the same sources
simple scaling arguments, which we will make use of in that add to the vapor production rate also may contribute to
Sect. 3.2.3. Here we propose a simple model that will becondensation sink, adding another source of uncertainty in
used to explain how changes in coagulation and condensahe simple model. However, to the extent that this simple for-
tion result in decreases in survival probablllty We start with mulation Captures the actual Changes in survival probabi”ty
the theory presented by Lehtinen et al. (2007) for survivalpredicted by the full model (where vapor production does

probability. contribute to condensation sink), we can conclude that this
J CoagSd;) effect is small. We will show later that this model does gen-
SP_, = TX = exp<—y -d; - T’) (5) erally fit our full survival-probability calculations well and
i

that variability in the production rate of condensable vapors
is relatively minor in GEOS-Chem-TOMAS.

1 dx m+1
=—— || = -1 6
v m+1|:(dl) :| ()
3 Results

Equations (5) and (6) from Lehtinen et al. (2007) are an up-

dated form of the original equations in Kerminen and Kul- g gpg) maps 0fN10, CCN(1.0 %), and CCN(0.2 %) for the
mala (2002). In the equations; andd, are the initial and  TERg simulation are shown in Fig. 1. All maps and figures,
final particle diameters (e.g., 3-100nm), Coags is the COgycept for Fig. 4, only include the base case 19 TG BOA
agulation sink, GR is the growth raté; is the particle nu-  gorce and do not include the 100 Tgyranthropogeni-
cleation rate at reference size J; is the eventual forma- ¢4y enhanced SOA source. Westervelt et al. (2013) showed
tion rate of larger, CCN-sized particles from those nuglei, 4t the TER5 nucleation mechanism performed well against
is a parameter that accounts for size-dependent coagulatiofyyserved nucleation rates, growth rates, particle survival
as the particle grows from initial to final sizes, is a con- qEJrobabiIities, and CCN formation efficiency from several
stant that ranges between -1 and -2 (see Lehtinen et al., 200g|q_campaign sites with biases within 50 % for all metrics.
for details), and SP is surwyal probability. L_eavmg as_|de theThus, the TERS simulation is shown here as a possible “best
y parameter, the exponential decay of partlc!es p_redlcted bbuess“ to CCN and number concentrations. In Fig. 1, annu-
Eq. (5) may be understood as follows. The time it takes forgy averagedviq concentrations are highest over the conti-
a fresh nucleus to grow to its final size is inversely propor-nents; with specific hotspots in eastern North America, west-
tional to the growth rate, GR. Over this time, a first-order loss o, Europe, and China. CCN(1.0 %) and CCN(0.2 %) gener-
of particles due to coagulation occurs with frequency, CoagSy)ly foliow the same pattern, although with lower concen-
Recognizing that the coagulation and condensation sink$;ations. CCN(0.2%) are less abundant than CCN(1.0 %),

are linearly correlated (Lehtinen et al., 2007) (see alsqypjch is expected due to the larger diameter required for ac-
Sect. 3.2.3 below) while the growth rate and the condensag ation ats = 0.2 %.

tion sink are linearly anti-correlated (since, assuming steady-
state, the concentrations of condensable vapors are inverse
proportional to the condensation sink), we can simplify
Egs. (5) and (6). For given bounds in the survival probability
calculation, Egs. (5) and (6) can now be written as solely
function of the CS (Eq. 7).

5’.1 Global sensitivity of N1g and CCN to nucleation

Figure 2 shows the percent change in annually averaged
or a selection of the sensitivity simulations (as listed in Ta-
ble 2) compared to the base case simulation in which nucle-
SP=exp(—a CSD) @) ation is turned off (NONUC). Both boundary layer spatial
distributions (left column) and zonal averages (right column)
Equation (7) shows the basic form of the inferred relationshipare shown. Table 3 shows the global, annual average percent
between survival probability and condensation sink. Thischanges for each of the sensitivity simulations. T\hg per-
equation is similar to Eq. (A7) in McMurry et al. (2005), cent differences between the binary and the NONUC simu-
which related the particle survival probability (P) to the ratio lations, as seen in panels a and b of Fig. 2, are quite small in
between CS and GR. Here, we have simply taken one stethe boundary layer. In fact, there are some regions of percent
further, noting that the GR (growth rate) is inversely propor- decrease i1, such as off the western coast of South Amer-
tional to CS, yielding an expression for SP as a function ofica. The reason for this decrease is likely due to the demand
CS and the constant that depends on the initial and final for condensable vapors by nucleated particles that are lost
particle diameters and the relationships between CoagS, GRiy coagulation to larger particles before they grow to 10 nm.
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Figure 2. Global percent change in total particle number concentrafig)(surface and zonal plots. Color contours in all panels represent
the percent change in number concentration between the listed nucleation simulations and the simulation with nucléatibpbirffary;
(c, d) Activation (A =2 x 10*6); (e, f) Ternary (10°° factor); (g, h) Ternary.

Table 3. Global-average percent increases in a given nucleatiorto ACT2. One major characteristic of the ACT2 simulation

simulation compared to a simulation with no nucleation. Values arejs that the activation mechanism predicts a large enhance-
averaged for boundary layer only. See also Figs. 2-3.

N19(%) CCN(1.0%) (%) CCN(0.2%) (%)
BHN 23 27 49
ION 55 50 60
ACT1 140 79 66
ACT2 170 88 69
TERS 48 46 56
TER3 103 70 64
TER 190 99 78

ment of N1g in the boundary layer, especially over the oceans
where increases from nucleation may not be expected. This
is partially due to the activation simulation lacking a third nu-
cleating species that helps regulate whether or not nucleation
occurs in certain environments. For example, in TER sim-
ulations, low amounts of ammonia over the oceans prevent
nucleation from occurring. The zonal plot shows the strong
N1o enhancements near the surface. Above about 400 hPa,
the binary nucleation scheme (same as in the BHN simula-
tion), which is also used in the ACT2 simulation, dominates
the Nygincreases, as evidenced by the similarities in panels b
and d.

This demand for condensable vapor limits the ability of the Panels e and f (Fig. 2) show the percent enhancements for

primary particles to grow and survive.

TERS5. TER3 is omitted here due to the spatial patterns be-

Figure 2b shows that while the binary nucleation param-ing similar (albeit with different intensities in particle num-
eterization of Vehkamaki et al. (2002) does not produce aber concentration). The TERS5 simulation gets simiNag in-
large fractional increase iN1g in the boundary layer, it does creases across the continents as ACT2, but without the large
have a more pronounced fractional effect in and around théncreases over the oceans. The nucleation contributidhdo
tropical upper troposphere.
Figure 2c and d show the percent changes for the ACT2altitude.
simulation. The ACT1 maps are not shown but are similar

Atmos. Chem. Phys., 14, 5575597, 2014
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Figure 3. Global cloud condensation nuclei concentratiof§ at0.2 % (CCN(0.2 %)) percent change surface and zonal plots. Color contours
in all panels represent the percent change in number concentration between the various nucleation simulations and the simulation with
nucleation offi(a, b) binary;(c, d) Activation (4 =2 x 10~5); (e, f) Ternary (10°° factor);(g, h) Ternary.

Panels g and h (Fig. 2) show the enhancements for TER. The BHN scenario (Fig. 3a and b) has a weak rela-
Past results have found overprediction in nucleation rates antive increase in boundary laye¥ip (23 % global average,
N1 concentrations when using the ternary parameterizatiorsee Table 3), yet has a larger relative increase for bound-
without a scaling factor (Jung et al., 2010). Not surprisingly, ary layer CCN(1.0%) — (27 %) and CCN(0.2 %) — (49 %).
the largest continental enhancements occur in the TER sensAlthough seemingly counterintuitive, this is due to nucle-
tivity simulation. It is interesting to note, however, that TER ation aloft in the free troposphere and subsequent growth
is not the highest simulation iVig enhancements over the to larger sizes during downward subsidence before entrain-
ocean (ACT2 has the larger contribution) due to the genering into the boundary layer. Thus, the absolute increases in
ally low concentrations of ammonia over the oceans in theN1p and CCN(0.2 %) in the boundary layer are similar be-
model. cause a large fraction the nucleated particles are CCN(0.2 %)

Figure 3 is the same as Fig. 2 except the enhancementsizes by the time they reach the boundary layer (and the
are calculated for CCN(0.2%) instead ofig. Figure 3  boundary layer CCN(0.2 %) concentrations are lower than
shows that in most polluted regions of the world, all nucle- the boundary layeiN1p concentrations). However, because
ation schemes we simulated at least double the number adhe CCN(0.2%) concentrations arel0x lower, the rel-
CCN compared to the NONUC simulation. Interestingly, the ative enhancement of CCN(0.2%) in the boundary layer
CCN(0.2 %) spatial maps across the four sensitivity studiesare~ 10x larger. When averaging through the entire tropo-
are all relatively similar and uniform, with exceptions mostly sphere, theVig increase is larger than both CCN(1.0 %) and
in the Middle East and the southern United States. The uni<CCN(0.2 %), as is expected. This implies that at least in the
formity between the different nucleation mechanisms sug-BHN scheme, nucleation in the free troposphere can be a ma-
gests that the influence of each specific nucleation schempr source of CCN in the boundary layer, which has also been
is only moderately important. There are no instances of de-observed in the GLOMAP model (Merikanto et al., 2009).
creases in either the spatial distributions or the zonal plots. The ACT2 simulation, shown in Fig. 3c and d, has

stronger CCN(0.2 %) enhancements in some regions across

www.atmos-chem-phys.net/14/5577/2014/ Atmos. Chem. Phys., 14, 55587, 2014



5586 D. M. Westervelt et al.: Analysis of nucleation-CCN feedbacks

a %0 [, o In all of the results plotted in Figs. 2 and 3, it appears
T 500 | ~~Prmas patices CN10) that the fractional CCN(0.2 %) increase in the free and up-
2  Primary paricles (CCNO.2) per troposphere (up to 200 hPa) is larger than Xhg en-
é 400 ./-/ hancement. Although physical explanations such as aerosol
2 500 . transport through deep convection are plausible, this is likely
s - an artifact of the differencing against the control simulation,
G 200 prrmmmTmTieessommeesnee e P NONUC. Without nucleation active (in the NONUC simu-
100 Lo f _________________ lation), there is no particle source in the tropical free tropo-
sphere and thus CCN(0.2 %) concentrations are small (some-
%ot o ; o 100 1000 times less than 10 particles cd). Thus, a small addition of
Nucleation rate, J, (cm" s-) particles due to nucleation in the various simulations can
b 700 1 o lead to Iarge reIaFive i.ncreases. _The addition]\qb_from
T 600 |1 coun the nucleation-active simulations is compared against a rela-
s — primary partcles (CONO.2) / tively higherN1g control value than is expected. In summary,
g ow globally averaged CCN(0.2%) increases range from about
§ 400 - 49 to 78 % for the boundary layer above the NONUC case.
§ . The TERS simulation, which has performed well against ob-
8 servations, had a 56 % increase in boundary layer-averaged
CCN compared to a simulation without nucleation active, but

QOO e

this enhancement only increases to 78 % for a much faster
0 nucleation scheme (TER). The range of these increases is
001 o Nuctation rate, 4, (m ) 10 1000 small considering the nucleation rates varied by as many as
4 orders of magnitude, as seen in Fig. 4 and discussed below.
Figure 4. Global average cloud condensation nuclei concentrations Figure 4 shows globally averaged CCN(0.2%) and

in the boundary layer for all nucleation simulations. Squares rEpre'CCN(l.O %) concentrations against tropospheric average nu-
sent CCN(1,0%), and triangles show CCN(0.2 %). Pajshows cleation rates f1). The NONUC control simulation gives
the base SOA simulation results whil® shows the high SOA sim- us a rough estim.ate of the primary CCN, which is repre-

ulation results (extra 100 Tgyt). In both panels, the dashed black . .
lines represent the CCN(1.0%) concentrations for the simulationSented by the dashed black lines for comparison. For the base

with no nucleation (nominally, primary particle contribution). The SOA simulation (panel a), primary CCN(0.2 %) are roughly
dash-dot black lines show the same for CCN(0.2 %). Blue lines re-100 cnT3 globally averaged, whereas CCN(1.0 %) are about
fer to ion nucleation, black is binary, green is activation, and red istwice that. Consistent with the global map results shown in
ternary. Figs. 2 and 3, CCN(0.2 %) do not appear to be very sensitive
to large changes in the nucleation rate. Specifically, the black
and blue triangles in Fig. 4, representative of the BHN and
the boundary layer compared to the BHN simulation. Since|ON simulations, respectively, are about 4 orders of magni-
the ACT2 simulation is coupled with BHN, we see large in- tude lower in the nucleation rate that the TER simulation (fur-
creases in CCN(1.0 %) and CCN(0.2 %) (see Table 3) even ifhest right red triangle). However, the CCN(0.2 %) increases
the free troposphere. In these simulations, CCN enhancemeffom the BHN to TER cases are comparatively small at
is due to both effects of BHN as described above as well agjg particles cm3, or a 29 % increase. On the other hand, the
the boundary layer enhancement provided by the activatiorsjowest nucleation mechanism, BHN, gives a global bound-
simulation. ary layer enhancement of 49 % over the NONUC simulation.
The TERS boundary layer and zonally averaged plots, seefrrom this, we conclude that the details of a particular nucle-
in Fig. 3e and f, look similar to ACT2. However, the TERS atjon theory seem to be less important than the use of any the-
simulation has less of a pronounced increase across the Pgry within the global model for predicting CCN(0.2 %). Al-
cific Ocean in between the tropics. As a result, TERS hashough this 29 % sensitivity to nucleation mechanism is not
a slightly smaller CCN percent increase when compared tQnsignificant enough to ignore, it is important to note that it
ACT2 (see Table 3). Unlike binary nucleation, ternary nu- js smaller than the sensitivity between any nucleation mech-
cleation is dominant in the boundary layer and weak in theanism compared to a no-nucleation case. The insensitivity is
free troposphere. The boundary layer average percent ingjso evidenced by the green solid lines, which represent the
crease in CCN(0.2%) is 56 %, confirming some importancetwo activation cases (ACT1 and ACT2), and the red solid
of boundary layer nucleation for TERS. Finally, the TER |ines, which signify TER5, TER3, and TER. Both of these
simulations have the strongest CCN enhancements for thgnes are relatively flat for CCN(0.2 %), indicating a small
boundary layer, as seen in Fig. 2g as well as Table 3 due tghcrease in CCN for a large increase in nucleation. Addi-
the unrealistically high nucleation rates in these simulationsijonally, the 29 % cited above represents the largest possible
(see Fig. 4). range in CCN changes. Although no nucleation mechanism
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is without faults, the CCN(0.2%) sensitivity between two
more reasonable nucleation simulations (for example, TER3
and TERS) is much smaller (less than 10 %).

As expected, CCN(1.0%) is more sensitive to changes
in nucleation rate, as evidenced by the steeper slopes in
the CCN(1.0%) data (square markers). For example, be-
tween the TER5 and TER simulation, roughly a two order-
of-magnitude increase in the nucleation rate results in a
200 particles cm® increase in the CCN(1.0%) concentra-
tions. The ACT1 and ACT2 simulations also show an in-
creased CCN sensitivity to the same changes in nucleation.
The difference in globally averaged nucleation rate between
BHN and ION is only about 0.01cni¥s 1, but the change
in CCN(1.0 %) is 70 particles cn?. This difference is likely
due to differences in the spatial dependence of nucleation.
For these two simulations, the specific nucleation mecha-
nism does matter, since BHN and ION result in very simi-
lar nucleation rates but different CCN. This implies that in
regions where ION nucleation dominates, the survival prob-
abilities are higher than in regions where BHN dominates,
on average. In particular, the mid-to-upper troposphere has
the largest differences between BHN and ION in CCN con-
centrations (not shown). This is consistent with recent work
suggesting ion-based nucleation may be relevant in the up-
per troposphere regions where colder temperatures prevail
(Kirkby et al., 2011). Although the sensitivities are low for
most of the other simulations, the mechan'sms are still Im'Figure 5. Flowchart of microphysical feedbacks that decrease sur-
portant for other reasons, such as spatial and temporal variya| probability with increasing nucleation rates, limiting the for-
ability. Spatial effects are clearly important as seen in themation of CCN from nucleation events.

ACT2 and TERS simulations in which ACT2 predicts large

N1p and CCN(0.2 %) enhancements over the oceans (Figs. 2

and 3). Additionally, although aerosol indirect forcing can- of CCN(1.0 %) is small because nucleated particles require
not be estimated with the current model setup, nucleatiorless growth to reach CCN(1.0 %) sizes.

impacts on aerosol forcing are likely larger in certain re-

gions. Future work should seek to explore the sensitivity 0of3.2 Microphysical feedbacks responsible for lower

forcing to nucleation. It also appears that mechanisms mat- survival probabilities at higher nucleation rates

ter for seasonal and daily variability in nucleation event fre-

quency, growth rates, nucleation rates, survival probabilities Despite introducing large differences in nucleation rates us-
and CCN formation (see Figs. 8 and 9 and Sect. 3.2.2, anéhg the various parameterizations listed in Table 2, CCN
Westervelt et al., 2013). concentrations are only modestly increased. Figure 5 shows

Finally, we include CCN-nucleation rate results in Fig. 4 qualitatively how an increase in the average nucleation rate in
for the same nucleation mechanisms but with an extrathe model can ultimately cause a negative feedback loop that
100 Tgyr! of SOA available for condensation (panel b). minimizes CCN changes. Larger nucleation rates increase
We find that these cases (using the same color and synthe Fuchs aerosol surface area, which increases the coagu-
bol scheme as the base SOA simulations) result in highetation and condensation sinks. The increased condensation
CCN(1.0%) and CCN(0.2 %), due to the increased condensink reduces condensable vapor concentrations, which slows
sational growth. For CCN(0.2 %), the change between lowdown particle growth. This slowed growth, in combination
and high SOA simulations increases as the nucleation ratgith increased coagulation, reduces the survival probability
increases. In other words, specifically for the TER5-TER3-and limits CCN formation.

TER line, the slope of the high SOA line (red in panel b) is The following three sections (Sects. 3.2.1, 3.2.2, and
greater than the slope of the low SOA line (panel a). This3.2.3) provide the quantitative evidence for the feedback
suggests that the additional SOA is able to grow nucleategphenomenon we have qualitatively described above. Small
particles to CCN activation sizes that would not otherwise particles are not traditionally thought to have a large im-
be activated and make survival probabilities less sensitive tgpact on aerosol surface area (Fuchs) due to the square-
changes in nucleation rates. However, the change in the slopdependence on diameter. However, when considering that

(H,S0,], [Org]]

N l Growth rate

Survival
probability l
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Figure 6. Nucleation metrics and number size evolution plots for 3 April 2002 (local time) at Hyytiala. Ranslthe size distribution
evolution for the TERS simulation, pan@) is the same for the TER3 simulation, and pafwlis the TER simulation. The bottom row
(panelsd throughf) shows the nucleation rate, growth rate (3—25nm), and survival probability to 50 nm (multi-day) for each of the three
ternary nucleation scenarios. The heavy black line indicates the 50 nm size threshold used for this analysis.

modeled nucleation events are not isolated occurrences aratithm (base 10) of the number size distribution function
can have compounding impacts that feedback on each otheflog10(dV/dlogDp)). The initial background size distribu-
the effect is significant enough to increase the condensatiotions are different between the three simulations due to dif-
sink, especially when the growth of these nucleated partiferences in nucleation, growth and survival probability and
cles to Aitken and accumulation modes is considered. Thergrevious days (shown quantitatively in Fig. 7). The black line
are two main reasons why nucleated particles can contributén each panel of Fig. 6 demarcates the 50 nm size threshold.
to the aerosol surface area enough to buffer the CCN conNotice that within the first day, only the TER5 simulation
centrations. First, with large increases in the nucleation rate(panel a), reaches the 50 nm size considered to be relevant
the CCN mode will shift to smaller sizes over the long- for CCN. In panels b and c, the growing nucleation mode
term of many nucleation events due to a larger presence ofloes reach the 50 nm size, but not until the second or third
nucleated particles. This allows nucleated particles to conday after nucleation. Panel d shows the nucleation rafe (
tribute a larger fraction of surface area than they might otherfor each of the sensitivity cases for 3 April, panel e shows
wise without the nucleation rate enhancements. For constarthe mean growth rates, and panel f shows the survival prob-
aerosol mass production rates, an increase in CCN numbeability to 50 nm. As the nucleation rates increase from TER5
concentration from nucleation leads to aerosol Fuchs surfaceo TER3 and TER, both growth rates and survival probabil-
area enhancements, much like how smaller and more numeities decrease. This is not only due to feedbacks occurring
ous cloud droplets result in larger cloud surface area with aduring this particular event, but also includes feedbacks from
fixed water vapor budget (cloud albedo aerosol indirect ef-previous nucleation events, as discussed previously. On this
fect or Twomey effect). Second, even in the short-term, forparticular day, the survival probability is over 90 % in TER5
very high nucleation rates, there is a non-negligible surfaceand less than 10 % in TER3 and TER.

area increase associated with fresh nuclei themselves. Fig- Figure 7 shows the condensation sink over the course of
ures 69 and the following sections will provide quantitative the nucleation event and Fuchs surface area size distributions
evidence for the increase in surface area and condensatidor the sample day at Hyytiala. For all three ternary simula-

sink due to increases in the average nucleation rate. tions, the overall condensation sink increases throughout the
day (panel a) consistent with condensational growth of the
3.2.1 Sample nucleation day particle size distribution. The TER and TER3 simulations

. _ . have a short-lived enhancement in condensation sink that
We first present a case study of a single day: 3 April 2002 alcorresponds with the onset of the nucleation event; the same
Hyytiala. The first row of Fig. 6 (panels a, b, and c) shows enhancement is not visible in the TER5 simulation. This in-

three similar plots of the number size distribution evolution dicates that at least under very high nucleation rates, there
in time (“banana plots”). Color contours represent the log-
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%10 TERS5 vs. TERS3, this persistent increase in condensation sink

a 131 —TER ’ ‘ ‘ ' is more important than the short-term contribution from the
12{|—TER3 r nucleation mode.

|| —TERS , Finally, using the nucleation ratg{) and (SP) to 50 nm
we can calculate the CCN formation rate at 50 nfap). For
this particular event, thdsg for TER5, TER3, and TER are
0.09, 0.1, and 0.11 cn¥ s~ 1, respectively. Despite order-of-
magnitude variation in nucleation rates, the decreased sur-
vival probabilities in TER and TER3 compensate for the dif-
ferences, resulting in similar values of CCN formation rate.
Although the fastest nucleation rates in the TER simulation
lead to the largest CCN formation rates, these CCN for-
12:00 5:00 10:00 15:00 20:00 24:00 mation rates are only marginally (10—20 %) larger than the

Time of day (April 3, 2002) slower nucleation cases, TER3 and TER5.

- -
o -
T

Condensation sink (s.'1)

a O N oo ©

3.2.2 Full year of nucleation events

4
—TER5

—-TER
12 To further quantify the dampening of CCN changes to

10 changes in nucleation, we expand our discussion with a year-
long time series of nucleation events in the TER5, TER3,
and TER simulations at the sample location of Hyytiala,
Finland. The TER5 simulation was already considered in
Westervelt et al. (2013), but we add in the TER3 and TER

dSF/dlogD _ (Fuchs surface area) (um? cm™)
[e)]

4 simulations to allow us to look at how incremental changes
> 2 in the nucleation rates effect growth rates, coagulation sink
0 (for 3nm particles), condensation sink, survival probabili-
10° 10° 107 10° ties, and ultimately CCN concentrations. Figure 8 shows cu-

Particle diameter (m) mulative distribution functions for the three ternary simula-

. o , _ _ tions at Hyytiala. Panel a shows roughly order-of-magnitude
Figure 7. Vl_suall_zat!on _of condensatl(_)n sinfa) and pg_rt}_cle SUr-  increases in/3 from the TERS to TER3 to TER simula-
face area size .d'Str'.bUt.'O(rb.)’ for 3 April 2002 at Hyynala_. Fuchs . tions (note that the nucleation rate scale factors are two and
surface area size dlstrlbutlon§ are shown for a 12:00 time slice "}hree orders of magnitude apart). This increase in nucleation
the nucleation event on 3 April 2002 . . ’ . .

causes an increase in both the coagulation and condensation

sinks, which follow the same order of TER >TER3>TER5

(panels ¢ and d). Because of the enhancement of the con-
is an immediate impact of nucleation on Fuchs surface areaensation sink due to the increased Fuchs surface area from
and condensation sink even if it is short lived. It can be seerfaster nucleation rates, condensable vapor concentrations are
in Fig. 7b that, during the middle of the nucleation event, reduced. Because of the reduction in condensable vapor con-
the nucleation mode (centered at 10nm at 12:00) makes aentrations, the TER simulation has the slowest growth rates
significant contribution to Fuchs surface area, but this goedy as much as a factor of 2 (panel b). The TER5 simulation,
away after a few hours as these particles coagulate. It is alson the other hand, has fast growth rates that allow particles to
important to note that the condensation sink in the TER sim-more effectively survive to CCN sizes (50 or 100 nm) within
ulations starts and remains higher than both the TER3 andne day, as was the case for the 3 April event shown above.
TERS, which shows that prior nucleation events in the long- Figure 9 shows the cumulative distribution functions
term affect the initial condensation sink at the start of a new(CDF) for survival probabilities and CCN formation rates.
nucleation event. The reason for the higher starting condenSurvival probabilities are calculated for multi-day growth, as
sation sink in the TER simulation is the same as describeds explained in Sect. 2.2.3 Because of the increased coagula-
in the introduction: for a fixed budget of condensable aerosotion and condensation sink, particle survival to 50 or 100 nm
mass, a higher particle concentrations imply a shift of the(panels a and c) is diminished in the TER3 and TER simula-
CCN model to smaller sizes and an increase in its surfacéions compared to the TER5. The survival probabilities tend
area. This can be seen in Fig. 7b, where the accumulatioto be quite sensitive to the growth rate changes seenin Fig. 8.
mode Fuchs surface area is higher in TER5 compared t@\s a result, large increases in the nucleation rate (Fig. 8a) are
TER. Although Fig. 7b shows this for 12:00 during the event, offset by low survival probabilities (e.g., more than half the
the Fuchs surface area was already higher at the beginning @iases for TER have <1% chance of surviving to grow to
the day. Comparing the two more realistic nucleation rates,100 nm). As a result, the annual-medgy CCN formation
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Table 4. Mean and median values for the three ternary simulationsto diminish survival probabilities, we have yet to directly
at Hyytiala for the multi-day survival probability calculation. Me- link condensation sink to growth rates, coagulation sinks,

dian values in parentheses. and survival probability. Figure 10a is a scatterplot of sim-
ulated growth rates for one year at Hyytidla. The red cir-
Temaryx10°°  Teraryx 102 Ternary cles plotted represent the values of the TER growth rates
J3 (cm*3511) 2.3(0.3) 7.4(3.7) 15.1(13.6) scaled by the ratio of the condensation sinks in TER and
ggé&“)” ) 2'337((1?;2; 1'172((11'3 i 82; TERS. We find that the growth rates for TER5 and “scaled
Jsp (10-2cm3s1) 7.1(6.0) 72(7.0) 7.4(80) TER” (which is equal to the product of the TER growth rate
SPioo (%) 2.9(2.0) 0.4(0.4)  02(0.2) and the ratio of the TER and TER5 condensation sinks, i.e.,
J100(102cm—3s71) 1.2 (0.23) 1.3(0.41) 1.3(0.81) CSer x GRer), are now in good agreement (within

10 % of each other on average). This suggests that the growth
rate decrease from the TERS to the TER simulations can
rates from Hyytiala nucleation are within 5% of each other largely be explained by the increases in the condensation
for the three sensitivity cases (Table 4) despite a large changgink. In Fig. 10b, we find that the coagulation sink and the
in the nucleation pre-factor and a more than six-fold increasecondensation sink are strongly correlated in our model sim-
in the J3 nucleation rate. For the 100 nm threshold, annual-ulations. This result has been seen in ambient measurements
mean CCN formation rates due to nucleation are still within (Gong et al., 2010; Lehtinen et al., 2007; Dal Maso et al.,
10 % of each other across simulations. While it is true that2002) and is consistent with the idea that larger particles
higher nucleation rates tend to result in higher CCN concenwield the biggest influence in both the uptake of condensable
trations, the decreases in survival probability offset most ofvapors and the collision and combination of particles. There-
the increases in nucleation rates. fore, changes in condensation sink can be used as proxies for
changes in both factors that determine survival probabilities:
3.2.3 Linking changes in condensation sink to changes ~ growth rates and coagulation scavenging frequencies.
in survival probability Figure 10c and d show the relationship between sur-
vival probability (to 50 nm, SP50) and condensation sink.
Although we have shown in the previous two sections thatln panel ¢, we plot survival probability as a function of
the condensation sink increases with faster nucleation ratesondensation sink for the TERS5 simulations and notice a
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strong nonlinear decreasing trend, consistent with our conwill lead errors in the fit. There is generally little scatter in the
ceptual arguments and the theory presented in Sect. 2.data in Fig. 10c and d, which leads us to believe that the pro-
above. Since the survival probability is expected to scale withduction rate generally does not vary randomly between event
the exponential of the square of the condensation sink in thelays. However, we found that in the GEOS-Chem-TOMAS
absence of large variability in the production rate of condens-model at this particular location, the production rate of con-
able vapors (Eg. 7), we attempt to fit such a function to ourdensable vapors is lower on days with lower condensation
model output. With a tuned value af we find fairly con-  sinks (i.e., a clean aerosol background correlates with a clean
sistent agreemenk€ = 0.9) for the negative exponential fit. gas-phase background). This correlation may be responsi-
Panel d is the same as ¢ except we plot model output fronble for the regions of poor fit in Fig. 10d for the TER sim-
the TER simulation and compare it to the same fit derived forulation. The survival probability is lower in GEOS-Chem-
the TERS simulation (same equation as in panel c). We notf OMAS than in the simplified model at low condensation
that although there are some discrepancies, the TER5 modsinks, which may be due to lower condensable vapor produc-
fit still represents the TER output weRf =0.73). This sup-  tion when the condensation sink is low, which would lead to
ports our claim that, to the first order, the decrease in survivaklower growth rates and lower survival probabilities. How-
probability can be quantified simply from basic theory and ever, the simple model overprediction at low condensation
the change in the condensation sink. This is also consisterginks is not evident in Fig. 10c for the TER5 simulation. This
with our claim that CCN concentrations do not change muchlack of overprediction maybe due to nucleation being less
with changes in nucleation theory or nucleation rate, sincdikely in the TER5 simulation than the TER simulation dur-
the same fit applies, in this specific example at least to theéng low vapor concentrations due to the orders-of-magnitude
first order, to two nucleation schemes with vastly different slower nucleation rates in TER5 (Fig. 4), or alternatively it
nucleation rates (see Fig. 8). may be due to the production rate of condensable vapors be-
There are three likely reasons for the slight discrepancying less significant as the survival probability approaches 1
in the survival probabilities and condensation sinks betweer(as it does for small values of condensation sink in the TERS
our model output and simple theory. First and foremost, ifin Fig. 10c; this is not the case for the TER simulation). Sec-
there is variability in the production rate of condensable va-ond, condensation sink varies throughout the day (as seen
pors (which are not accounted for in the simplified fit), this in Fig. 7), but here we use the 24 h average in Eq. (7) to

www.atmos-chem-phys.net/14/5577/2014/ Atmos. Chem. Phys., 14, 55587, 2014



5592 D. M. Westervelt et al.: Analysis of nucleation-CCN feedbacks

b 1510

16

e 14
€ -
3 212
£ c
& G 1
£ <)
= £08
2 i
0] 206
©
o
® 0.4
O
@ 02
0 +
2 4 6 8 10 12 14 0 1 2 3 4 P 5 6 37
TER5 Growth Rate (nm h™') d Condensation sink (s”™') x 10
! TERS model 01 TER model output
model output - model outpu
09+% SP(3'50) —TERS fit 0.09 SP(3 50) —TERS fit
081, y = expl-a*x’) 0.08+4, .
a=2857x10° \ R?=0732
507 R?=0.908 go 07 5 y=exp1-a‘x‘)5
5 =
306 EDOG % a=2857x10
g o
205 5005
S ®
204 z
g 5004
903 @003
0.2
B\ 0.02
o 0.01 Y
AN

0.006 0.0% Al 0.02 0.005 0.01 0.015 0.02

Condensation sink (s™') Condensation sink (")
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of the two nucleation mechanisms’ condensation sinks. Solid red line represents the line of pestlfilX, 2 = 0.91). Pane(b) shows

the correlation between coagulation sink and condensation sink. Solid blue line is best €itZ8k, r2= 0.95). Pane(c) shows the plot of

survival probability (to 50 nm) vs. condensation sink for the TER5 simulations (blue circles). Solid black line represents a model fit to the
TERS data of the forny = exp(—a - x2) as described in the text. Value of a is given in the figure. Pahés the same a&), except that the

TER model output (blue circles) is compared to the same TERS fit from gensiame equation and coefficients).

predict changes in survival probability. Since the condensaSOA budgets in order to test the sensitivity of CCN to nu-
tion sink is larger shortly after a nucleation burst, our modelcleation and growth. In addition to determining the sensi-
points (GEOS-Chem-TOMAS) may be shifted slightly to the tivity, we analyzed one year of modeled nucleation events
right in Fig. 10d, leading to better agreement. Third, theat Hyytidla in order to explain and quantify the reasons
correlation between CoagS and CS assumed by our theorfpor the apparently modest sensitivity of CCN to nucleation.
is mostly valid only for the kinetic regime and may not be We calculated modeled growth rates, condensation sinks,
applicable to the transition regime-(LO0 nm). If the CoagS coagulation sinks, survival probabilities, and CCN forma-
is actually smaller than predicted by our simple theory, thetion rates and used these properties to explain the micro-
model output survival probability may agree better. Despitephysical feedbacks that lead to a buffered response in CCN
these shortcomings, the simple relationship between CS andue to increased nucleation rates. Global modeling results
SP is broadly confirmed within the GEOS-Chem-TOMAS showed thatV1g is generally more sensitive to nucleation
framework. However, we have yet to confirm if this relation- than CCN(0.2 %) consistent with the fact that nuclei are lost
ship holds for field data where it is possible that the produc-by coagulation during growth but some primary particles are
tion rate of condensable vapors varies more strongly and inemitted already at or near CCN sizes. The global, bound-
dependently from the condensation sink. ary layer averaged increase Mg due to adding nucleation
schemes to a simulation with no nucleation varied from 23 %
in the BHN scheme to 190 % in the TERS scheme. Spatially,
the activation simulation (ACT2) predicted large increases

i i in N1 in most boundary layer locations, including over the
Using the GEOS-Chem-TOMAS global aerosol micro- o oang while other cases (binary (BHN), ternary with the

physics model, we performed a series of 16 simulations withlo_s pre-factor (TERS)) predicted less dramatic increases
8 differing nucleation mechanisms (or pre-factors) and 2

4 Conclusions
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limited mostly to the continents. In particular, the lack of within 10 % of each other at both 50 and 100 nm CCN size
sufficient boundary layer nucleation in the BHN simulation thresholds.
caused BHN to be the least sensitiveNiy to nucleation. We explored the relationship between CCN concentrations
Enhancements of CCN(0.2 %) above the NONUC simu-and nucleation rates, on a global scale for all of the nu-
lation were less sensitive to the choice of nucleation param<¢leation scenarios plus an additional series of simulations
eterization, ranging from 49-78 % average increases in théhat included an extra 100 Tgy¥ of SOA available for con-
boundary layer. This 29 % difference in CCN(0.2 %) is non- densation. The boundary layer CCN(0.2 %) without the extra
negligible, but not especially large considering the large un-SOA varied only by 40 particles cnd (29 %) between all of
certainties (factors of 2) in other aerosol indirect effect pre-the nucleation simulations — a nucleation rate range of about
dictions. Because our results showed that binary nucleatiod orders of magnitude. The sensitivity range drops th? %
alone increases CCN(0.2%) almost as much as ternary awhen we eliminate nucleation parameterizations (BHN and
activation nucleation, this implies that free tropospheric nu-TER) known to exhibit serious biases compared to observed
cleation contributes a significant amount of the nucleation-nucleation rates. Despite this, even the slowest nucleation
derived CCN, similar to what was found in (Merikanto et al., simulation (BHN) increased CCN by about 50 % over the
2009). NONUC control simulation. This suggests that the presence
We explored the details of the aerosol physics in the globalf any nucleation theory in the model has a larger effect than
model to explain further the weak sensitivity of CCN to the the differences resulting from choice of nucleation param-
specific nucleation mechanism and nucleation rate. Given &terization. There are interesting exceptions, however, such
fixed budget of condensable aerosol mass (sulfate and SOAas the BHN and ION simulations, which have nearly iden-
any increase in CCN concentrations due to nucleation andical global-average nucleation rates but noticeably different
growth imply that the CCN or accumulation mode shifts to CCN formation, implying that survival probability is differ-
smaller sizes. Therefore, overall surface area is higher, leadent depending on when and where nucleation occurs. With
ing to two negative feedbacks on subsequent nucleation andxtra SOA, CCN(0.2 %) are much more sensitive to nucle-
growth events. First, higher surface area means higher coration, indicating that particles that normally would not reach
densation sink and slower growth rates. Second, higher coractivation sizes are indeed reaching those sizes when addi-
densation sink correlates with faster coagulation scavengingional SOA is available to enhance growth. We also find that
The net result of these two feedbacks is that it takes nucleCCN(1.0 %) are more sensitive to nucleation due to the capa-
ated particles longer to grow to CCN sizes, during which bility of smaller particles (30-60 nm, depending on compo-
time they are subject to more intense coagulation scavengingsition) to be activated and the greater ease with which nuclei
Therefore, with faster nucleation mechanisms, nuclei growcan reach these moderate sizes.
more slowly and are exposed to higher coagulation loss fre- Our model results indicate that nucleation makes a signif-
quencies for longer periods of time, limiting their survival icant contribution to aerosol number concentrations, includ-
to CCN sizes, and reducing the impact that nucleation ratesng CCN, but that boundary layer CCN are not very sensi-
would otherwise have on CCN concentrations. Both feed-tive to the choice of nucleation parameterization once obvi-
backs lower survival probabilities, and the net effect is oftenous outliers (BHN and TER) are excluded. Comparing the
dramatic. We showed that the full three-dimensional model'sresults of BHN and ACT simulations, it is clear that much of
predicted decrease in survival probability with higher nucle-the contribution to boundary layer CCN results from nucle-
ation rates quantitatively matched what would be expectedtion in the free troposphere, consistent with previous work
using a simple theory that accounts for these two feedbacks(Merikanto et al., 2009). The overall modest impact is due to
We use one year of model output for Hyytidla as an ex-a dampening effect on CCN from an increased aerosol Fuchs
ample of these feedback processes at work. We analyzeslurface area, subsequent loss of condensable vapors, and
one year of size distribution output for three ternary simula-the accompanying increase in coagulation scavenging. While
tions, TER5, TER3, and TER with different pre-factors tun- sensitivity studies such as the one we have presented here
ing their nucleation rates. These three scenarios representede useful, they are limited by the nonlinear nature of aerosol
incremental changes in the nucleation rates that allowed umodel processes. Future work must be aimed at directly de-
to observe effects of increased nucleation on other quantitermining the nucleation contribution to CCN through other
ties that effect growth to CCN sizes. Specifically, the growth methods.
rates in the faster nucleation cases (TER, TER3) were di-
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