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Abstract. Atmospheric cloud condensation nuclei (CCN) number of CCN ultimately generated. Therefore, a complete
concentrations are a key uncertainty in the assessment of thaeescription of the emissions size distribution is generally re-
effect of anthropogenic aerosol on clouds and climate. Theguired for global aerosol microphysics models.

ability of new ultrafine particles to grow to become CCN
varies throughout the atmosphere and must be understood in
order to understand CCN formation. We have developed the
Probability of Ultrafine particle Growth (PUG) model to an- 1
swer questions regarding which growth and sink mechanisms

control this growth, how the growth varies between different

parts of the atmosphere and how uncertainties with respe(j%\tmospheric particles influence the radiative balance of the

to the magnitude and size distribution of ultrafine emissions€a/th’s atmosphere by affecting the radiative properties of

translates into uncertainty in CCN generation. The inputs toc/oUuds (commonly referred to as the “indirect effect”) be-

the PUG model are the concentrations of condensable gase&2use cloud droplets form on a subset of atmospheric parti-
the size distribution of ambient aerosol, particle depositionCIeS known as cloud condensation nuclei (CCN) (Albrecht,

timescales and physical properties of the particles and cont989; Twomey, 1977, 1974). The uncertainty in the mag-

densable gases. It was found in most cases that condens@itude of the indirect effect is the largest contributor to the
tion is the dominant growth mechanism and coagulation with"Certainty in the overall radiative forcing change since pre-
larger particles is the dominant sink mechanism for ultrafinel"dustrial times. This uncertainty prevents accurate assess-
particles. In this work we found that the probability of a ments of the climate sensitivity due to radiative forcing (An-
new ultrafine particle generating a CCN varies frei.1% dreae et al., 2005; Menon, 2004; Schwartz, 2004). One of

to ~90% in different parts of the atmosphere, though in thethe leading causes of uncertainty in the aerosol indirect ef-

boundary layer a large fraction of ultrafine particles have afect is uncertainty in the CCN budget (i.e. the concentration

probability between 1% and 40%. Some regions, such as th8 CCN along with its sources and sinks).

tropical free troposphere, are areas with high probabilities; The ability of a particle to act as a CCN is determined by
however, variability within regions makes it difficult to pre- the supersaturation of water vapor along with the size and
dict which regions of the atmosphere are most efficient forchemical composition of the particle and is well described
generating CCN from ultrafine particles. For a given mass ofty Kohler theory (Seinfeld and Pandis, 1998; Sotiropoulou,
primary ultrafine aerosol, an uncertainty of a factor of two in €t al., 2006). For soluble particles, the activation diameter at
the modal diameter can lead to an uncertainty in the numbeP.2% supersaturation (representative of stratiform clouds) is
of CCN generated as high as a factor for eight. It was found@pproximately 75-120 nm. To first order, low and mid-level
that no single moment of the primary aerosol size distribu-Stratus clouds have the largest potential for changes in the ra-
tion, such as total mass or number, is a robust predictor of théliative balance of the earth because they cover much larger
areas than convective clouds and are, in general, not as opti-
Correspondence to: J. R. Pierce cally thick as convective clouds, which allows for a greater
(jrpierce@andrew.cmu.edu) change in albedo for a given CCN concentration increase
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1368 J. R. Pierce and P. J. Adams: Efficiency of CCN formation from ultrafine particles

Ultrafine CCN fective than others at generating CCN if they occur where
D. < ~100 nm D. > ~100 nm conditions are favorable. For example, areas with high con-
£ £ centrations of condensable gases and low concentrations of

Nuc'fatlon Condensation Primary existing CCN size_s particl_es would maximize the formation
E;’i's";?gls (@) O Emissions of CCN from ultrafine particles.

Coagulation with A number of global modeling studies have examined the

Deposition J smaller particles Coagulation effect of ultrafine particles on CCN concentrations. Adams

Coagulation Deposition  with '?’?e' and Seinfeld (2003) and Spracklen et al. (2005b) looked at

b particle the effect of emitting a small amount of the sulfur emissions

as primary sulfate in global models with online size-resolved
Fig. 1. Source, sink, and growth processes affecting ultrafine andmicrophysics of sulfate and sea-salt aerosol. They deter-
CCN particles. mined that the ultrafine primary sulfate increases the CCN
concentrations much more efficiently than if the sulfur was
emitted as sulfur dioxide gas. Stier et al. (2006) conducted
(Charlson et al., 1992). Therefore, in order for a particle toa similar experiment in a global model with online size-
act as a CCN, its diameter should be as large #0 nm. resolved microphysics of sulfate, sea-salt, carbonaceous and
The two main sources of aerosol number to the atmospheredust aerosol. Contrary to the earlier studies, they found that
are nucleation and primary emissions (Putaud et al., 2004the effect of emitting primary sulfate particles rather than sul-
Stanier et al., 2004). Because nucleated particles start in thiir dioxide was negligible. The difference in results was at-
atmosphere as tiny molecular clusters, they must undergtributed to the inclusion of the carbonaceous and dust aerosol
substantial growth to have an impact atmospheric on CCNn Stier et al. (2006); however difference in the assumed size
concentrations. Kerminen et al. (2004) performed a compardistribution between the studies may also contribute to the
ison of growth and sink timescales to determine the abilitydifferences. The size distribution of primary sulfate used in
for fresh nuclei to grow to Aitken mode sized particles; how- that work was larger, emitting fewer particles per mass of
ever, the growth from Aitken mode particles to CCN parti- emissions, but at sizes closer to the CCN activation diame-
cles was not assessed. Primary emissions of ultrafine partter. Pierce and Adams (2006) explored the ability of ultrafine
cles generally come from combustion sources (Bond et al.sea-salt to contribute to CCN concentrations estimating that
2004; Janhall et al., 2004; Rissler et al., 2006; Zhang et al.nearly half of CCN in the southern high latitudes may result
2005) but also have some natural sources such as ultrafinkom ultrafine sea-salt that grew to CCN sizes.
sea-salt (Clarke et al., 2006; O’'Dowd et al., 1997; Pierce and The size distributions of primary emissions to the atmo-
Adams, 2006). The sizes of particles emitted from combus-sphere are poorly constrained. Due to the regulatory empha-
tion sources depend greatly on the emissions source type, bgis on particulate mass concentrations, emissions of new par-
in general, most of these particles are ultrafin@@0nm), so ticles are often described only by their total mass while their
they must also grow to affect CCN concentrations (Janhall ekize distributions are undescribed or unmeasured. Global
al., 2004; Rissler et al., 2006; Zhang et al., 2005). aerosol models used for predicting particle and CCN num-
With a large fraction of new particles added to the atmo-ber concentrations have had to assume size distributions
sphere being too small to act as CCN immediately, it is im-for emissions of primary sulfate and carbonaceous aerosol,
portant to determine their ability to grow to CCN size in vari- thereby adding uncertainty to their predicted CCN budgets.
ous parts of the atmosphere. In order to do this, the processédoreover, the impact of these assumptions is difficult to
by which particles grow and processes that reduce aerosavaluate because larger particles grow more easily to CCN
number concentrations must be evaluated. As illustrated ifAdams and Seinfeld, 2002; Spracklen et al., 2005a; Stier et
Fig. 1, processes that cause ultrafine particles to grow tal., 2006). We wish to quantify the uncertainty that results
CCN sizes are condensation of gases and coagulation whilom assuming a size distribution for a given mass of emis-
processes responsible for reducing aerosol number concesions. More generally, we wish to investigate whether a sin-
trations are coagulation and deposition. A large portion ofgle moment of the aerosol size distribution (e.g. total number
the uncertainty in the CCN budget stems from largely un-or surface area) might be a robust predictor of eventual CCN
constrained estimates of how new ultrafine particles (definedormation.
here as particles smaller than a critical CCN diameter) grow This paper describes the development, testing and appli-
to sizes where they act as CCN. cation of the Probability of Ultrafine particle Growth (PUG)
The likelihood that an ultrafine particle will grow to CCN model that predicts the CCN formation efficiency from ul-
size depends on the competition between the rates of growttrafine aerosol as a function of ultrafine particle size, growth
and removal processes. The rates of these processes are sia¢e, and loss rate. This model was developed to be used
and location dependent. Because different sources of ultraas a stand alone model for quick calculations of the CCN
fine particles (e.g. nucleation and primary emission) occurformation efficiencies for a given set of atmospheric con-
in different parts of the troposphere, some may be more efditions. Several applications are illustrated here. First,
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CCN formation efficiencies are calculated across a range oparticles. The increase in mass of a particle of dizg by
tropospheric conditions. Second, the rates of the variougoagulation with smaller particles is given in Eq. (2).
growth and loss processes (Fig. 1) are compared to determine

whether any are dominant. Third, we use the PUG model - Ppo
to assess the uncertainty in eventual CCN formation from a =3 / K(Dpo,Dp)N(Dp)p(Dp)Df;de 2
given primary aerosol mass emission due to the uncertainty 0

in the primary aerosol size distribution. Finally, we ask what ) ) ) ) )
parameters of the primary aerosol distribution (e.g. surfacd this equationD,, is the diameter of the smaller particles,

area, total number, or complete size distribution) need to bek 1S the coagulation kernely is the aerosol number size
measured to reduce this uncertainty. distribution, andp is the particle density. This growth path-
way is favorable when there are a large number of ultrafine

The following section discusses the timescales of the var-__~.
particles.

ious processes of ultrafine particle growth and removal. Sec* . . . ) .
) . I A potential third growth mechanism for ultrafine particles
tion 3 describes the newly developed Probability of Ultra- . L ; L
. . . is by cloud processing including aqueous oxidation ob SO
fine particle Growth (PUG) model. Section 4 evaluates the . :

and cloud droplet collection. Cloud processing can allow a

PUG model against a box model with complete aerosol mi-~_ . : o L . .
. : o . particle with a high initial critical supersaturation to activate
crophysics. Various applications of the PUG model and their o :
X : . . at a lower supersaturation in a subsequent cloud cycle (Fein-
results are discussed in Sect. 5, and conclusions are given in ! . N )
gold and Kreidenweis, 2000). By definition, a particle un-
Sect. 6. . )
dergoing cloud processing has already acted as a CCN once.
Therefore, we neglect this mechanism here because we are
concerned with growth to the first activation event.
There are two major sink pathways for ultrafine particles.
The first is coagulation with larger particles, or “coagula-

The first path for ultrafi thi q i fl tional scavenging”. The loss rate of a particle of dry diameter
€ Tirst pathway Tor uttrafine growtn 1s condensation otlow- D,o due to coagulation with larger particles may be found
volatility gases onto the particle including,80,, HNOg, through Eq. (3):

NH3, and low-volatility organic gases. The increase of a par-

2 Ultrafine growth and sink processes

ticle’s mass from a condensing species is given by (Seinfeld 00
and Pandis, 1998): kesnk = rc—s}]kz / K(Dpo, D,)N(Dp)dD, 3)
Dyo

dm 2w Dp Dl‘ M,‘ . . . . .
o= Tf(Kn, @)(Pi — Peq) 1) In this equationkcsnkis the effective first-order removal rate
constant of particles with diametér,o due to coagulation
with larger particles, andcsnk is the timescale for this pro-
cess. This removal mechanism is fast when there are a large
number of accumulation and coarse mode patrticles.

The second sink mechanism for ultrafine particles is de-

rection factor for non-continuum effect&n is the Knudsen position,_including dry deposition, belgw-ploud and in-cloud
numberg is the accommodation coefficient of the condens- S¢2VeNaing by rain, and by cloud activation and subsequent
ing gas on the particley, is the partial pressure of the con- precipitation. The rates of these processes depend greatly on

densing gas ang,, is its equilibrium vapor pressure at the the size of the p_article, its Iocat!on in the atmosphere, and
particle’s surface. This mechanism of growth is most eﬁec_meteorology (Seinfeld and Pandis, 1998).
tive when the production rate of low-volatility gases (e.g. ox-
idation_ of SQ or organics) is high and the total surface areag 110 Probability of Ultrafine particle Growth (PUG)
of particles is low. model

The second process that contributes to the growth of ultra-
fine particles is coagulation. When two particles coagulate Here we describe the Probability of Ultrafine particle Growth
a single particle is formed with the mass of the two com- (PUG) model, which calculates the probability that an
bined particles; therefore, coagulation is both a growth andaerosol of a given initial diameter will grow to a specified
a loss process. For book-keeping purposes, we define th&CN cutoff diameter. The inputs to the model are a pre-
during a coagulation event, the smaller particle is removedexisting aerosol size distribution, the concentration of con-
and the larger particle survives and grows by the mass of thelensable gases, size-dependent deposition rates, aerosol and
smaller particle. The growth rate of a particle with respectgas physical properties, relative humidity, temperature, and
to coagulation is then a function of the rate of coagulationpressure. The pre-existing aerosol size distribution is held
with particles smaller than it and the mass of those smallerconstant and is required to calculate the coagulation growth

In this equations is the particle mass, is time, D), is the
particle diameterpD; is the diffusion coefficient of the con-
densing gas in aify/; is the molecular weight of the condens-
ing gas,R is the gas constant; is temperaturef is a cor-

www.atmos-chem-phys.net/7/1367/2007/ Atmos. Chem. Phys., 7, 1367-1379, 2007
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Size 1 Size 2 Size 3
Mass = M, Mass = 2M, Mass = 4M,
Tcd2x 1 Tcd2x,2 rcd2x 3
Tchx, 1 Tcg2x, 2 rchx, 3
Z-dsnk, 1 rcsnk, 1 Tdsnk, 2 Tcsnk, 2 Z-dsnk, 3 z-csnk, 3

Fig. 2. Overview of size discretization, growth processes, and loss processes in the PUG model. The timescale subscripts, cd2x, cg2x, dsnk
and csnk stand for condensational doubling, coagulational doubling, deposition sink and coagulation sink, respectively.

and sink rates. An important assumption inherent in the PUQt24) acting simultaneously is approximated by summing the

model is that it calculates the CCN formation efficiency from doubling rates in the numerator of the exponent. The denom-
ultrafine particles while holding inputs constant. In reality, inator of the exponential is the overall loss timescalgy,

the addition of new ultrafine particles changes the aerosoivhich combines the effects of both coagulation and deposi-
size distribution and condensable vapor concentration. Thesgon.

feedbacks are not accounted for in the model; however, inthe The probability of growth across several size sections

limit of small amounts of new aerosol, this is negligible. (from sectionm ton) is calculated as the product of the prob-

abilities of growth through each size section:
3.1 Probability of growth to larger sizes

n—1
Figure 2 describes the structure of the PUG model. Becausémn = l—[ Prick+1 ®)
growth and sink processes are size-dependent, the model cal- ke=m
culates the probability of aerosol growth through small dis- Equations (1) through (3) in the previous section may be used
crete steps in which the rates of the growth and sink pro-to determine timescales for condensational doubling, coagu-
cesses may be considered constant. The growth step sizéstional doubling and coagulational scavenging. To calcu-
are defined by a doubling of dry mass. The distribution of late the timescale to grow from one size section to the next,
background aerosol is also broken up into discrete size sed=gs. (1) and (2) are simplified by using a constant value
tions defined by dry mass doubling to simplify the coagu- of the diameter (represented by subsckipt) equal to 1.5
lation calculations. Probability of aerosol growth between times the initial mass during the mass doubling growth. This
two sizes is defined here as the fraction of ultrafine particlesagrees well with the results of a more accurate differential
that will grow from the smaller size to the larger size before equation solver. The resulting condensational mass doubling
they are removed. The probability of growth to the next sizetimescale is shown by the following equation.
category is determined by calculating the fraction of parti-

m
cles left after coagulational removal and deposition duringZed2xk = —7— u
the time that it takes the particles to double in mass through @i+
condensation and coagulational growth: _ mgRT ©)
1 1 1 277Dp,k+DiMif(Knk+v a)(pi — peq)
T2x (Tcd2xk + Tcgzxk) . . . L. .
Pri p+1 = eXp(——) = exp(— ) (4) In this equationn; is both the initial dry mass of the parti-

(Tt ot

Tsnk fcsnkk + fdsnkk

cle and the additional mass required to double its dry mass,
D, 4 is the constant wet diameter of the particle, &
is the Knudsen number of the wet particle.

The timescale for mass doubling by coagulation with
smaller particles is given by:

In this equation,Pr¢ x1 is the probability that the particle
will grow to double its mass (i.e. grow from size sectibn
to k+1), Tcdoxk is the time it would take the particle to dou-
ble its mass through condensation alonggx« is the time it

would take the particle to double its mass through coagula- _ 1 7
tion with smaller particlestgsnki is the effective first-order 792k~ 1 L Y
loss timescale of the particle due to deposition agghx > 27K (Dp i Dp j)Nj+5K(Dp s, Dp i) Ni

is the first-order loss timescale of the particle due to coag- =t

ulation with larger particles (first-order because the numbern this equationN; is the number of particles per unit vol-
of larger particles is held constant). The time it takes forume in thejth size bin. The first term in the denominator
the particle to double its mass due to both growth processeeepresents coagulation events with the smaller size sections.

Atmos. Chem. Phys., 7, 1367-1379, 2007 www.atmos-chem-phys.net/7/1367/2007/
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The factor of 2= represents the mass of the smaller sizedeposition before growing to the next size bin. We define the
sections each being a factor of 2 smaller than the previousCCN formation efficiency from ultrafine particles as:
The second term in the denominator represents coagulatiogﬁ _p P (11)
events with particles in the same size section. The factor of~ TUF,CCNTTTDep
1> accounts for the removal of one of the two same-sizedCombining Egs. (9) through (11) yields:
particles from the particle budget. .

The equation for the first-order particle loss timescale dueACCN = EfftasniAS (12)
to coagulation with larger particles in mass doubling sec-In this equationg gsnk is the number lifetime of CCN-sized
tional form is shown in Eq. (8). particles with respect to deposition. For regions with low

CCN concentrations, Eff is approximateBry r ccn, but in

Tesnkk= 1 (8) regions where the concentrations of CCN are high, Eff will
kmax be smaller due to removal of CCN by coagulation with larger
3K (Dp st Dp )Nkt > K(Dps, Dp IN; ~rticlas y coag g
j=k+1 p .

In Eqg. (8), kmax represents the largest size section in the .
model. The first term in the denominator represents coag4 Evaluation of the PUG model

ulation with particles in the same size section. The second , ) o
term accounts for coagulation with particles in larger size e tested the PUG model's calculation of the efficiency

sections. Deposition removal timescales must be specifie@92inst the same calculation done using a box model with

for each size range as no meteorology is calculated by th& full description of aerosol microphysics. This evaluation
model. spanned a wide variety of aerosol background distributions

and condensable gas concentrations. In this section we also
3.2 CCN formation efficiency from ultrafine particles explore the importance of the various growth and sink pro-
cesses.
Consider a steady flux of new ultrafine particles of a certain
size being added to an existing size distribution. These nevit-1 Box model

particles will grow through condensation and coagulation tOThe box model computes condensation and coagulation us-

create a new steady-state CCN concentration, larger than the . .
previous value. The increased CCN concentratin@CN, Ing the TwO-Moment Aerosol Sectional (TOMAS) micro-

: : physics model that has been used in the Goddard Institute
may be expressed as a function of ultrafine-to-CCN growth . . : :
probability, Pry  ccn: the CCN number lifetimer cen: and for Space.Studles General Clrpulatlon Model Il—pr|rr_1e (GIss
the emissions rate of ultrafines s GCM ll-prime) (Adams and Seinfeld, 2003, 2002; Pierce and

Adams, 2006). In the box model, a steady flux of an aerosol
ACCN = Pryp.coNTeeNAS (9)  distribution enters the box where the deposition lifetime is

specified. We assume a constant condensable gas concen-
The number lifetimezccn, includes both coagulation and tration. The model is initialized from an empty box until a
deposition as sink processes. It is convenient to re-expressteady-state aerosol size distribution is reached. This steady-
ACCN in terms of the CCN deposition lifetime, which typ- state distribution represents the resultant distribution in a
ically will be nearly equal to the aerosol mass lifetime com- well-mixed atmosphere if aerosol inputs, low-volatility gas
puted by global models. This happens because most aerosobncentrations and deposition rates are constant with time.
mass is in particles of CCN sizes, and the removal rate of The CCN formation efficiency of a given ultrafine particle
these particles is dominated by their wet deposition removakize is found from two box model simulations. In the “base
rate, which does not vary much with the size of CCN parti- case” simulation, the aerosol influx, condensable gas con-
cles. To do this, note that the probability that a particle thatcentration and deposition rates are chosen and a steady-state
grows to CCN size will be removed by deposition rather thandistribution is found. In the “ultrafine” simulation, a small

be removed by coagulation is: additional flux of the given size of ultrafine particles is added
to the base case influx causing a slight increase in the number
p _ ‘o p p 10 of CCN in the resultant steady-state distribution. The CCN
"Thep = . XC;:N TCCN.k 'Depk 10 formation efficiency formation is calculated from Eq. (12).

A disadvantage of the TOMAS box model compared to
In this equation,Prpep is the probability that a particle just PUG is that a given aerosol background distribution cannot
reaching the CCN cutoff will be removed by deposition, be specified a priori. In TOMAS, the number distribution of
CCN is the lowest size section in which the particles arethe aerosol influx may be specified, but the calculated effi-
CCN-sized,Prcen is the probability that the particle will - ciency corresponds to the resulting steady-state size distribu-
grow from size section CCN to size sectibnand Prpep,« tion in the box. This disadvantage, however, does not prevent
is the probability that a particle in biwill be removed by it from being a tool to evaluate the PUG model.

www.atmos-chem-phys.net/7/1367/2007/ Atmos. Chem. Phys., 7, 1367-1379, 2007
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Table 1. Typical aerosol size distributions in various areas in the atmosphere as described by Jaenicke (1993) and used in PUG model
evaluation.

Mode | Mode Il Mode llI

N Dp N Dp N Dp
Type [cnT3]  [um] loge  [em™3] [um] loge  [cm™3]  [um] logo
Urban 9.9%104 0.013 0.245 1.14103 0.014 0.666 3.64104 0.05 0.337
Marine 133 0.008 0.657 66.6 0.266 0.21 3.1 0.58 0.396
Remote Continental 3200 0.02 0.161 2900 0.116 0.217 0.3 1.8 0.38
Free Troposphere 129 0.007 0.645 59.7 0.25 0.253 63.5 0.52 0.425

4.2 Testing fields for PUG and box models particle. The efficiency in each plot asymptotically reaches

a maximum value when the coagulation sink timescale be-
To test the PUG model and the box model against each othegomes much longer than the 7 day deposition timescale such
efficiencies were calculated for a wide variety of aerosolthat deposition becomes the dominant removal mechanism.
backgrounds and 3604 concentrations. B0y is chosen  Note that the asymptotic maximum is much less than one
here as a representative condensable gas to facilitate thf the 0.1 ppt panel, implying that the 7-day deposition life-
comparison of the two models. This choice is not meanttime is significantly faster than the time it takes the ultrafine
to imply anything about its atmospheric importance relative particles to grow to the CCN sizes. As expected, the max-
to other condensable gases (e.g. SOA). Deposition lifetimesmum probabilities in each plot increase as theSBy con-
were taken to be seven days for all aerosol sizes. The aerosgkntration increases. The shape of the curve is approximately
distributions used for the air that flows into to the TOMAS sigmoidal, and the steep portion of the curve occurs when
box were the urban, marine, remote continental and free trothe coagulational scavenging process and the condensational
posphere distributions from Table 1 (Jaenicke, 1993) Th%rowth process are occurring at Comparab]e rates.
steady-state ambient aerosol distributions in the box model ~cN formation efficiencies from the box model and PUG

are different from the input distributions in Table 1 due {0 ,qqe| agree within 10% with larger relative errors occurring

processing by aerosol microphysics, mostly a reduction in¢ |ower efficiencies. Differences occur between the models
the number of the smallest particles (dry diamet®0nm) g 1o differences in the numerical solution technigues of the
via coagulation. To compare the PUG model to the TOMAS g6150] microphysical processes and how the size distribu-
box model using the same ambient aerosol fields, the steady;ong are discretized. The PUG model is easier to apply to
state distributions from the box model are use(_j as input 'momany applications than the box model because of its ability
the PUG model. The total number of particlés,in each of 4 specify an aerosol background. For this reason, we will

the input size distributions into the box model was scaled by, se the PUG model for the applications presented through-
a factor of 0.1, 0.3, 1, 3 and 10 to give 20 different aerosol, t the rest of this paper.

backgrounds. A total of 17 differentd30, concentrations

were used b.e.tween 0.001 and 10 ppt. ThEE, accommo- 4 4 Importance of growth and removal processes
dation coefficient was assumed to be 1. Aerosol density and
water uptake are calculated as if the particles were ammo-, | ... _
nium bisulfate (Nenes, et al., 1998; Tang and Munkelwitz,Add't'ona"y’ a variation of the PUG model, PUG-Coarse

: . PUGC), was also tested. The PUGC model is similar to
1994). The relative humidity, temperature and pressure wer e standard PUG model with the exception that the aerosol
taken to be 80%, 273 K and 1 bar, respectively. P

background is represented only by coarse particles with
4.3 Results of the comparison 10um dry diameter, the largest particle size represented in
this work. PUGC removes the influence of growth by co-
Figure 3 shows the CCN formation efficiency of 30 nm (dry agulation with smaller particles, isolating the effect of this
diameter) particles when the CCN cutoff diameter is 90 nm.growth mechanism when compared to the standard PUG
The 90 nm cutoff was used because it corresponded to ongodel. PUGC calculations spanned a wide range of condi-
of the mass doubling sizes in the model and is within thetions using aerosol backgrounds that give similar coagulation
range of CCN cutoff diameters in stratus clouds. A CCN sink timescales as those described in the previous section.
cutoff size in between the doubling sizes of the model may Figure 4 is similar to Fig. 3, but shows the results of the
also be used by modifying the equations in Sect. 3; how-PUG and PUGC simulations. In Fig. 4, the ambient aerosol
ever the 90 nm cutoff was used here for simplicity. The four distributions used in the PUG model are those used in Table 1
panels represent four different 8O, concentrations. The x-  (scaled in magnitude by the same 5 factors described in the
axis is the coagulation sink timescale for the original 30 nmlast section), rather than the steady-state distributions from

Atmos. Chem. Phys., 7, 1367-1379, 2007 www.atmos-chem-phys.net/7/1367/2007/
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Fig. 3. Comparison of the CCN formation efficiency of 30 nm diameter ultrafine particles for a CCN cutoff diameter of 90 nm between the
PUG model and the TOMAS box model (y-axis limits vary between panels). The coagulation sink timescale plotted on the x-axis is the
timescale for the original 30 nm particle. The squares are the PUG model results and the circles are TOMAS box model results.

the TOMAS box model, which reduced the number of small particles, generally those already past the CCN cutoff diam-
particles. The standard PUG simulations and the PUGC simeter, the coagulation sink timescale increases and the deposi-
ulations agree very well for nearly all points implying that tion timescale becomes the dominant removal mechanism.
coagulation with smaller particles is usually a minor growth

process. An exception to this is the five solid square points

in each figure, corresponding to the five scaled urban back® Applications and results

grounds described earlier. The urban background distribu-
tions have a large number of particles in the 10-30 nm range?
and coagulation of these smaller particles with the ultra-
fine particle in question causes significant growth. The re-
sults described here show that condensation is generally th
dominant growth mechanism, and only when there are ver
large numbers of small ultrafine particles will coagulational
growth play a major role.

1 Tropospheric CCN formation efficiencies

Figure 5 shows contour plots of the CCN formation effi-
ciency of 30 nm dry diameter particles when the CCN cutoff
giameter is 90 nm. This is shown as a function of the com-
Yined sink timescales (coagulation sink plus deposition sink)
and the combined growth timescales (condensation growth
plus coagulational growth). The plotted timescales represent
When the results of a given simulation lay on the asymp-the timescales for the original 30 nm particle. For reference,
totic part of the curve towards the right of each panel inwhen a 30 nm diameter particle doubles in mass, it is then
Fig. 4, the deposition sink dominates coagulational scaveng38 nm in diameter (assuming the density does not change).
ing and controls the CCN formation efficiency (i.e. the ef- Therefore, the growth rate of the 30 nm particle in nmh
ficiency does not increase even when the coagulation sinknay be approximated by dividing 8 nm by the mass doubling
diminishes). This occurs for the simulations with longest co-timescale (e.g. for a 10h timescale the growth rate would
agulation sink timescales. Because the points are largely ndte 0.8 nmh1). The efficiency depends on the evolution of
in the asymptotic part of the curve we conclude that the co-the coagulation timescales as the particle grows, which de-
agulation sink timescale is generally the dominant removalpends on the specified size distribution. Here we have used
mechanism for ultrafine aerosol number. However, for largerthe PUGC model to create a smooth efficiency surface. Using
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Fig. 4. Comparison the CCN formation efficiency of 30 nm diameter ultrafine particles for a CCN cutoff diameter of 90 nm between the PUG
and PUGC models (y-axis limits vary between panels). The coagulation sink timescale plotted on the x-axis is the timescale for the original
30 nm particle. The squares are the PUG model results (solid squares are for the urban distribution) and the black line is the PUGC results.

other size distributions will have only a minor effect on the and SOy concentrations from various parts of the atmo-
predicted efficiency. It is assumed that the aerosol composphere, taken from GCM grid cells within the spatial coor-
sition does not change as it grows such that the aerosol wadinates described below, were used to find the growth and
ter mass per unit dry mass remains constant and the aerost#moval times of the 30 nm patrticle. It should be noted that
density remains constant. The shape of the efficiency distrithe timescales plotted are for specific locations (grid cells
bution is asymptotic towards one for short growth timescalesin the GCM) and the corresponding CCN efficiency applies
and long sink timescales and asymptotic towards zero at lon@nly for that location. As particles are transported through-
growth timescales and short sink timescales. out their lifetime, the efficiency will change with their loca-
cltion. Boundary layer aerosol size distributions ang5By
concentrations were taken from the lowest model layer (be-
mospheric locations in the GISS GCM Il-prime with on- low ~930 mb) and free troposphere values were_taken f_rom
line aerosol microphysics (Adams and Seinfeld, 2003 2002_m0d¢| layers between .720 and 250 mb. The tropical regions
X ’ use timescales from grid-cells betweert £2and 12 N. The

Pierce and Adams, 2006). In the simulation used, there are .
. olluted boundary layer timescales were taken from surface
no carbonaceous or dust particles, only sulfate and sea-sall

aerosol, and bSO, is the only condensable gas; thus, the grid-cells in the Eastern USA (75V to 90°W and 32N
. S to 44 N) and Western Europe (1& to 25 E and 44 N to
timescales and efficiencies shown here are not completel

representative of the real atmosphere. However. we expe 6° N), the remote continental timescales were taken from
thgt the main points determined f?om tr.1is exercisé regardl?nct e surface grid-cells in the Northwest USA/Western Canada
the variability of CCN formation efficiency within regions of 9(1000 W to 120 W and 36 N to 60° N) and Siberia (70E

. A . to 120 E and 48N to 64 N) and the Southern Ocean

the atmosphere and between regions will still be valid when_. )
) ) timescales were taken from all surface grid-cells frorh 88

all of the species are included. The values used were PrO 6 S

duced by the CLRK simulation in Pierce and Adams (2006) '

and represent our “best guess” simulation of sulfate and sea- Figure 5 shows that, for the sea-salt and sulfate system, the

salt microphysics. Time-averaged aerosol size distributionsCCN formation efficiency in the atmosphere varies between

Overlaid on the contour plot are seasonally average
growth and sink timescales from grid-cells in various at-
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Fig. 5. The CCN formation efficiency for 30 nm diameter ultrafine particles with a CCN cutoff diameter of 90 nm plotted as a function of the
sink and doubling lifetimes. Overlaid are the timescales for various regions from the CLRK simulation in Pierce and Adams (2006) average
for (a) December, January and February @ojdJune, July and August.

very low (<0.1%) to high ¢90%) for growth from 30 nm to However, it is clear that during JJA the marine boundary
90 nm. Different ultrafine diameters and CCN cutoff diame- layer above the Southern Ocean is inefficient at generating
ters lead to different ranges of efficiencies but with variation CCN. In general, areas with little or no solar irradiance will
over similar orders of magnitude. As would be expected, thehave low efficiencies. The efficiency in the tropics (bound-
efficiencies in the tropical regions do not have much seasonadry layer and free troposphere) is generally larger than the
variation. Both the tropical boundary layer and the tropical mid-latitude locations and the tropical free troposphere is
free troposphere have a large span of predicted efficiencies dfomewhat more efficient at generating CCN than the tropical
CCN generation (from about 1% to 90%). The CCN forma- boundary layer. This may mean that nucleation in the free
tion efficiency for each mid-latitude region is higher during troposphere is more efficient at generating CCN than else-
its summer than winter. This is most notable for the Southernwhere in the atmosphere; however, without the large number
Ocean that has very low efficiencies during JJA due to slowof carbonaceous particles from biomass burning in the trop-
conversion of S@to H,SOy in these higher latitudes. ics and fossil fuel combustion in the NH mid-latitudes, these

Growth and sink timescales tend to be somewhat corre€Sults are inconclusive.

lated with the shortest growth timescales (i.e. fast conden; L o ) .
: . . S 5.2 Uncertainty in CCN from uncertainty in ultrafine emis-
sational growth) occurring with the shortest sink timescales Sions

(i.e. efficient coagulational scavenging) in the polluted conti-

nental boundary layer. Due to this weak correlation acrossp, general, greater emphasis has been placed on measuring

most aFmosphe'ric regions r.elgion's (ignoring the Sogthe_rr’the total mass of primary particle emissions than on measur-
Ocean in the winter), the efficiencies of CCN generation injq their number or size distributions. Emissions size dis-

the mid-latitude regions generally are bounded between 1%ihiions must be assumed in global models to make CCN
and 40% with a number of outliers in the remote continen- e ictions from the mass emissions, and errors in the as-
tal backgrounds. In general, the variability of the efficiency gmeq size distribution will lead to errors in predicted CCN.
within each atmospheric regime shown here is nearly as larggp,o uncertainty in CCN generation may be found using the
as the variability between the different atmospheric regionsp G model to determine the number of CCN that result from

This makes it difficult to determine whether various regions ihe aqdition of an uncertain distribution of ultrafine particles.
of the atmosphere are more efficient at generating CCN from

ultrafine particles than other regions.
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Fig. 6. Number of CCN generated pgg of emissions from two size distributions of primary ultrafine aerosol as a function of the gas phase
H>S0Oy concentration under four different aerosol backgrounds. The lognormal parameters describing the two emitted number distributions
are Dyg=20nm,0,=1.41 and =40 nm,o,=1.41.

The number of CCN formed from a distribution of new formation efficiency of these new particles may still be less

ultrafine particles is: than one if the CCN-sized particles have a short lifetime (see
00 Sect. 3.2).

Geen = / Eff(D,)Nur(Dp)dDp (13) The uncertainty in CCN formation due to uncertainty in
0 new ultrafine amount and size distribution can be found by

In this equation,Gcen is the number of CCN generated, evaluating Eq. (14) multiple times, spanning the range of
Eff(D,) is the efficiency of a new ultrafine particle gener- possible emissions amounts and size distributions. This is

ating a CCN as a function of the size of the new particle andS"OWn by exploring an example where ong of ultrafine
Nyr(D,) is the number size distribution of the new parti- aerosol is emitted to the atmosphere with an uncertain emis-
p

cles. In the discrete form of the PUG model, Eq. (13) takesSiO” size distribution. It is assumed that the emissions fol-
the following form: ' low a lognormal size distribution wherg=1.4. We assume

it is known that the geometric mean diameter,, Dof the

Kmax mode lies between 20 nm and 40 nm, roughly corresponding
Geen = Z Effe NuF (14) to our knowledge of urban traffic emissions. Although traffic
k=1 emissions are primarily composed of carbonaceous species,

In this equationk is the size-sectiorkmax is the largest size  for simplicity we have assumed that all particles are ammo-
section, Eff is the efficiency of a particle in size-secti@an  nium bisulfate. This does not affect our conclusions about
generating a CCN and/y r is the number of new parti- the uncertainty of CCN generation. Calculations were done
cles in size-sectiok. This method includes emissions into for 80% relative humidity at 273 K and 1 bar. The deposition
size sections larger than the CCN size cutoff and, althougHifetimes used here are 70 days for all ultrafine particles and
these are not ultrafine particles by our definition, the CCN5 days for all CCN particles. These values are representative
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0.35 \ \ \ ‘ ‘ ‘ Table 2. Values of B for several aerosol backgrounds and corre-
Efficiency:6.8E—7D3'O sponding BSOy concentrations.
0.3} P
IS Background Particles with ~ $80y B
© 0.25} . Dp>100nm [ppt]
2 [cm—3 STP]
5
=z 0.2 1 Urban 6500 1-10  0.6-2.3
8 Marine 74 0.01-0.1 0.6-4.0
S 0.15} [ 1 Remote Continental 1700 0.1-1 0.7-4.0
5y Free Troposphere 120 0.05-0.5 0.3-2.0
()
o 0.1r
b Temperature = 273K, Pressure = 1 bar, RH=80%
0.05}
olo—e—s—i". ‘ ‘ ‘ ‘ ticles is a poor predictor of CCN formation. However, it is
10 20 30 40 50 60 70 80 possible that another moment of the ultrafine emissions size
Diameter [nm] distribution (e.g. total number, surface area, etc.) may be

a robust predictor of CCN generation. This simplification
Fig. 7. The CCN formation efficiency as a function of the initial dry \yquld occur if the CCN formation efficiency varies with ul-

diameter of the ultrafine particle (CCN cutoff diameter = 90 nm). trafine particle size in a way that fits well to the following
An “urban aerosol” (Table 1) background was used ancb8® equation
& .

concentration of 0.5 pptv. The temperature is 273K, pressure i
1bar and RH is 80%. Circles are the probabilities predicted by theEff —A.DB (15)
PUG model and the line is the best fit to Eq. (15). o p

In this equation,A is a fitted pre-exponential facto, is
the initial diameter of the ultrafine ariglis a fitted exponent.

of particles in the global model in the work by Adams and The value ofB determines if the number of CCN generated
Seinfeld (2002) and Pierce and Adams (2006). from ultrafine emissions may be well predicted by a single

Figure 6 shows the number of CCN (with cutoff diam- moment of the aerosol distribution. For examples ifs two
eter of 90nm) generated from these emissions as a funcand Eq. (15) is substituted into Eq. (13), the number of CCN
tion of HoSO4 concentration for four different aerosol back- generated is a function of only the total surface area of the
grounds. HSOy is used here as a representative condensemissions. Similarly, i3 is one or three, the number of CCN
able gas to help illustrate the uncertainties in CCN generagenerated will be a function of only the total diameter of par-
tion. The uncertainty in CCN generated by the ultrafine emis-ticles or the total mass of particles, respectively. In the limit
sions is the difference between the two lines on each plot, anaf quick aerosol growth, total new ultrafine number becomes
there are conditions (albeit extremes) where the differenceshe best predictor of CCN generated and is represented in
in number of CCN formed are 1-2 orders of magnitude. TheEq. (15) asB approaches zero.
20 nm peak has eight times more particles per kilogram than To examine if any single moment of the aerosol size dis-
the 40 nm peak. In the limit of very high condensable gastribution gives robust results, we explore how the CCN for-
concentrations, all ultrafine particles grow to become CCN.mation efficiency depends on its initial diameter for different
Therefore, more CCN are formed from the size distribution atmospheric regimes. For a given aerosol background size
with the larger number of particles whenever the condensablelistribution and condensable gas concentration, the CCN for-
gas concentration is high. Conversely, more CCN are genermation efficiency of ultrafine particles is found for a number
ated by the 40 nm peak mode at low condensable gas corof ultrafine diameters and the valuesAfand B in Eq. (15)
centrations because the emitted particles do not have to growre found though fitting these data. An example of this fit
as much. For the aerosol backgrounds with low amounts ofor the urban distribution with an #5804 concentration of
accumulation-mode sized particles such as the marine and.5 ppt is shown in Fig. 7. For the conditions shown in Fig. 7,
free troposphere distributions, the coagulation sink timescales equals 3.0, so an accurate knowledge of the total mass of
for the ultrafine particles are long, so it does not require muchthe emitted ultrafine distribution would minimize the error in
condensable gas to grow the particles in the smaller distrithe CCN formation.
bution to CCN sizes before they are removed. For the urban To determine if one of the moments of the size distribution
distribution that contains many accumulation mode particles of ultrafine particles is best for determining the contribution
more condensable gas is required for growth before removako CCN, we repeated the above procedure for a number of

These results show that, except for the points in Fig. 6realistic aerosol backgrounds and their associated condens-
where the two curves cross, the total mass of primary parable gas concentrations (or condensation growth timescale).
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Because the condensable gas concentration (and corresportibn with smaller particles may be ignored unless the number
ing condensation growth timescale) is difficult to measure,concentration of ultrafine particles is high (ultrafine concen-
we will use a range for the #50; concentrations for each of  tration>10* cm~3). Using the aerosol size distributions pub-
the four Jaenicke (1993) distributions described earlier. Wdished by Jaenicke (1993), we found that the particle growth
extracted the ranges of80, from runs in the GISS-GCM  from coagulation between ultrafine particles cannot be ig-
II-prime with TOMAS (Pierce and Adams, 2006). Informa- nored when the ambient aerosol size distribution is similar
tion on the various aerosol backgrounds, gas concentration® their “urban” distribution regardless of the condensation
and resulting values a# are given in Table 2. rate. In nearly all regions of the atmosphere, coagulation
It is clear in Table 2 that the values 8fvary greatly de-  with larger particles is the dominant removal mechanism for
pending on the LSO, concentrations and atmospheric re- ultrafine aerosol number. In the most remote regions of the
gion. Therefore, it appears there is no single moment of theatmosphere (where accumulation mode particle concentra-
aerosol size distribution that consistently predicts the numbetions are less than 50 cm), the coagulational loss timescale
of CCN generated from ultrafine particles. In this investi- may be long enough to be comparable to the deposition rate
gation, SO, concentrations were given an order of mag- of ultrafine particles (which is usually on the order of tens of
nitude uncertainty for each aerosol background; a smalledays).
range of BSQO, concentrations would result in a smaller  The range of efficiencies of CCN formation was estimated
range of B values. The smaller range of,HO, concentra-  using input data from a global model with online sulfate
tions may be justified if more precursor gases (i.ep)@nd  and sea-salt aerosol microphysics. The CCN formation ef-
to be emitted in areas of higher aerosol surface area. Whildiciency was found to range from very low:0.1%) to high
this would cause the uncertainty B within each region to  (~90%) depending on the size that the aerosol was emitted
be reduced, there would likely still be variationsnbetween  and the characteristic growth and sink timescales of the re-
regions. gion of the atmosphere where the particle exists. There is
It is clear from this analysis that measuring total numbera weak correlation between the removal timescale and the
will in no case be the best predictor of the number of CCN growth timescale that keeps a large fraction of the efficien-
generated. Also, it seems unlikely that the other moments ofies of CCN generation in the mid-latitude boundary layer
the aerosol size distribution will consistently be good predic-between about 1% and 40% for an ultrafine size of 30 nm and
tors of CCN generation. Based on this analysis, two or threea CCN cutoff diameter of 90 nm. The CCN formation effi-
parameters of the emitted size distribution, if not the full dis- ciency increases in the mid-latitude regions from the winter
tribution itself, should be used in order to predict accuratelyto the summer. In regions where there is little to no solar irra-
the ultrafine particle’s impact on CCN. diance, the CCN formation efficiency is very low due to low
condensation rates. In general, the scatter in the CCN forma-
tion efficiency within individual regions of the atmosphere
6 Conclusions is comparable to the variability in the efficiency between the
various regions.
This paper has explored the efficiency with which new ul-  The uncertainty in the number of CCN generated due to
trafine particles grow to generate CCN in the atmosphereuncertainty in the size distribution of ultrafine particle emis-
Understanding the formation of CCN from new particles is asions was assessed using the PUG model. In certain con-
crucial step to understanding the CCN budget and the influditions, the uncertainty in the number of CCN generated per
ence of humans on climate through the maodification of cloudunit mass of primary particles may exceed an order of magni-
radiative properties. To help answer the questions regardingude given a factor of two uncertainty in the modal diameter
CCN formation, we have developed the Probability of Ultra- of the new aerosol size distribution. In general, there is no
fine particle Growth (PUG) model to predict the CCN for- single moment of the primary aerosol distribution (e.g. num-
mation efficiency of ultrafine particles. User-specified inputs ber, surface area, mass) that is a robust predictor of CCN
to this model are a fixed aerosol background size distribuformation. It appears necessary to have a more complete de-
tion, a constant condensable gas concentration and aerosstription of the primary aerosol size distribution to predict its
deposition lifetimes. The PUG model closely matched pre-impact on atmospheric CCN concentrations.
dicted CCN formation efficiencies of an aerosol box model _ .
with online microphysics. The PUG model has advantage cknowledgements. This research was supported by the United

tates National Aeronautics and Space Administration through
over the box model because the aerosol background may b&'ant RSP-0153-0289 and by the Environmental Protection
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ily to estimate CCN formation efficiency across a variety of rejiowship (91668201-0). The authors would like to thank the two

atmospheric regimes. anonymous reviewers for their very helpful comments that have
It was found that, in atmospheric conditions, condensa-helped shape this paper.

tion is generally the dominant growth mechanism of ultra-

fine particles. Growth of ultrafine particles due to coagula-Edited by: A. Nenes
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