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Abstract. Aitken mode particles are potentially an impor- clouds, in particular the number concentration and size of
tant source of cloud droplets in continental background ar-cloud droplets (Menon, 2004; Chen and Penner, 2005). Since
eas. In order to find out which physico-chemical proper- atmospheric aerosol particles act as nuclei onto which cloud
ties of Aitken mode particles are most important regardingdroplets are formed, these uncertainties are closely tied to our
their cloud-nucleating ability, we calculated the number of incomplete knowledge regarding the sources and physico-
cloud droplets formed on Aitken mode particl€),, with chemical properties of atmospheric aerosols (Lohmann and
an adiabatic air parcel model. The model output was anafeichter, 2005; McFiggans et al., 2006).

lyzed using a global sensitivity analysis method that quanti- Aerosol particles need to contain sufficient amounts of
fies and ranks the relative importance of the considered inpuivater-soluble material in order to form cloud droplets in the
parameters to the total variance @D;. The results show atmosphere. The minimum particle diameter required for
that unless the particle surface tension or the mass acconmacting as cloud condensation nuclei in the atmosphere is de-
modation coefficient of water is strongly reduced due to thetermined by complex interactions between cloud dynamics
presence of surface-active organics, the parameters descriind aerosol particle population, but varies typically between
ing the size distribution are generally more important than50 and 100 nm in the lower troposphere (Seinfeld and Pandis,
the particle chemical composition. In the absence of such1998). This size range is also characteristic for the Aitken
compounds, the chemical composition may have roughly armode particles, the physico-chemical properties of which de-
equal importance with the size distribution only at low up- pend strongly on the aerosol origin. Given that the Aitken
draft velocities characterized by maximum supersaturationsnode particles often make dominant contribution to the total
below 0.1%. Furthermore, the largest source of variability particle number concentration in the size rangs0 nm in

is generally the particle number concentration, followed by continental areas (Tunved et al., 2003), it is therefore highly
the particle size. The performed sensitivity analysis revealediesirable to understand the connection between the Aitken
that the variability of the particle chemical composition may mode particles and the cloud microphysics in these areas.
dominate the total variation @D if: 1) the value ok varies The climatic effects of Aitken mode particles, formed
at least one order of magnitude more than what is expectegither in the atmosphere or emitted from surface-based
for pure water surfaces (18-1), or 2) the particle surface sources, can be quantified with regional and/or or global
tension varies more than roughly 30% under conditions closgnodels (e.g. Adams and Seinfeld, 2002; Spracklen et al.,
to reaching saturation. 2005; Stier et al., 2005). Due to the various spatial scales
involved, microphysical processes have to be described in
a computationally efficient way while simultaneously main-
taining a sufficient level of accuracy in such models. To
make an optimal compromise between computational costs

One of the main sources of uncertainty in current predic-and realism, the key parameters governing the climatic ef-
tions concerning the climate change arises from large diffi-fects of Aitken mode particles should be identified, and most

culties in predicting reliably the microphysical structure of Qf the effort should be devoted to capturing acgurately the
time development of these parameters. To this end, our
Correspondence tof. Anttila aim is to give an answer to the following question: “which

(tatu.anttila@fmi.fi) physico-chemical properties of Aitken mode particles are
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most important regarding their contribution to cloud droplet The PCM is a technique that quantifies the sensitivity of
number concentrations?”. Providing an answer to this questhe model output to uncertainty or variability in the input
tion would help us to prioritize the research needs also in theparameters values. In order to save computing time com-
field of experimental aerosol research. pared with a full Monte Carlo analysis, the model output is

We approach the problem by investigating the sensitiv-approximated by polynomials termed as polynomial chaos
ity of the number concentration of cloud droplets formed expansions (PCEs), the terms of which are functions of the
on Aitken mode particles to the physico-chemical proper-considered input parameters. Free coefficients in the PCEs
ties of these particles. The approach relies on performingre determined so that the PCEs give an optimal approxima-
model calculations with an adiabatic air parcel model andtion for the true model output in the high probability regions
analyzing the model output with the probabilistic colloca- Of the parameter space. The required statistical properties of
tion method (PCM), a tool for sensitivity analysis (Tatang et the model output can be readily extracted from the PCEs, al-
al., 1997). Here we would like to note that studies adopt-lowing for a global characterization of the model sensitivity.
ing somewhat similar approaches have been conducted pre-
viously (e.g. Feingold, 2003; Rissman et al., 2004; Ervens e-1 Air parcel model
al., 2005 and references therein; Chuang, 2006). However,
the approach of the current paper is novel in two ways. First,The applied AAPM has been described in detail by Anttila
the focus is solely on the impact of Aitken mode particles to@nd Kerminen (2002). Briefly, the model solves equations
cloud microphysics and not that of the whole particle popula-governing the time development of a population of aerosol
tion. This choice is largely motivated by the current researchParticles and cloud droplets in an air parcel that rises adiabat-
interest in new particle formation and its climatic implica- ically with a constant velocity. The particle size distribution
tions (Kurten et al., 2003; Kulmala et al., 2004; Kerminen et is assumed to consist of an Aitken and accumulation mode,
al., 2005; Spracklen et al., 2006). Second, we employ a so@nd particles are divided into two separate grids with 100 size
called “global” method for sensitivity analysis, in contrast to Pins each according to their mode. This allows for a straight-
“local” methods used in the above-cited studies. There ardorward determination o€D; at the cloud top. The ther-
dedicated papers discussing the differences between thedaodynamic driving force behind the growth or evaporation
two approaches (e.g. Saltelli, 1999a, b), and thus it suffice®f a particle/droplet during an air updraft is the difference
to point out two major advantages of the “global” method (S—Seq), whereS is the saturation ratio of water vapour and
over the “local” one: 1) the model sensitivity to uncertainty Seq IS the equilibrium saturation ratio of water over the par-
or variability in the input parameter values is quantified over ticle/droplet surface. The former quantity, is determined
the whole parameter space or over a parameter space regioany a balance between the cooling of the air parcel and trans-
and 2) the net effects of simultaneously varying input pa_fer of water vapour onto particles and droplets. The quantity
rameters are accounted for. Furthermore, we focus on condeq in turn, is calculated using thedkler equation (Seinfeld
ditions typical to continental background air masses. Newand Pandis, 1998) and is a function of the particle/droplet
particle formation takes place regularly under such condi-Siz€ and its chemical composition. To be more specifig,
tions and the newly-formed particles, after their growth to depends on the particle/droplet surface tension, solution non-
Aitken mode sizes which occurs typically over timescales ofidealities and the number of molecules dissolved into the
5-50 h, are able to contribute to the cloud droplet concentraddueous phase. For a particle with a given mass, the last of
tions (Komppula et al., 2005 and references therein; Kermithese quantities depends on the density and molecular weight
nen et al., 2005). Consequently, the results of the study ar8f the solute molecules as well as on their tendency to disso-
directly relevant to understanding the climatic effects of newciate in the aqueous phase.
particle formation taking place over large parts of the globe.  Following previous modeling studies utilizing an adiabatic

air parcel model, we quantify the sensitivity of the cloud
droplet formation to the particle chemical composition by as-
suming that particles contain only a single solute (Feingold,
2 Approach 2003; Ervens et al., 2005). It is also assumed that the solute
dissolves entirely into the aqueous phase. Slightly-soluble
We approach the problem by a combination of model simula-compounds, which dissolve only partially, are not consid-
tions performed with an adiabatic air parcel model (AAPM, ered because the effects of limited solubility are clearly ex-
Anttila and Kerminen, 2002) and sensitivity analysis using ceeded by those of varying soluble mass fraction (Ervens
the probabilistic collocation method (PCM, Tatang et al., et al., 2005; McFiggans et al., 2006). Furthermore, our
1997). The AAPM is used to predict the number concen-model does not account for the surface/bulk partitioning of
tration of cloud droplets formed on Aitken mode particles, the solute which may influence the cloud-nucleating abil-
CD,, during an air updraft. Here input parameters describ-ity of particles (Sorjamaa et al., 2004; Kokkola et al., 2006;
ing the physico-chemical properties of Aitken mode particlesSorjamaa and Laaksonen, 2006). This is because the parti-
are treated as independent random variables. cle/droplet surface tension is assumed to be constant in the
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model (Sect. 2.3), whereas the surfactant partitioning can berable 1. Legendre polynomialsk,) contained by Eq. (2) and the
calculated only if the surface tension is allowed to depend oNpteqraise (P,) and E(P2) (Eq. 3)
; .3).

the solute concentration (Sorjamaa and Laaksonen, 2006).

2.2 Application of PCM

Comprehensive descriptions of PCM can be found in the

literature (Tatang et al., 1997; Isukapalli, 1999; Lucas and
Prinn, 2005), and therefore only a brief outline is given here.
In our application, the goal is to find a PCE that approx-
imates InCDy). The natural logarithm o€D, is approxi-
mated rather tha@D; in order to avoid unphysical predic-
tions that might arise when approximati@gp, with polyno-
mials. We treat all varied input variables or, if the value range

Order Py (x) E(P.) E(P?)
0 1 1 1
1 x 0 1/3
2 1/2x (3x2—-1) 0 1/5
3 1/2x (5x3—3x) 0 17
4 1/8x (35x4—30x2+-3) 0 1/9

The coefficientsg, o j k, 8« andy j ; are determined as

is more than one order of magnitude, their logarithms as unizq)iows, FirstCD, is calculated using the AAPM in certain

formly distributed random variables, i=1,... N, whereN

is the number of the varied input parameters. Furthermore
in order to simplify calculations, we re-scale the varialies
so that they are all distributed uniformly in the rangel]

1] and consequently a new set of random varialgless ob-
tained:

2¢; — (b; + a;)
(bi —a;)
where [;,b;] is the value range ap;.

)

Vi = 1)

points of the parameter space. In our case, these so-called
collocation points are formed from the roots of fifth order
Legendre polynomials (Tatang et al., 1997). In the standard
formulation of PCM, the number of model runs used to de-
termine coefficients in Eq. (2) is equal to the number of co-
efficients (Tatang et al., 1997). In order to increase the accu-
racy of the PCEs, we performed twice that many simulations
(Isukapalli, 1999). By substituting the model-generated out-
put to the left-hand side of Eq. (2) and the corresponding

The PCEs generated here consist of a sum of orthogond['Put Parameter values to the right-hand size of Eq. (2), we

polynomials which are functions af; and depend on the
probability distributions ofyr;. For random variables dis-
tributed uniformly in the range-{1, 1], the corresponding
orthogonal polynomials are Legendre polynomials (Table 1).
The accuracy of a polynomial approximation increases gen
erally with increasing order of the polynomials, but conse-

obtain a set of linear equations for the coefficiems o «,
Bj.x andy ; . The system is solved using the singular value
decomposition technique which yields also an optimal agree-
ment between the model and PCE in the collocation points in
the least-squares sense (Press et al., 1992).

I is a random variable which approximates the original

quently also the computing time increases. Hence, in ordefModel output, and therefore several useful statistical prop-
to keep the computational burden reasonable while maximiz€rties describing the model behavior can be extracted from
ing the accuracy, PCEs used here are of fourth order with reEd- (2) once the coefficients have been determined. The sub-

spect to homogeneous terms and of third order with respect€duent results are based on calculating the following inte-
to cross terms. Ternary or higher order productg pfre not ~ 9rals:

considered. Consequently, the generated PCEs faDs)
have the following form:

4 N
F=ao +) > ojPi(n)

1
e =1 [ Pita
(Py) 2 w (x)dx,
1

®)

j=1k=1 .
N—1 N where E(P)]) is the expectation value of n-th order Legen-
+ Z Bk Pr(Yi) PL(Y ) dre polynomial which is raised to the j-th power. The values
k=1 j=k+1 of the required integrals are shown in Table 1. By using the
N N independency of the variablas; and the orthogonality of
+ Z Z ik PL(Y) P2(Yr ). 2) Legendre polynomials, the expected vald&¥I"), and vari-
k=1 j=1, j#k ance, Varl"), readily follow:

Hereag ande ;. are coefficients related to the homogeneous

part of the PCEP; is j-th order Legendre polynomial (see EM) = oo,

Table 1), ang8; x andy ; « are coefficients related to the het- N

erogeneous part of the PCE. It should be noted that PCEs cawar(T") = (%afj + %a%j. + %agj + S—l,afj> (4)
be also used to parameterize model output (e.g.Ceatlal., j=1 ' ’ ’

1998; Mayer et al., 2000), but here we use PCM solely as a 41 Nt % g2, 4 1 % % 2

tool for sensitivity analysis. e R R L W Y Vik:
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Table 2. Investigated parameters, their abbreviations and ranges over which their values were varied. All the parameters refer to Aitken

mode particles and not to the whole particle population.

Parameter Abbreviation “BASE” “MACRO” “FILM”
Geometric standard deviation og 1.3-1.9 1.3-1.9 1.3-1.9
Total particle concentration (cfi?) CN 10-10000 10-10000 10-10000
Particle mean diameter (nm) Dy, 50-100 50-100 50-100
Average molecular weight (g mot) MWayg 60-250 60-600 60-250
Water-soluble mass fraction e 0.25-1.0 0.25-1.0 0.25-1.0
Particle dry density (g cm®) 0 1.0-2.0 1.0-2.0 1.0-2.0
“Effective” Van't Hoff factor vd 1-3 1-5 1-3
Particle surface tension (NTﬁ) oy 0.05-0.072 0.02-0.072 0.05-0.072
Mass accommodation coefficient o 1072-1 1021 1031

As seen, the expression for VR)(includes a summation 0.2, 0.4, 0.6, 0.8 and 1.0 m/s. We also generated PCEs for
over N, which provides a means to decompose the total varidower updraft velocities, but the accuracy of the PCEs were
ance into the contributions from each varialple notably worse compared to results obtained ¥ar0.2 m/s.

The reason for this is discussed in detail in Sect. 3. However,

1 1 1 1 1 X B : : imi id
Var(y;) = 5“%:’ i ‘“5,1' i —05%,1' 4 ‘O‘ii i 5 Z Pji we emphasize that the choice does not limit the validity of
=1

5 7 9 <2 our conclusions, since the obtained results show a coherent
J=Lj#i . .
N 2 2 behavior that can be extrapolated to smaller updraft veloci-
+i Z (& + h) (5) ties.
15 J=1,j#i 2 2 Varied model parameters describing the physico-chemical

L . ) properties of the Aitken mode particles are shown Table 2.
The fac_tor 1/2 appearing in the |ast wo terms in the rlght'Our focus is on particles that are able to act as CCN at su-
hand side of Eq. (2) '?c'. due_ tq th? fact t.h”ﬁt .and."[’j persaturations characteristic for clouds formed in continental
have the same probability distribution, which implies that background areas, and we have utilized available empirical
the cross-terms contributions distribute evenly between thesﬂata in choosing the value ranges over which these param-
varlables._ Expr_essmn_ ©) IS of ce_ntral importance to the fur'_eters vary. Attributing specific probabilities to different pa-
ther considerations, since it provides a measure to the CoNtriz) eter values is not. however possible at the present due
bution of each varied model paramegerto the total variance to large gaps in the current knowledge regarding the statisti-

in the model output. cal distribution of the properties of atmospheric Aitken mode
particles. Rather, only a value range can be ascertained with
confidence. Accordingly, it was assumed that all the varied

Here the focus is on the properties of Aitken mode particles,Parameters are distributed uniformly, exclud®@ anda of
not those of larger background particles. Therefore we asWhich values span several orders of magnitude. In order to
sume that the background particles comprise a single modgetter account for the larger varia.bility, it_ was a.ssumed that
with constant properties characteristic to continental remotéhe logarithms oCN anda have uniform distributions.
areas. Thus, the background mode particles consist of am- The parameters listed in Table 2 can be divided into two
monium bisulfate and have mode mean diameter of 200 nmgroups: those describing the modal properties of Aitken
total number concentration of 250 crhand geometric stan- mode particles (first three parameters) and those related to
dard deviation of 1.45. The surface tension of backgroundheir chemical composition (last six parameters). The pa-
particles and droplets formed on them is assumed to be equahmeters belonging to the first group are the number con-
to that of pure water. In addition, the mass accommodatiorcentration of Aitken mode particle€N, and the mean size
coefficient of water onto background particles and dropletsand geometric standard deviation of the Aitken mobg,
formed on them is set equal to unity. ando g, respectively. The value ranges of these parameters
The updraft velocity of an air parcel,, is a crucial model are chosen according to the particle size distribution mea-
parameter which determines, together with the aerosol popsurements conducted in continental background areas (e.qg.
ulation, the number concentration of cloud droplets formedTunved et al., 2003) and represent thus observationally con-
during an air ascent. In order to explore a range of supersatustrained value ranges. Here we would like to point out that
rations and to improve the accuracy of PCEs, the PCEs werene factor influencing the number of cloud droplets formed
generated separately for each applied valug efhich were  is the particle mixing state (Rissman et al., 2006). The issue

2.3 Performed sensitivity studies
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is relevant since the water solubility of the particle matter choice would suggest. As seen later, however, adopting such
is modeled here using more than one component by divida large value range does not affect our conclusions.

ing the particle dry mass into soluble and insoluble fractions. Examples of organic compounds that meet the above-
The mixing state of a particle population is a qualitative con-mentioned criteria are various alcohols, polyols, ketones,
cept, however, and as such cannot be incorporated into thaldehydes and acids containing one or two functional groups
current framework. Therefore it is assumed that particles ar¢Saxena and Hildemann, 1996). The maximum allowed re-
internally mixed, but we acknowledge the fact that the ef-duction ingo; is consistent with surface tension measure-
fect of varying particle mixing state is not captured by our ments of atmospherically relevant organics at relatively di-
approach. lute solutions (Shulman et al., 1996; Facchini et al., 2000;

The varied parameters related to the particle chemicalluckermann and Cammenga, 2004; Eywnen et al., 2006;
composition include the soluble mass fraction, density andSalma et al., 2006; Svenningsson et al., 2006). It should be
number-averaged molecular weight of the matter comprisingnoted that surface tension is a dynamic parameter which de-
the Aitken mode particless, p, and MWayg, respectively.  pends on the particle size and relative humidity (Ervens et al.,
These parameters include also the so-called “effective” Van'2005; Asa-Awuku and Nenes, 2007; Dinar et al., 2006). We
Hoff factor, v®, which is the product of the osmotic coeffi- have assumed, however, that the value pfs constant dur-
cient of the soluteg, and the number of ions resulting from ing a model run, i.e. it does not depend on the particle/droplet
dissociation of a solute molecule in the aqueous phase, size or its composition. This allows for assessing unambigu-
The remaining two parameters in this group are the surfaceusly the importance of; in the considered value range.
tension of the Aitken mode particles and droplets formed onBecause particles dilute rapidly during cloud formation, the
them, o, and the mass accommodation coefficient of watersurface tension of particles and droplets approaches that of
onto the surfaces of the Aitken mode particles and resultingvater as the cloud develops. Consequently, the assumption
droplets . regarding constancy ef; overestimates the effect of organ-

A proper choice of the value ranges of the last six pa-ics to the particle/droplet surface tension to some extent. It
rameters listed in Table 2 is problematic due to the organicshould be further noted that the valuecofs kept constant
aerosol component which is not completely characterizedn a similar manner even though it is expected to depend on
at the present. Therefore it was decided to make severahe particle/droplet size and composition (e.g. Feingold and
sensitivity studies with the same approach but using differ-Chuang, 2002). As in the case of the surface tension, the
ent value ranges for the most poorly-constrained parameestimated importance of represents consequently an upper
ters. The first sensitivity study can be viewed conserva-limit.
tive because the full variability in the chemical composi- The soluble mass fraction, in atmospheric Aitken mode
tion of atmospheric aerosols is not accounted for. We ternparticles is poorly constrained as well, and indirect mea-
this scenario as “BASE”. Since this scenario may under-surements on the chemical composition of sub-100 nm par-
estimate the importance of the particle chemical compositicles suggest that can be even lower than the minimum
tion, we performed two additional sets of sensitivity stud- value chosen here, 0.25 (Svenningsson et al., 1997; Ehn
ies, called “MACRQ” and “FILM". In these scenarios, we et al., 2007). However, given that the model solute com-
adopted larger value ranges for certain input parameters. pound in the cited studies was ammonium sulfate, soluble

The “BASE” scenario is based on the following assump- fractions<0.25 translate to critical supersaturation8.5%
tions: particles do not contain 1) macromolecules having afor Aitken-mode sized particles. The range is clearly higher
large molecular weight=250 g/mol), 2) compounds hav- than the maximum supersaturations reached at continental
ing more than two carboxylic groups, 3) surface-active com-environments with updraft velocities1.0 m/s (Seinfeld and
pounds that decrease the valuergimore than roughly 30%, Pandis, 1998), and therefore such particles cannot be re-
or 4) surface-active compounds that are able to form a thickgarded as “potential” CCNs under conditions relevant to this
film onto the particle/droplet surface and thereby reduce thestudy. Regarding the particle dry density,the range cho-
value ofa below the range that has been reported for puresen here spans the range expected for atmospheric aerosols.
water surfaces~0.01-1.0, see Laaksonen et al., 2005, andTaken together, the discussed choices limit the value ranges
references therein). Regarding the last assumption, it shouldf MWayg, p, v®, o; anda to those shown in Table 2.
be pointed out that the value range represents the variation in The second sensitivity study, the “MACRQ” scenario, dif-
the whole data set, and that the recent droplet growth studfers from the “BASE” scenario by larger value ranges ap-
ies conducted at carefully controlled conditions indicate thatplied for the parameterMWayg, v®, o anda (Table 2).
the value is close to unity (Laaksonen et al., 2005; Wagner eThe larger value ranges reflect the findings that atmospheric
al., 2006). In particular, smaller values measured on heteroaerosols, including Aitken mode particles, may contain poly-
geneous uptake experiments may be prone to errors due tonctional compounds with large molecular weights and abil-
ill-defined boundary conditions (Kulmala and Wagner, 2001;ity to act as effective surfactants (Facchini et al., 1999;
Laaksonen et al., 2005) and therefore the real uncertaintgsraber and Rudich, 2006, and references therein). The
associated with the value of is probably smaller than our upper limit for MWayg, 600 g/mol, is chosen according to

www.atmos-chem-phys.net/7/4625/2007/ Atmos. Chem. Phys., 7, 46332007
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seems to suggest that the MW distributions have a maxi-
mum value below 600 g/mol in these experiments (Graber
and Rudich, 2006). Since we assume only a single solute in
the AAPM, the use of larger solute MWs may thus grossly
overestimate the atmospherically realistic range of number-
averaged MW, the fundamental quantity here (Dinar et al.,
2006), and may therefore also overestimate the variability
arising from MW. For these reasons, the valuéviWayg is

not varied by more than one order of magnitude. The max-
imum value ofv®, in turn, is based on the properties of a
standard Fulvic acid compound that has been used in several
studies as a model compound for aerosol-bound polyfunc-
tional compounds (Mircea et al., 2002; Nenes et al., 2002).
Finally, the lower limit foro s, 0.02 N/m, is chosen according

to the estimate of Ervens et al. (2005) for the maximum re-
duction of the droplet surface tension due to the presence of
organics at relative humidities close to 100%.

The third scenario, “FILM”, differs from the “BASE” sce-
nario only by the larger value range @f{Table 2). The min-
imum values adopted here are based on available experimen-
tal evidence suggesting that the mass accommodation coeffi-
cient of water on atmospheric aerosols can be as low a3 10
(Chuang, 2003, and references therein). The possible value
range spans thus five orders of magnitude. However, in the
discussed scenario, “FILM”, the minimum value @fwas
decreased only down to 18, and the reason for not using
smaller values is discussed in Sect. 3.2.3.

2.4 Validation of the method

The validity of our approach was evaluated as follows. For
each PCE generated, we performed 750 additional AAPM
simulations, in which the considered input parameters were
varied randomly according to their probability distributions.
The results were compared with the corresponding predic-
tions of the PCEs. Based on the AAPM calculations, prob-
ability density functions (PDFs) fo€D, were then con-
structed, and these PDFs were compared with PDFs obtained
by sampling from the corresponding PCEs. Finally, the PCE

Fig. 1. A comparison of INCD,) predicted by the adiabatic air par- and model-based expected values and variances @Di)(
cel model and by the corresponding PCEs. The scenario is showM/€reé compared.
in each plot, and the updraft velocity'} is shown in the legend.

Furthermore, 1:1 line is added to each plot to guide the eye.
P 9 y 3 Results

3.1 Performance of the PCEs
experimental information on the number-averaged molecu-

lar weight of humic-like substances (HULIS) extracted from Figure 1 shows a comparison of the true model output and
atmospheric aerosols (Dinar et al., 2006). Although severatorresponding PCE-based predictions fodbg). Further,
studies indicate that larger macromolecules with MWs overthe corresponding coefficients of determinatio®, are
1000 g/mol can be present in aerosols (Graber and Rudichlisplayed in Table 3. The comparison has been made for
2006, and references therein), we use a smaller limit for thdn(CD2) and not forCD», since InCDy) is the approximated
following reasons. First, the studies reporting the large MWsmodel output. Results are shown for all the three scenar-
are mainly smog-chamber experiments in which conditionsios and for three updraft velocities (V=0.2, 0.4 and 1.0 m/s).
may not be entirely representative to those in the atmospher&he average maximum supersaturations in the AAPM calcu-
(Graber and Rudich, 2006). Second, the available evidenctations for these three updraft velocities were around 0.12,
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Table 3. The average maximum supersaturation reached during simulations, coefficients of determifatiefative errors in the expected
values and total variances of @D») (E[IN(CD,)] and Var[In(CDy)], respectively) for updraft velocitieg=0.2, 0.4 and 1.0 m/s.

“BASE” “MACRO” “FILM”
V (m/s) 0.2 0.4 1.0 0.2 0.4 1.0 0.2 0.4 1.0
AverageSSnax (%) 0.12 0.16 0.28 0.12 0.15 0.27 012 0.17 0.29

0.78 083 094 08 077 083 079 081 0.82
Error in E[IN(CDy)] (%) 6 08 0.6 1 06 03 12 8 2
Error in Var[In(CD5)] (%) 5 11 1 10 3 3 14 0.3 15

0.16, and 0.28%, respectively, regardless of the scenarigput. In addition, the peak of the PDF is notably shifted to
These values compare favorably with estimated supersatusmaller concentrations in the “BASE” and “FILM” scenar-
rations reached in continental clouds (Pruppacher and Klettios. These discrepancies are caused by the “threshold” be-
1997; Cantrell et al., 1999). havior discussed above. However, the agreement improves
As can be seen from Fig. 1, the PCEs approximate thgapidly whenV increases and as Fig. 2 illustrates, a very
true model output generally well in all scenarios, showing good agreement is reached for higher updraft velocities.
that the algorithm for determining PCEs was properly im- The PCE and model-based expected values and vari-
plemented. The correspondiRf values ranged between ances of InCDy), E[In(CD,)] and Var[In(CD,)], respec-
0.78 and 0.94 (Table 3). Figure 1 and Table 3 show also thatively, were also compared, and the relative errors in predict-
the degree of agreement is fairly independent of the scenaridng E[In(CD2)] and Var[In(CD,)] are shown in Table 3. As
Furthermore, the largest errors take place for the smallest upseen,E[In(CDy)] is reproduced accurately in most of cases,
draft velocity, 0.2 m/s, and the degree of agreement generallgnd the maximum error is 12%. Errors in Var[G,)] are
increases with increasing. This result can be explained generally slightly larger, the maximum error being 15%.
in the following way. At low updraft velocities, no cloud Results shown in Figs. 1 and 2 and in Table 3 provide a
droplets are predicted to be formed on Aitken mode particlescomprehensive characterization of the accuracy of the PCEs
in large parts of the parameter space due to low supersaturgienerated. To summarize, in spite of the biases exhibited by
tions reached during an air ascent. On the other hand, smathe PCEs at low updraft velocities, the agreement is sufficient
changes in the input parameter values may produce notablg® warrant the conclusions based on the sensitivity analysis
changesirCDy, such thaCD, increases or decreases steeply which is discussed next.
with the changing value of the parameter. TR3, exhibits
a “threshold behaviour” that is difficult to be captured using 3.2  Sensitivity study
a polynomial approximation, and this is also the reason why
updraft velocities lower than 0.2 m/s are not explicitly con- After the PCEs were generated, the contribution of each var-
sidered. In contrast, activation of Aitken mode particles toied input parameter (listed in Table 2) to the total variance
cloud droplets is more favorable at higher updraft velocitiesof the model output was calculated using Eq. (5). As dis-
whereCD; also tends to be less sensitive to the input param-cussed in Sect. 2.3, these input parameters can be divided
eter values. into two groups: those related to the modal properties (first
For the purposes of this study, it is more important thatthree parameters in Table 2) and those related to the chem-
the statistical features of the model output are produced wittical composition of the Aitken mode particles (last six pa-
a sufficient accuracy than that a good approximation for therameters in Table 2). Here we call these parameters physics-
true model output is obtained in every point of the parameterand chemistry-related parameters, respectively. With an aim
space. Therefore we compared also the PCE-based PDFs tf find out which of them cause most of the variance of the
CD, with corresponding ones generated from the true modemodel output, Fig. 3 shows the relative importance of the
output. Figure 2 shows the comparison for two updraft ve-particle size distribution versus the particle chemical compo-
locities, V=0.2 and 1.0 m/s which include cases with the leastsition for all three scenarios.
and largest degree of agreement (Table 3). As can be seen, Common to all the results is that the importance of the par-
a quantitative agreement is reached in most cases: the PCHsle chemical composition decreaseslasncreases. This
produce the basic characteristics, such as the shape and pe&éature is consistent with the results of Ervens et al. (2005)
of the PDFs describing the true model output. For casesvho predicted that the cloud droplet number concentration
with V=0.2m/s, however, the PCM-based PDFs are biasedecomes less sensitive to the particle chemical composition
towards smallest€10 cnt3) and largest$ 1000 cnt3) val- as the updraft velocity increases. Also, the net contribution of
ues ofCD2 as compared to the PDFs of the true model out-the physics-related parameters to the total variance becomes
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CD; (om”) Overall, these results suggest that the chemical composition
can be as important as the physical properties regarding the
Fig. 2. The probability density functions representing the origi- cloud-nucleating ability of Aitken mode particles in the con-
nal model output (solid lines) and samples from the PCEs (dasheginental background areas.
Iines_). The sc_enario is shown in each plot, and the updraft velocity Next we elucidate which individual parameters are behind
(V) is shown in the legend. the features displayed in Fig. 3. Figures 4, 5 and 6 show the
contribution of the individual parameters (listed in Table 2)
to the total variance of the model output for the “BASE”,
larger than that of the chemistry-related parameters at up-MACRO” and “FILM” scenarios, respectively. Further-
draft velocities of~0.3 and~0.9 m/s in the “MACRO” and  More, the average contribution of each parameter is shown
“FILM” scenarios, respectively. In the “BASE” scenario, the in Table 4 for all the scenarios. The averaging is performed
physics-related parameters dominate the total variance of th@ver the considered updraft velocities with the same weight
model output regardless of the updraft velocity. The largerdiven for each value of .
roles of the particle chemical composition in the “MACRO”
and “FILM” scenarios are mainly due to larger value ranges
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The relative importance of the third physics-related param-
Fig. 6. Same as Fig. 4, but for the “FILM” scenario. eter,D,,, decreases slightly with increasivg The decrease
is because the minimum particle diameter decreases with
increasing maximum supersaturations and hence the parti-
3.2.1 “BASE” scenario cle size plays smaller role at higher updraft velocities. An-
other interesting result is that, and D,, have both approx-
The “BASE” scenario is considered first. Figure 4 shows thatimately equal importance &t <0.4 m/s. This suggests that
the physics-related paramet@l, D,, ando ¢, dominate the the shape of the Aitken mode has also to be accounted for
total variance of the model outp@N being the mostimpor-  when predicting the contribution of sub-100 nm patrticles to
tant parameter in this respect. It is also seen that the relativeloud droplet concentrations at regimes with low updraft ve-
importance ofcN increases with increasirig. Thisisdueto locities.
larger maximum supersaturations reached at higher updraft The parameters, MWaygando ; are the three mostimpor-
velocities which allows for a larger fraction of Aitken mode tant chemistry-related parameters, as can be seen from Fig. 4
particles to form cloud droplets. Consequently, the value ofand Table 4, with roughly equal contribution from each pa-
CD; reflects that ofCN at higher updraft velocities. This rameter. The result that and MWayg have similar impor-
is also the main reason for the increasing importance of theance is intuitive since both of them are varied over a factor
physics-related parameters with increasihgrig. 3). of four to a good approximation (Table 2) and the number
Figure 4 shows also that the relative importance ptie- of dissolved molecules, which determines the Raoult term
creases with increasing. This is because typically only a in the Koehler equation, scales with these two parameters
small fraction of the Aitken mode particles, i.e. particles be- (Seinfeld and Pandis, 1998). The contributiong af1Wayg
longing to the “tail” which extends to larger sizes, are able ando to the total variance of the model output is, however,
to form cloud droplet at low updraft velocities. Under these smaller than those dEN and D,,. More generally, the net
conditions, increasing , increases the number of particles contribution of the chemistry-related parameters is smaller
in the “tail” and hence als€D given that other factors re- than that of physics-related parameters (Fig. 3), which im-
main constant. At higher updraft velocities, howeveb; plies that if the chemical composition of the atmospheric
becomes less sensitive to, since larger fractions of the Aitken mode particles varies in the range characteristic to the
Aitken mode particles generally activate. To illustrate this “BASE” scenario, the modal properties have a larger over-
point, let us consider an extreme case in which exactly half ofall effect on the cloud-nucleating ability of the Aitken mode
the Aitken mode particles form cloud droplets and the modeparticles than the chemical composition. Regarding the other
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varied parameters, it is worth noting thattontributes only  seen that only andCN contribute more than 10% to the to-
marginally to the total model variance, except in the casetal variance CN becoming more important at larger updraft
with the lowest updraft velocity. Additional calculations re- velocities. The relative contributions of the other model pa-
vealed thatr contributes 6 and 3% to the total variation of the rameters are similar to those in the “BASE” scenario and are
model output forV=0.25 and 0.3 m/s, respectively. The con- not described explicitly here. We note, however, that the con-
tribution of @ thus reduces from 12 to 3% whéhincreases tribution of o varies between 3 and 8% in a manner that is
from 0.2 to 0.3 m/s, and such a drastic change is not intuitivedifficult to interpret. In any case, it is clear that the impor-
in view of the fact that the relative contributions of other var- tance ofo; is much smaller than those efandCN.

ied parameters display a coherent behavior. Moreover, the The most important conclusion following from our results
feature is not seen in the “MACRO" scenario (see below)is that when the value of the parameteis in the range be-
even thoughx has the same value range (Table 1). We thustween 102 and unity, it forms a relatively small source of
conclude that the PCEs consistently overestimate the role ofincertainty in the cloud droplet predictions. In contrasg; if

« at updraft velocities<0.3 m/s. varies more than two orders of magnitude at conditions close
to reaching saturation, the variability translates to large un-
3.2.2 “MACRO” scenario certainties regarding the ability of atmospheric sub-100 nm

particles to form cloud droplets. In comparison, Chuang
The “MACRO” scenario differs from the “BASE” scenario (2006) predicted that the cloud droplet formation exhibits
by larger value ranges adopted #diVayg, v® ando, (Ta-  large sensitivity tax when the value ofr is below a criti-
ble 2). The difference is also reflected in the results: thecal value that ranges between 0.1 and36epending on the
chemical composition of the Aitken mode particles is more droplet size.
important in the “MACRQ” scenario than in the “BASE” sce-  |n view of the fact that the minimum value af can
nario (Fig. 3). As seen from Fig. 5, this is mainly due to potentially be even lower than the value applied here (see
os which is the most important parameter regarding the totalSect. 2.3.), it can be asked how results would change by de-
variance of the model output &t<0.3 m/s. The contribution  creasing the minimum value affurther by one or two orders
of o, is exceeded by that &N at larger updraft velocities, —of magnitude. To this end, we performed also calculations
and the reason for the growing importanceo® is the same  using 104 as a minimum value fax, but the agreement be-
as in the “BASE” scenario discussed above. The results fotween the PCEs and the true model output was notably worse
“MACRO” and “BASE” have also other common features: compared with the results for the three scenarios considered
the importance oé, decreases strongly with increasiig  here. This was probably due to complicated cloud formation
Itis further seen that the parame@Ds is rather insensitive  dynamics caused by extremely small values ofn view of
to o andp, but exhibits notable sensitivity tD,, regardless  this, it is expected that the importance wfincreases even
of the updraft velocity. The parametessMWayg andv®  further with increasing value range @f
make similar contributions to the total variance of the model
output, but the relative importance of these three parameters
shows some variation with the updraft velocity. 4 Discussion and conclusions

To summarize, the largest change compared to the

“BASE” scenario is the increased role of the surface ten-The present study attempts to identify and rank the physico-
sion, which leads to the following conclusion: if particle- chemical properties of Aitken mode particles that determine
phase organics do not decrease the surface tension of Aitkettie cloud-nucleating ability of these particles in continental
mode particles by more than approximately 30%, the variabackground areas. The approach is based on performing cal-
tion in the model output due to the varying surface tension isculations with an adiabatic air parcel model and analyzing
comparable to that caused by the varying water-soluble masthe model output with the probabilistic collocation method
fraction and molecular weight of the organics. However, a(PCM). The PCM is a tool for “global” sensitivity analy-
sufficient presence of extremely surface-active organics magis and it propagates uncertainty or variability in the input
cause substantial uncertainties in predictions concerning thparameter values to the model output. Here the model out-

cloud-nucleating ability of Aitken mode particles. put of interest is the number concentration of cloud droplets
formed on Aitken mode particle§Do, as a function of the
3.2.3 “FILM” scenario updraft velocity, and the varied model parameters were those

describing the modal and chemical properties of the Aitken
The contributions of the individual input parameters to the mode particles.
total variance of the model output are shown in Fig. 6 forthe The relative roles played by the particle size distribu-
“FILM” scenario (see also Table 4 for the average values).tion and chemical composition in determining the cloud-
The most notable feature of the results is thanakes the  nucleating ability of atmospheric particles is a subject of in-
largest contribution to the total variance of the model outputtense research at the present (McFiggans et al., 2006; Dusek
at updraft velocities of approximately0.9m/s. Itis also etal., 2006; Ervens et al., 2007), and the results of our study
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