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Abstract

Aitken mode particles are potentially an important source of cloud droplets in continen-

tal background areas. In order to find out which physico-chemical properties of Aitken

mode particles are most important regarding their cloud-nucleating ability, we applied

a global sensitivity method to an adiabatic air parcel model simulating the number of5

cloud droplets formed on Aitken mode particles, CD2. The technique propagates un-

certainties in the parameters describing the properties of Aitken mode to CD2. The

results show that if the Aitken mode particles do not contain molecules that are able

to reduce the particle surface tension more than 30% and/or decrease the mass ac-

commodation coefficient of water, α, below 10
−2

, the chemical composition and modal10

properties may have roughly an equal importance at low updraft velocities character-

ized by maximum supersaturations <0.1%. For larger updraft velocities, however, the

particle size distribution is clearly more important than the chemical composition. In

general, CD2 exhibits largest sensitivity to the particle number concentration, followed

by the particle size. Also the shape of the particle mode, characterized by the geomet-15

ric standard deviation (GSD), can be as important as the mode mean size at low updraft

velocities. Finally, the performed sensitivity analysis revealed also that the chemistry

may dominate the total sensitivity of CD2 to the considered parameters if: 1) the value

of α varies at least one order of magnitude more than what is expected for pure wa-

ter surfaces (10
−2

–1), or 2) the particle surface tension varies more than roughly 30%20

under conditions close to reaching supersaturation.

1 Introduction

One of the main sources of uncertainty in current predictions concerning the climate

change arises from large difficulties in predicting reliably the microphysical structure of

clouds, in particular the number concentration and size of cloud droplets (Menon, 2004;25

Chen and Penner, 2005). Since atmospheric aerosol particles act as nuclei onto which
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cloud droplets are formed, these uncertainties are closely tied to our incomplete knowl-

edge regarding the sources and physico-chemical properties of atmospheric aerosols

(Lohmann and Feichter, 2005; McFiggans et al., 2006).

Aerosol particles need to contain sufficient amounts of water-soluble material in or-

der to form cloud droplets in the atmosphere. The minimum particle diameter required5

for acting as cloud condensation nuclei in the atmosphere is determined by complex in-

teractions between cloud dynamics and aerosol particle population, but varies typically

between 50 and 100 nm in the lower troposphere (Seinfeld and Pandis, 1998). This

size range is also characteristic for the Aitken mode particles, the physico-chemical

properties of which depend strongly on the aerosol origin. Given that the Aitken mode10

particles often make dominant contribution to the total particle number concentration in

the size range >50 nm in continental areas (Tunved et al., 2003), it is therefore highly

desirable to understand the connection between the Aitken mode particles and the

cloud microphysics in these areas.

The climatic effects of Aitken mode particles, formed either in the atmosphere or15

emitted from surface-based sources, can be quantified with regional and/or or global

models (e.g. Adams and Seinfeld, 2002; Spracklen et al., 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 maintaining a sufficient level of ac-

curacy in such models. To make an optimal compromise between computational costs20

and realism, the key parameters governing the climatic effects of Aitken mode particles

should be identified, and most of the effort should be devoted to capturing accurately

the time development of these parameters. To this end, our aim is to give an answer to

the following question: “which physico-chemical properties of Aitken mode particles are

most important regarding their contribution to cloud droplet number concentrations?”.25

Providing an answer to this question would help us to prioritize the research needs also

in the field of experimental aerosol research.

We approach the problem by investigating the sensitivity of the number concentration

of cloud droplets formed on Aitken mode particles to the physico-chemical properties
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of these particles. The approach relies on performing model calculations with an adia-

batic air parcel model and analyzing the model output with the probabilistic collocation

method (PCM), a tool for sensitivity analysis (Tatang et al., 1997). Here we would like

to note that studies adopting somewhat similar approaches have been conducted pre-

viously (e.g. Feingold, 2003; Rissmann et al., 2004; Ervens et al., 2005 and references5

therein; Chuang, 2006). However, the approach of the current paper is novel in two

ways. First, the focus is solely on the impact of Aitken mode particles to cloud micro-

physics and not that of the whole particle population. This choice is largely motivated

by the current research interest in new particle formation and its climatic implications

(Kurten et al., 2003; Kulmala et al., 2004; Kerminen et al., 2005; Spracklen et al.,10

2006). Second, we employ a so-called “global” method for sensitivity analysis, in con-

trast to “local” methods used in the above-cited studies. There are dedicated papers

discussing the differences between these two approaches (e.g. Saltelli, 1999a, Saltelli

et al., 1999b), and thus it suffices to point out two major advantages of the “global”

method over the “local” one: 1) the model sensitivity to uncertain input parameters15

is quantified over the whole parameter space or over a parameter space region, and

2) the net effects of simultaneously varying input parameters are accounted for. Fur-

thermore, we focus on conditions typical to continental background air masses. New

particle formation takes place regularly under such conditions and the newly-formed

particles, after their growth to Aitken mode sizes, are able to contribute to the cloud20

droplet concentrations (Komppula et al., 2005 and references therein; Kerminen et al.,

2005). Consequently, the results of the study are directly relevant to understanding the

climatic effects of new particle formation taking place over large parts of the globe.

2 Approach

We approach the problem by a combination of model simulations performed with an25

adiabatic air parcel model (AAPM, Anttila and Kerminen, 2002) and sensitivity analy-

sis using the probabilistic collocation method (PCM, Tatang et al., 1997). The AAPM
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is used to predict the number concentration of cloud droplets formed on Aitken mode

particles, CD2, during an air updraft. Here input parameters describing the physico-

chemical properties of Aitken mode particles are treated as independent random vari-

ables.

The PCM is a technique that quantifies the sensitivity of the model output to un-5

certainties in input parameters. In order to save computing time compared with a full

Monte Carlo analysis, the model output is approximated by polynomials termed as

polynomial chaos expansions (PCEs), the terms of which are functions of the uncer-

tain parameters. Free coefficients in the PCEs are determined so that the PCEs give

an optimal approximation for the true model output in the high probability regions of the10

parameter space. The required statistical properties of the model output can be readily

extracted from the PCEs, allowing for a global characterization of the model sensitivity

to uncertainties in model input parameters.

2.1 Air parcel model

The applied AAPM has been described in detail by Anttila and Kerminen (2002). Briefly,15

the model solves equations governing the time development of a population of aerosol

particles and cloud droplets in an air parcel that rises adiabatically with a constant

velocity. The particle size distribution is assumed to consist of an Aitken and accu-

mulation mode, and particles are divided into two separate grids with 100 size bins

each according to their mode. This allows for a straightforward determination of CD220

at the cloud top. The thermodynamic driving force behind the growth or evaporation of

a particle/droplet during an air updraft is the difference (S−Seq), where S is the satu-

ration ratio of water vapour and Seq is the equilibrium saturation ratio of water over the

particle/droplet surface. The former quantity, S, is determined by a balance between

the cooling of the air parcel and transfer of water vapour onto particles and droplets.25

The quantity Seq, in turn, is calculated using the Köhler equation (Seinfeld and Pan-

dis, 1998) and is a function of the particle/droplet size and its chemical composition.

To be more specific, Seq depends on the particle/droplet surface tension, solution non-
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idealities and the number of molecules dissolved into the aqueous phase. For a particle

with a given mass, the last of these quantities depends on the density and molecular

weight of the solute molecules as well as on their tendency to dissociate in the aqueous

phase.

Following previous modeling studies utilizing an adiabatic air parcel model, we quan-5

tify the uncertainties arising from the particle chemical composition by assuming that

particles contain only a single solute (Feingold, 2003; Ervens et al., 2005). It is also

assumed that the solute dissolves entirely into the aqueous phase. Slightly-soluble

compounds, which dissolve only partially, are not considered because the effects of

limited solubility are clearly exceeded by those of varying soluble mass fraction (Er-10

vens et al., 2005, McFiggans et al., 2006). Furthermore, our model does not account

for the surface/bulk partitioning of the solute which may influence the cloud-nucleating

ability of particles (Sorjamaa et al., 2004; Kokkola et al., 2006; Sorjamaa and Laak-

sonen, 2006). This is because the particle/droplet surface tension is assumed to be

constant in the model (Sect. 2.3), whereas the surfactant partitioning can be calculated15

only if the surface tension is allowed to depend on 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 given20

here.

In our application, the goal is to find a PCE that approximates ln(CD2). The natural

logarithm of CD2 is approximated rather than CD2 in order to avoid unphysical predic-

tions that might arise when approximating CD2 with polynomials. We treat all uncertain

input variables or, if the uncertainty range is more than one order than magnitude, their25

logarithms as uniformly distributed random variables φi , i=1,. . . ,N, where N is the

number of the uncertain parameters. Furthermore, in order to simplify calculations, we

re-scale the variables φi so that they are all distributed uniformly in the range [–1, 1]
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and consequently a new set of random variables ψ i is obtained:

ψi =
2ϕi − (bi + ai )

(bi − ai )
, (1)

where [ai ,bi ] is the value range of φi .

The PCEs generated here consist of a sum of orthogonal polynomials which are

functions of ψ i and depend on the probability distributions of ψ i . For random variables5

distributed uniformly in the range [–1, 1], the corresponding orthogonal polynomials

are Legendre polynomials (Table 2). The accuracy of a polynomial approximation in-

creases generally with increasing order of the polynomials, but consequently also the

computing time increases. Hence, in order to keep the computational burden reason-

able while maximizing the accuracy, PCEs used here are of fourth order with respect10

to homogeneous terms and of third order with respect to cross terms. Ternary or

higher order products of ψ i are not considered. Consequently, the generated PCEs for

ln(CD2) have the following form:

Γ = α0+

4
∑

j=1

N
∑

k=1

αj,kPj (ψk)+

N−1
∑

k=1

N
∑

j=k+1

βj,kP1(ψk)P1(ψj )+

N
∑

k=1

N
∑

j=1,j 6=k

γj,kP1(ψk)P2(ψj ).(2)

Here α0 and αj,k are coefficients related to the homogeneous part of the PCE, Pj is j -th15

order Legendre polynomial (see Table 2), and βj,k and γj,k are coefficients related to

the heterogeneous part of the PCE. It should be noted that PCEs can be also used to

parameterize model output (e.g. Calbó et al., 1998; Mayer et al., 2000), but here we

use PCM solely as a tool for sensitivity analysis.

The coefficients α0, αj,k , βj,kand γj,k are determined as follows. First CD2 is cal-20

culated using the AAPM in certain points of the parameter space. In our case, these

so-called collocation points are formed from the roots of fifth order Legendre polyno-

mials (Tatang et al., 1997). In the standard formulation of PCM, the number of model

runs used to determine coefficients in (2) is equal to the number coefficients (Tatang

et al., 1997). In order to increase the accuracy of the PCEs, we performed twice that25
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many simulations (Isukapalli, 1999). By substituting the model-generated output to the

left-hand side of (2) and the corresponding input parameter values to the right-hand

size of (2), we obtain a set of linear equations for the coefficients α0, αj,k , βj,k and γj,k .

The system is solved using the singular value decomposition technique which yields

also an optimal agreement between the model and PCE in the collocation points in the5

least-squares sense (Press et al., 1992).

Γ is a random variable which approximates the original model output, and therefore

several useful statistical properties describing the model behavior can be extracted

from (2) once the coefficients have been determined. The subsequent results are

based on calculating the following integrals:10

E (P
j
n ) =

1

2

1
∫

−1

P
j
n (x)dx, (3)

where E (P
j
n ) is the expectation value of n-th order Legendre polynomial which is raised

to the j-th power. The values of the required integrals are shown in Table 2. By using

the independency of the variables ψ i and the orthogonality of Legendre polynomials,

the expected value, E (Γ), and variance, Var (Γ), readily follow:15

E (Γ) = α0,

V ar(Γ) =
N
∑

j=1

(

1
3
α

2
1,j +

1
5
α

2
2,j +

1
7
α

2
3,j +

1
9
α

2
4,j

)

+
1
9

N−1
∑

k=1

N
∑

j=k+1

β
2
j,k +

1
15

N
∑

k=1

N
∑

j=1,j 6=k

γ
2
j,k .

(4)

As seen, the expression for Var (Γ) includes a summation over N, which provides a

means to decompose the total variance into the contributions from each variable ψ i :

V ar(ψi ) =
1

3
α2

1,i
+

1

5
α2

2,i
+

1

7
α2

3,i
+

1

9
α2

4,i
+

1

9

N
∑

j=1,j 6=i

β
2
j,i

2
+

1

15

N
∑

j=1,j 6=i





γ
2
j,i

2
+
γ

2
i ,j

2



. (5)
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The factor 1/2 appearing in the last two terms in the right-hand side of (2) is due to

the fact that ψ i and ψ j have the same probability distribution, which implies that the

cross-terms contributions distribute evenly between these variables. Expression (5) is

of central importance to the further considerations, since it provides a measure to the

contribution of each uncertain model parameter φi to the total variance in the model5

output.

2.3 Performed sensitivity studies

Here the focus is on uncertainties arising from the properties of Aitken mode parti-

cles, not on those related to background particles. Therefore we assumed that the

background particles comprise a single mode with constant properties characteristic10

to continental remote areas. Thus, the background mode particles consist of ammo-

nium bisulfate and have mode mean diameter of 200 nm, total number concentration of

250 cm
−3

and geometric standard deviation of 1.45. The surface tension of background

particles and droplets formed on them is assumed to be equal to that of pure water. In

addition, the mass accommodation coefficient of water onto background particles and15

droplets formed on them is set equal to unity.

The updraft velocity of an air parcel, V , is a crucial model parameter which deter-

mines, together with the aerosol population, the number concentration of cloud droplets

formed during an air ascent. In order to explore a range of supersaturations and to im-

prove the accuracy of PCEs, the PCEs were generated separately for each applied20

value of V which were 0.2, 0.4, 0.6, 0.8 and 1.0 m/s. We also generated PCEs for

lower updraft velocities, but the accuracy of the PCEs were notably worse compared

to results obtained for V =0.2 m/s. The reason for this is discussed in detail in Sect. 3.

However, we emphasize that the choice does not limit the validity of our conclusions,

since the obtained results show a coherent behavior that can be extrapolated to smaller25

updraft velocities.

Uncertain parameters describing the physico-chemical properties of the Aitken mode

particles are shown Table 1. Our focus is on particles than are able to act as CCN at
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supersaturations characteristic for clouds formed in continental background areas, and

we have utilized available empirical data in choosing the value ranges over which these

parameters vary. Attributing specific probabilities to different parameter values is not,

however, possible at the present due to large gaps in the current knowledge regard-

ing the statistical distribution of the properties of atmospheric Aitken mode particles.5

Rather, only a value range can be ascertained with confidence. Accordingly, it was

assumed that all the uncertain parameters are distributed uniformly, excluding CN and

α of which values span several orders of magnitude. In order to better account for

the larger uncertainties, it was assumed that the logarithms of CN and α have uniform

distributions.10

The parameters listed in Table 1 can be divided into two groups: those describing

the modal properties of Aitken mode particles (first three parameters) and those related

to their chemical composition (last six parameters). The parameters belonging to first

group are the number concentration of Aitken mode particles, CN, and the mean size

and geometric standard deviation of the Aitken mode, Dm and σg, respectively. The15

value ranges of these parameters are chosen according on the particle size distribution

measurements conducted in continental background areas (e.g. Tunved et al., 2003)

and represent thus observationally constrained value ranges. Here we would like to

point out that one factor causing uncertainty is the mixing state of Aitken mode particles

(Rissman et al., 2006). The mixing state, however, is a qualitative concept and as20

such cannot be incorporated into the current framework. Therefore it is assumed that

particles are internally mixed, but we acknowledge the fact that the effect of the particle

mixing state is not captured by our approach.

The uncertain parameters related to the particle chemical composition include the

solubility, density and number-averaged molecular weight of the matter comprising the25

Aitken mode particles, ε, MW avg and ρ, respectively. These parameters include also

the so-called “effective” Van’t Hoff factor, νΦ, which is the product of the osmotic coef-

ficient of the solute, Φ, and the number of ions resulting from dissociation of a solute

molecule in the aqueous phase, ν. The remaining two parameters in this group are
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the surface tension of the Aitken mode particles and droplets formed on them, σs, and

the mass accommodation coefficient of water onto the surfaces of the Aitken mode

particles and resulting droplets, α.

A proper choice of the value ranges of the last six parameters listed in Table 1 is prob-

lematic due to the organic aerosol component which is not completely characterized at5

the present. Therefore it was decided to make several sensitivity studies with the same

approach but using different value ranges for the most poorly-constrained parameters.

The first sensitivity study can be viewed conservative because the full variability in the

chemical composition of atmospheric aerosols is not accounted for. We term this sce-

nario as “BASE”. Since this scenario may underestimate the importance of the particle10

chemical composition, we performed two additional sets of sensitivity studies, called

“MACRO” and “FILM”. In these scenarios, we adopted larger value ranges for the most

uncertain parameters.

The “BASE” scenario is based on the following assumptions: particles do not con-

tain 1) macromolecules having a large molecular weight (>250 g/mol), 2) compounds15

having more than two carboxylic groups, 3) surface-active compounds that decrease

the value of σs more than roughly 30%, or 4) surface-active compounds that are able

to form a thick film onto the particle/droplet surface and thereby reduce the value of α

below the range that has been reported for pure water surfaces (0.01–1.0, see Laakso-

nen et al., 2005, and references therein). Examples of organic compounds that meet20

these criteria are various alcohols, polyols, ketones, aldehydes and acids containing

one or two functional groups (Saxena and Hildemann, 1996). The maximum allowed

reduction in σs is consistent with surface tension measurements of atmospherically

relevant organics at relatively dilute solutions (Shulman et al., 1996; Facchini et al.,

2000; Tuckermann and Cammenga, 2004; Hyvärinen et al., 2006; Salma et al., 2006;25

Sveningsson et al., 2006). It should be noted that surface tension is a dynamic pa-

rameter which depends on the particle size and relative humidity (Ervens et al., 2005;

Asa-Awuku and Nenes, 2006; Dinar et al., 2006). We have assumed, however, that

the value of σs is constant during a model run, i.e. it does not depend on the parti-
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cle/droplet size or its composition. This allows for assessing unambiguously the impor-

tance of σs in the considered value range. It should be further noted that the soluble

mass fraction, ε, in atmospheric Aitken mode particles is poorly constrained as well,

and indirect measurements on the chemical composition of sub-100 nm particles sug-

gest that ε can be even lower than the minimum value chosen here, 0.2 (Sveningsson5

et al., 1997; Ehn et al., 2007). However, given that the model solute compound in the

cited studies was ammonium sulfate, soluble fractions <0.2 translate to critical super-

saturations >0.5% for Aitken-mode sized particles. The range is clearly higher than the

maximum supersaturations reached at continental environments with updraft velocities

<1.0 m/s (Seinfeld and Pandis, 1998), and therefore such particles cannot be regarded10

as “potential” CCNs under conditions relevant to this study. Regarding the particle dry

density, ρ, the range chosen here spans the range expected for atmospheric aerosols.

Taken together, the discussed choices limit the value ranges of MW avg, ρ, νΦ, σs and

α to those shown in Table 1.

The second sensitivity study, the “MACRO” scenario, differs from the “BASE” sce-15

nario by larger value ranges applied for the parameters MW avg, νΦ, σs and α (Table 1).

The larger value ranges reflect the findings that atmospheric aerosols, including Aitken

mode particles, may contain polyfunctional compounds with large molecular weights

and ability to act as effective surfactants (Facchini et al., 1999, Graber and Rudich,

2006 and references therein). The upper limit for MW avg, 600 g/mol, is chosen accord-20

ing to experimental information on the number-averaged molecular weight of humic-like

substances (HULIS) extracted from atmospheric aerosols (Dinar et al., 2006). Although

several studies indicate that larger macromolecules with MWs over 1000 g/mol can

be present in aerosols (Graber and Rudich, 2006 and references therein), we use a

smaller limit for the following reasons. First, the studies reporting the large MWs are25

mainly smog-chamber experiments in which conditions may not be entirely represen-

tative to those in the atmosphere (Graber and Rudich, 2006). Second, the available

evidence seems to suggest that the MW distributions have a maximum value below

600 g/mol in these experiments (Graber and Rudich, 2006). Since we assume only a
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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 uncertainties aris-

ing from MW. For these reasons, the value of MW avg is not varied by more than one

order of magnitude. The maximum value of νΦ, in turn, is based on the properties of5

a standard Fulvic acid compound that has been used in several studies as a model

compound for aerosol-bound polyfunctional compounds (Mircea et al., 2002; Nenes et

al., 2002). Finally, the lower limit for σs, 0.02 N/m, is chosen according to the estimate

of Ervens et al. (2005) for the maximum reduction of the droplet surface tension due to

the presence of organics at relative humidities close to 100%.10

The third scenario, “FILM”, differs from the “BASE” scenario only by the larger value

range of α (Table 1). The minimum values adopted here are based on available ex-

perimental evidence suggesting that the mass accommodation coefficient of water on

atmospheric aerosols can be as low as 10
−5

(Chuang, 2003, and references therein).

The possible value range spans thus five orders of magnitude. However, in the dis-15

cussed scenario, “FILM”, the minimum value of α was decreased only down to 10
−3

,

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 uncertain input parameters20

were varied randomly according to their probability distributions. The results were com-

pared with the corresponding predictions of the PCEs. Based on the AAPM calcula-

tions, probability density functions (PDFs) for CD2 were then constructed, and these

PDFs were compared with PDFs obtained by sampling from the corresponding PCEs.

Finally, the PCE and model-based expected values and variances of ln(CD2) were25

compared.
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3 Results

3.1 Performance of the PCEs

Figure 1 shows a comparison of the true model output and corresponding PCE-based

predictions for ln(CD2). Further, the corresponding coefficients of determinations, R
2
,

are displayed in Table 3. The comparison has been made for ln(CD2) and not for5

CD2, since ln(CD2) was the approximated model output. Results are shown for all the

three scenarios and for three updraft velocities (V=0.2, 0.4 and 1.0 m/s). The average

maximum supersaturations in the AAPM calculations for these three updraft velocities

were around 0.12, 0.16, and 0.28, respectively, regardless of the scenario. These val-

ues compare favorably with estimated supersaturations reached in continental clouds10

(Pruppacher and Klett, 1997; Cantrell et al., 1999).

As can be seen from Fig. 1, the PCEs approximate the true model output generally

well in all scenarios, showing that the algorithm for determining PCEs was properly

implemented. The corresponding R
2

values ranged between 0.78 and 0.94 (Table 3).

Figure 1 and Table 3 show also that the degree of agreement is fairly independent of the15

scenario. Furthermore, the largest errors take place for the smallest updraft velocity,

0.2 m/s, and the degree of agreement generally increases with increasing V . This result

can be explained in the following way. At low updraft velocities, no cloud droplets are

predicted to be formed on Aitken mode particles in large parts of the parameter space

due to low supersaturations reached during an air ascent. On the other hand, small20

changes in the input parameter values may produce notable changes in CD2, such that

CD2 increases or decreases steeply with the changing value of the parameter. Thus

CD2 exhibits a “threshold behaviour” that is difficult to be captured using a polynomial

approximation, and this is also the reason why updraft velocities lower than 0.2 m/s

are not explicitly considered. In contrast, activation of Aitken mode particles to cloud25

droplets is more favorable at higher updraft velocities where CD2 also tends to be less

sensitive to the input parameter values.

For the purposes of this study, it is more important that the statistical features of the
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model output are produced with a sufficient accuracy than that a good approximation

for the true model output is obtained in every point of the parameter space. Therefore

we compared also the PCE-based PDFs of CD2 with corresponding ones generated

from the true model output. Figure 2 shows the comparison for two updraft velocities,

V =0.2 and 1.0 m/s which include cases with the least and largest degree of agreement5

(Table 3). As can be seen, a quantitative agreement is reached in most cases: the

PCEs produce the basic characteristics, such as the shape and peak, of the PDFs

describing the true model output. For cases with V =0.2 m/s, however, the PCM-based

PDFs are biased towards smallest (<10 cm
−3

) and largest (>1000 cm
−3

) values of CD2

as compared to the PDFs of the true model output. In addition, the peak of the PDF is10

notably shifted to smaller concentrations in the “BASE” and “FILM” scenarios. These

discrepancies are caused by the “threshold” behavior discussed above. However, the

agreement improves rapidly when V increases and as Fig. 2 illustrates, a very good

agreement is reached for higher updraft velocities.

The PCE and model-based expected values and variances of ln(CD2), E [ln(CD2)]15

and Var [ln(CD2)], respectively, were also compared, and the relative errors in pre-

dicting E [ln(CD2)] and Var [ln(CD2)] are shown in Table 3. As seen, E [ln(CD2)] is

reproduced accurately in most of cases, and the maximum error is 12%. Errors in

Var [ln(CD2)] are generally slightly larger, the maximum error being 15%.

Results shown in Figs. 1 and 2 and in Table 3 provide a comprehensive character-20

ization of the accuracy of the PCEs generated. To summarize, in spite of the biases

exhibited by the PCEs at low updraft velocities, the agreement is sufficient to warrant

the conclusions based on the sensitivity analysis which is discussed next.

3.2 Sensitivity study

After the PCEs were generated, the contribution of each uncertain input parameter25

(listed in Table 1) to the total variance of the model output was calculated using (5).

As discussed in Sect. 2.3, these input parameters can be divided into two groups:

those related to the modal properties (first three parameters in Table 1) and those
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related to the chemical composition of the Aitken mode particles (last six parameters in

Table 1). Here we call these parameters as physics- and chemistry-related parameters,

respectively. With an aim to find out which of them cause most of the uncertainty,

Fig. 3 shows the relative importance of the particle size distribution versus the particle

chemical composition for all three scenarios.5

Common to all the results is that the importance of the particle chemical composi-

tion decreases as V increases. This feature is consistent with the results of Ervens

et al. (2005) who predicted that the cloud droplet number concentration becomes less

sensitive to the particle chemical composition as the updraft velocity increases. Also,

the net contribution of the physics-related parameters to the total variance becomes10

larger than that of the chemistry-related parameters at updraft velocities of ∼0.3 and

∼0.9 m/s in the “MACRO” and “FILM” scenarios, respectively. In the “BASE” scenario,

the physics-related parameters dominate the total variance of the model output re-

gardless of the updraft velocity. The larger roles of chemistry in the “MACRO” and

“FILM” scenarios are mainly due to larger value ranges adopted for the surface tension15

and mass accommodation coefficient, respectively (Table 1), as will be shown below.

Overall, these results suggest that the chemical composition can be as important as

the physical properties what it comes to the cloud-nucleating ability of Aitken mode

particles in the continental background areas.

Next we elucidate which individual parameters are behind the features displayed in20

Fig. 3. Figures 4, 5 and 6 show the contribution of the uncertain input parameters

(listed in Table 1) to the total variance of the model output for the “BASE”, “MACRO”

and “FILM” scenarios, respectively. Furthermore, the average contribution of each

parameter is shown in Table 4 for all the scenarios. The averaging is performed over

the considered updraft velocities with the same weight given for each value of V .25

3.2.1 “BASE” scenario

The “BASE” scenario is considered first. Figure 4 shows that the physics-related pa-

rameters CN,Dm and σg, dominate the total variance of the model output, CN being the
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most important parameter in this respect. It is also seen that the relative importance

of CN increases with increasing V . This is due to larger maximum supersaturations

reached at higher updraft velocities which allows for a larger fraction of Aitken mode

particles to form cloud droplets. Consequently, the value of CD2 reflects that of CN at

higher updraft velocities. This is also the main reason for the increasing importance of5

the physics-related parameters with increasing V (Fig. 3).

Figure 4 shows also that the relative importance of σg decreases with increasing V .

This is because typically only a small fraction of the Aitken mode particles, i.e. particles

belonging to the “tail” which extends to larger sizes, are able to form cloud droplet at

low updraft velocities. Under these conditions, increasing σg increases the number10

of particles in the “tail” and hence also CD2 given that other factors remain constant.

At higher updraft velocities, however, CD2 becomes less sensitive to σg since larger

fractions of the Aitken mode particles generally activate. To illustrate this point, let us

consider an extreme case in which exactly half of the Aitken mode particles form cloud

droplets and the mode is internally mixed. In this situation, CD2 does not depend on15

σg at all, provided that other factors do not change with changing σg. When more than

half of the Aitken mode particles nucleate to cloud droplets, the sensitivity of CD2 to σg
starts to increase again. However, this does not take place in most of the calculations

which together with the other factors discussed here explains the feature.

The relative importance of the third physics-related parameter, Dm, decreases20

slightly with increasing V . The decrease is because the minimum particle diameter de-

creases with increasing maximum supersaturations and hence the particle size plays

smaller role at higher updraft velocities. Another interesting result is that σg and Dm
have both approximately equal importance at V <0.4 m/s. This suggests that the shape

of the Aitken mode has also to be accounted for when predicting the contribution of sub-25

100 nm particles to cloud droplet concentrations at regimes with low updraft velocities.

The parameters ε, MW avg and σs are the three most important chemistry-related

parameters, as can be seen from Fig. 4 and Table 4, with roughly equal contribution

from each parameter. Their contributions are, however, smaller than those of CN and
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Dm. More generally, the net contribution of the chemistry-related parameters is smaller

than that of physics-related parameters (Fig. 3), which implies that if the chemical com-

position of the atmospheric Aitken mode particles varies in the range characteristic to

the “BASE” scenario, the modal properties have a larger overall effect on the cloud-

nucleating ability of the Aitken mode particles than the chemical composition. Regard-5

ing the other uncertain parameters, it is worth noting that α contributes only marginally

to the total model variance, except in the case with the lowest updraft velocity. Such

a drastic change, or “jump”, in the relative importance of α is not intuitive in view of

the fact that the relative contributions of other uncertain parameters display a coherent

behavior. Moreover, it is not seen in the “MACRO” scenario (see below) even though10

α has the same value range in these two scenarios (Table 1). We speculate that the

“jump” is caused by the inability of the PCE to capture the effect of α at low updraft

velocities and should thus be considered as an artifact.

3.2.2 “MACRO” scenario

The “MACRO” scenario differs from the “BASE” scenario by larger value ranges15

adopted for MW avg, νΦ and σs (Table 1). The difference is also reflected in the re-

sults: the chemical composition of the Aitken mode particles is more important in the

“MACRO” scenario than in the “BASE” scenario (Fig. 3). As seen from Fig. 5, this is

mainly due to σs which is the most important parameter regarding the total variance of

the model output at V <0.3 m/s. The contribution of σs is exceeded by that of CN at20

larger updraft velocities, and the reason for the growing importance of CN is the same

as in the “BASE” scenario discussed above. The results for “MACRO” and “BASE”

have also other common features: the importance of σg decreases strongly with in-

creasing V . It is further seen that the parameter CD2 is rather insensitive to α and ρ,

but exhibits notable sensitivity to Dm regardless of the updraft velocity. The parameters25

ε, MW avg and νΦ have similar contributions to the total uncertainty, but the relative

importance of these three parameters shows some variation with the updraft velocity.

To summarize, the largest change compared to the “BASE” scenario is the increased
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role of the surface tension, which leads to the following conclusion: if particle-phase

organics do not decrease the surface tension of Aitken mode particles by more than

approximately 30%, the uncertainties caused by the surface tension are comparable

to those caused by uncertainties in the solubility and molecular weight of the organics.

However, a sufficient presence of extremely surface-active organics may cause sub-5

stantial uncertainties in predictions concerning the cloud-nucleating ability of Aitken

mode particles.

3.2.3 “FILM” scenario

The contributions of the uncertain model parameters to the total variance of the model

output are shown in Fig. 6 for the “FILM” scenario (see also Table 4 for the average10

values). The most notable feature of the results is that α makes the largest contribution

to the total variance of the model output at updraft velocities of approximately <0.9 m/s.

It is also seen that only α and CN contribute more than 10% to the total variance,

CN becoming more important at larger updraft velocities. The relative contributions

of the other model parameters are similar to those in the “BASE” scenario and are not15

described explicitly here. We note, however, that the contribution of σs varies between

3 and 8% in a manner that is difficult to interpret. In any case, it is clear that the

importance of σs is much smaller than those of α and CN.

The most important conclusion following from our results is that when the value of

the parameter α is in the range expected for pure water surfaces, i.e. between 10
−2

20

and unity, it forms a relatively small source of uncertainty in the cloud droplet formation

predictions. In contrast, if α varies more than three orders of magnitude at condi-

tions close to reaching supersaturation, the variability translates to large uncertainties

regarding the ability of atmospheric sub-100 nm particles to form cloud droplets. In

comparison, Chuang (2006) predicted that the cloud droplet formation exhibits large25

sensitivity to α when the value of α is below a critical value that ranges between 0.1

and 10
−3

depending on the droplet size.

In view of the fact that the minimum value of α can potentially be even lower than
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the value applied here (see Sect. 2.3.), it can be asked how results would change by

decreasing the minimum value of α further by one or two orders of magnitude. To

this end, we performed also calculations using 10
−4

as a minimum value for α, but the

agreement between the PCEs and the true model output was notably worse compared

with the results for the three scenarios considered here. This was probably due to5

complicated cloud formation dynamics caused by extremely small values of α. In view

of this, it is expected that the importance of α increases even further with increasing

level of uncertainty.

4 Discussion and conclusions

The present study attempts to identify and rank the physico-chemical properties of10

Aitken mode particles that determine the particle cloud-nucleating ability in continental

background areas. The approach is based on performing model calculations with an

adiabatic air parcel model and analyzing the model output with the probabilistic collo-

cation method (PCM). The PCM is a tool for “global” sensitivity analysis and it allows

for quantification of the uncertainties in the model output. Here the model output of15

interest is the number concentration of cloud droplets formed on Aitken mode parti-

cles, CD2, and the uncertain model parameters were those describing the modal and

chemical properties of the Aitken mode particles.

The relative roles played by the particle size distribution and chemical composition

in determining the cloud-nucleating ability of atmospheric particles is a subject of in-20

tense research at the present (McFiggans et al., 2006; Dusek et al., 2006; Ervens et

al., 2007), and the results of our study have also implications on this issue. First, given

that the Aitken mode particles do not contain molecules that are able to reduce the

particle surface tension more than 30% and/or decrease the mass accommodation co-

efficient of water, α, below 10
−2

, the chemical composition and modal properties may25

have roughly an equal importance at low updraft velocities characterized by maximum

supersaturations <0.1% (Fig. 4 and Table 3). For larger updraft velocities, however,
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the particle size distribution is more important than the chemical composition. Further-

more, the largest uncertainties generally arise from the particle number concentration,

followed by the particle size. Second interesting result is that the shape of the particle

mode, characterized by the geometric standard deviation (GSD), can be as important

as the mean size of the mode at low updraft velocities. This suggests that using a5

prescribed value for the GSD (see Vignati et al., 2004 for example) might cause er-

rors to the predicted effect of sub-100 nm sized particles on the cloud droplet number

concentrations.

The performed sensitivity analysis revealed also that the chemistry may dominate

the total uncertainty in CD2 if: 1) the value of α varies at least one order of magnitude10

more than what is expected for pure water surfaces (10
−2

–1), or 2) the particle surface

tension varies more than roughly 30% under conditions close to reaching supersatu-

ration. These results provide motivation for experimental studies aiming to find out if

α may reduce below 10
−2

or if the surface tension may reduce below ∼0.05 N/m for

aerosols comprising of atmospherically relevant mixtures at relevant dilution levels.15

The largest sources of uncertainty in the conclusions presented above arise from

poorly characterized chemical composition of sub-100 nm atmospheric particles. When

more information on the particle chemical composition emerges, however, it can be

utilized to constrain the probability distributions of uncertain model parameters. Con-

sequently, the accuracy of the sensitivity analysis will improve (Tatang et al., 1997). We20

also expect that the results of the study are generally applicable to atmospheric condi-

tions where supersaturations reached during cloud formation are of similar magnitude

than in simulations considered here. On the other hand, the results are probably not

applicable to polluted conditions where supersaturations are considerable lower. Be-

cause of the low supersaturations, however, the contribution of Aitken mode is expected25

to be insignificant in such areas.
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The role of surfactants in Köhler theory reconsidered. Atmos. Chem. Phys., 4, 2107–2117,

2004,

http://www.atmos-chem-phys.net/4/2107/2004/.

Sorjamaa, R. and Laaksonen, A.: The influence of surfactant properties on critical supersatu-25

rations of cloud condensation nuclei, J. Aerosol Sci., 37, 1730–1736, 2006.

Spracklen, D. V., Springle, K. J., Carslaw, K. S., Chipperfield, M. P., and Mann, G. P.: A global

off-line model of size-resolved aerosol microphysics: I. Model development and prediction of

aerosol processes, Atmos. Chem. Phys., 5, 2227–2252, 2005,

http://www.atmos-chem-phys.net/5/2227/2005/.30

Spracklen, D. V., Carslaw, K. S., Kulmala, M., Kerminen, V.-M., Mann, G. W., and Sihto, S.-

L.: The contribution of boundary layer nucleation events to total particle concentrations on

regional and global scales, Atmos. Chem. Phys., 6, 5631–5648, 2006,

6101

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6077/2007/acpd-7-6077-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6077/2007/acpd-7-6077-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/4/2107/2004/
http://www.atmos-chem-phys.net/5/2227/2005/


ACPD

7, 6077–6112, 2007

Contribution of

Aitken mode to cloud

droplet populations

T. Anttila and

V.-M. Kerminen

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

http://www.atmos-chem-phys.net/6/5631/2006/.

Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J., Ganzeveld, L., Tegen, I.,

Werner, M., Balkanski, Y., Schulz, M., Boucher, O., Minikin, A., and Petzold, A.: The aerosol-

climate model ECHAM5-HAM, Atmos. Chem. Phys. 5, 1125–1156, 2005.

Svenningsson, B., Hansson, H. C., Martinsson, B., Wiedensohler, A., Swietlicki, E., Cederfelt,5

S. I., Wendisch, M., Bower, K. N., Choularton, T. W., and Colvile, R. N.: Cloud droplet

nucleation scavenging in relation to the size and hygroscopic behaviour of aerosol particles,

Atmos. Environ., 31, 2463–2475, 1997.

Tatang,M., Pan, W., Prinn, R., and McRae, G.: An efficient method for parametric uncertainty

analysis of numerical geophysical models, J. Geophys. Res., 102, 21 925–21 932, 1997.10

Tuckermann, R. and Cammenga, H. K.: The surface tension of aqueous solutions of some

atmospheric water-soluble organic compounds, Atmos. Environ., 38, 6135–6138, 2004.

Tunved, P., Hansson, H.-C., Kulmala, M., Aalto, P., Viisanen, Y., Karlsson, H., Kristensson, A.,

Swietlicki, E., Dal Maso, M., Ström, J., and Komppula, M.: One year boundary layer aerosol

size distribution data from five nordic background stations, Atmos. Chem. Phys., 3, 2183–15

2205, 2003,

http://www.atmos-chem-phys.net/3/2183/2003/.

Vignati, E., Wilson, J., and Stier, P.: M7: An efficient size-resolved aerosol micro-

physics module for large-scale aerosol transport models, J. Geophys. Res., 109, D22202,

doi:10.1029/2003JD004485, 2004.20

6102

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6077/2007/acpd-7-6077-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6077/2007/acpd-7-6077-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/6/5631/2006/
http://www.atmos-chem-phys.net/3/2183/2003/


ACPD

7, 6077–6112, 2007

Contribution of

Aitken mode to cloud

droplet populations

T. Anttila and

V.-M. Kerminen

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

Table 1. 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 popula-

tion.

Parameter Abbreviation “BASE” “MACRO” “FILM”

Geometric standard deviation σg 1.3–1.9 1.3–1.9 1.3–1.9

Total particle concentration (cm
−3

) CN 10–10 000 10–10 000 10–10 000

Particle mean diameter (nm) Dm 50–100 50–100 50–100

Average molecular weight (g mol
−1

) MW avg 60–250 60–600 60–250

Water-soluble mass fraction ε 0.25–1.0 0.25–1.0 0.25–1.0

Particle dry density (g cm
−3

) ρ 1.0–2.0 1.0–2.0 1.0–2.0

“Effective” Van’t Hoff factor νΦ 1–3 1–5 1–3

Particle surface tension (N m
−1

) σs 0.05–0.072 0.02–0.072 0.05–0.072

Mass accommodation coefficient α 10
−2

–1 10
−2

–1 10
−3

–1
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Table 2. Legendre polynomials (Pn) contained by Eq. (2) and the integrals E (Pn) and E (P
2
n )

(Eq. 3).

Order Pn(x) E(Pn) E(P
2
n)

0 1 1 1

1 x 0 1/3

2 1/2×(3x
2
− 1) 0 1/5

3 1/2×(5x
3
− 3x) 0 1/7

4 1/8×(35x
4
− 30x

2
+3) 0 1/9
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Table 3. The coefficients of determination, R
2
, relative errors in the expected values and total

variances of ln(CD2) (E [ln(CD2)] and Var [ln(CD2)], respectively) for updraft velocities V =0.2,

0.4 and 1.0.

“BASE” “MACRO” “FILM”

V (m/s) 0.2 0.4 1.0 0.2 0.4 1.0 0.2 0.4 1.0

Average SSmax(%) 0.12 0.16 0.28 0.12 0.15 0.27 0.12 0.17 0.29

R
2

0.78 0.83 0.94 0.8 0.77 0.83 0.79 0.81 0.82

Error in E [ln(CD2)] (%) 6 0.8 0.6 1 0.6 0.3 12 8 2

Error in Var [ln(CD2)] (%) 5 11 1 10 3 3 14 0.3 15

6105

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6077/2007/acpd-7-6077-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6077/2007/acpd-7-6077-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD

7, 6077–6112, 2007

Contribution of

Aitken mode to cloud

droplet populations

T. Anttila and

V.-M. Kerminen

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

Table 4. Average contributions of the uncertain input parameters to the total variance of the

model output (in percentages). Averaging is performed over all considered updraft velocities

for a scenario with equal weight given for each case. Three largest sources of the variance are

indicated with bold.

Abbreviation “BASE” “MACRO” “FILM”

σg 8 6 6

CN 51 43 23

Dm 13 9 8

ε 7 5 3

MW avg 6 6 4

ρ 2 2 2

νΦ 4 6 3

σs 5 22 4

α 3 1 46
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Fig. 1. A comparison of ln(CD2) predicted by the adiabatic air parcel model and by the corre-

sponding PCEs. The scenario is shown in each plot, and the updraft velocity (V ) is shown in

the legend. Furthermore, 1:1 line is added to each plot to guide the eye.
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Fig. 2. The probability density functions representing the original model output (solid lines) and

samples from the PCEs (dashed lines). The scenario is shown in each plot, and the updraft

velocity (V ) is shown in the legend.
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Fig. 3. The net contribution of chemistry-related parameters to the total variance of the model

output as a function of the updraft velocity, V . The scenario is indicated in the legend.
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Fig. 4. The contributions of the uncertain model parameters to the total variance of the model

output as a function of the updraft velocity, V , for the “BASE” scenario. The model parameters

are indicated in the legend.
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Fig. 5. Same as Fig. 4, but for the “MACRO” scenario.
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Fig. 6. Same as Fig. 6, but for the “FILM” scenario.
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