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Paul Scherrer Institut, Labor für Atmosphärenchemie, 5232 Villigen PSI, Switzerland
4
Istituto di Scienze dell’Atmosfera e del Clima, CNR, 40129 Bologna, Italy
5
NOAA Environmental Technology Laboratory, 325 Broadway, Boulder, Colorado 80305, USA
6
Department of Applied Physics, University of Kuopio, PO Box 1627, 70211 Kuopio, Finland
© 2005 Author(s). This work is licensed under a Creative Commons License.

8507

7

Institute for Atmospheric and Climate Science, Schafmattstr. 30, ETH Zurich, 8093 Zurich,
Switzerland
8
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The effects of atmospheric aerosol on climate forcing may be very substantial but are
quantified poorly at present; in particular, the effects of aerosols on cloud radiative
properties, or the “indirect effects” are credited with the greatest range of uncertainty
amongst the known causes of radiative forcing. This manuscript explores the effects
that the composition and properties of atmospheric aerosol can have on the activation of droplets in warm clouds, so potentially influencing the magnitude of the indirect
effect. The effects of size, composition, mixing state and various derived properties
are assessed and a range of these properties provided by atmospheric measurements
in a variety of locations is briefly reviewed. The suitability of a range of process-level
descriptions to capture these aerosol effects is investigated by assessment of their
sensitivities to uncertainties in aerosol properties and by their performance in closure
studies. The treatment of these effects within global models is reviewed and suggestions for future investigations are made.
1

Introduction

Aerosol particles affect the radiation balance of the atmosphere in a number of ways.
They scatter and absorb incoming shortwave radiation and absorb outgoing longwave
radiation (the “aerosol direct effect” McCormick and Ludwig, 1967; Charlson and Pilat, 1969; Haywood and Boucher, 2000, Charlson et al., 1992). Aerosol particles
that act as cloud condensation nuclei cause changes in droplet number affecting the
albedo and persistence of clouds; these are respectively termed the “Twomey (first)
and the cloud lifetime (second) aerosol indirect effects” (Warner, 1968; Twomey, 1974;
Albrecht, 1989; Lohmann and Feichter, 2005). The Twomey effect refers to the aerosolinduced increase in cloud number droplet for a constant liquid water content whereas
the cloud lifetime effect is a result of the reduced precipitation efficiency of the more
numereous smaller cloud droplets. Absorbing aerosol has also been shown to cause
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local warming of the atmosphere, which may result in stabilisation of the sub-cloud
layer, and large-scale burn-off of clouds. This has been termed the “semi-direct effect”
(Fischer and Grassl, 1975; Hansen et al., 1997; Ackerman et al., 2000; Johnson et al.,
2004).
The aerosol indirect effect is currently credited with the greatest range of uncertainty
amongst the known causes of radiative forcing (Ramaswamy et al., 2001); this range
is stated as being around 4 times the uncertainty associated with forcing by radiatively
active gases. That its absolute magnitude may be comparable to that from radiatively
active gases necessitates greatly improved quantification of the factors affecting and
contributing to the aerosol indirect effect.
The primary tool at our disposal for assessing aerosol effects on clouds and future
climate states is the general circulation model (GCM). These models are required to
describe a large number of coupled processes which, because of the enormous range
of spatial and temporal scales that need to be addressed, and the associated computational burden, must to a large extent be simplified (e.g. Lohmann and Feichter,
2005). The difficulty in meaningfully incorporating a realistic description of aerosolcloud interactions into GCMs should not be underestimated. Large scale models have
difficulty in representing convection and clouds, which are typically parameterised as
subgrid processes. Therefore, their ability to represent the macroscale features of
clouds (spatial coverage, depth, hydrometeor content) is itself a challenge. In addition,
they cannot represent the magnitude of the updraught velocities which may have an
important bearing on the local microphysical cloud properties (droplet number, effective
radius etc.) The cloud-scale updraught velocity relevant for cloud droplet activation is
usually approximated, either by assuming a Gaussian distribution or relating subgridscale fluctuations to the turbulent kinetic energy (Ghan et al., 1997; Lohmann et al.,
1999). It is not the intent of this article to investigate the broad question of dynamical
cloud systems, their effect on radiation and the incorporation of these, and other coupled effects into large-scale models. Neglect of these problems is not a reflection of
their relative importance in cloud radiative forcing. The main purpose of this review is
8510

5

10

15

20

25

to identify one particular and important aspect of the aerosol indirect effect, namely,
the properties of aerosol which dominate their activation in warm clouds. This aspect
of the indirect effect is accessible to investigation by observations alone. For example,
the relationships between droplet number (Nd ) and aerosol number (Na ) and between
effective droplet radius (ref f ) and Na may both be directly probed.
This article will review the currently-available observational evidence for the compositional complexity of atmospheric aerosol and the derived properties of their size and
composition distributions that are thought to affect their ability to act as cloud condensation nuclei (CCN). An increasing body of evidence suggests that the complexity of
atmospheric aerosol may preclude realistic treatment of cloud formation using the levels of simplification incorporated into all large-scale models (and even most processlevel descriptions). The frequent assumptions of an externally mixed inorganic salt
aerosol appear not to be applicable even in the most pristine regions. Even this description is more complex than that employed in many climate models (Wilson et al.,
2001; Gong and Barrie, 2003). Long-range transport of polluted plumes lofted into
the free troposphere followed by sporadic re-entrainment (Clarke et al., 1999) ensures
that remote regions are not always free from anthropogenic influence (certainly in the
Northern Hemisphere) – and cloud formation in these regions may be particularly sensitive to such input. In addition, the rich variety of natural primary and secondary
sources can also lead to a level of complexity, not broadly appreciated until recent
years largely resulting from the numerous organic species contributing to the aerosol
burden (Kanakidou et al., 2005). More obviously polluted air such as that originating
from densely-populated continental regions (or regions otherwise influenced by human
activity, e.g. biomass burning) are frequently heavily laden with an external mixture of
internally-mixed multicomponent aerosol distributions (see Sect. 3.2.3).
It might be expected that cloud droplets forming in rising air parcels containing such
burdens of multicomponent aerosol may not behave in the same way as those formed
by the activation of simple salt particles. A range of techniques have been used to describe how aerosol particles behave as relative humidity approaches and then exceeds
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saturation. A summary of the fundamental theoretical approaches used to investigate
droplet activation is presented, ranging from relatively well-established conventional
application of Köhler theory to recently developed theoretical and laboratory-based extensions reflecting the increased aerosol complexity (Shulman et al., 1996; Kulmala
et al., 1997). The effects of such extensions are discussed and the relative importance
under a range of conditions assessed (Sect. 4).
There have been recent attempts to reconcile field observations of aerosol composition with those of derived properties related to cloud activation. Such studies may
be broadly categorised as “hygroscopic growth closure”, “CCN closure” and “droplet
number closure” investigations. The difficulties associated with each level of closure
are different and the droplet number closure is significantly more difficult. An appraisal
of these difficulties and the current status of progress in such studies are reviewed in
Sect. 5.
This paper therefore aims to examine the state-of-the-science to establish i) the dominant characteristics of atmospheric aerosol (in so far as they may influence cloud activation) ii) which aerosol properties should be most accurately captured to investigate
cloud formation iii) how these properties can be represented at a detailed process
level iv) whether current representations of these properties in larger scale models
can adequately capture the important behaviour of the aerosol and v) how improved
representations may be developed to investigate aerosol effects on cloud formation.
Suggestions of which properties should be captured to enable accurate representation
of aerosol effects on cloud formation follow from this examination.
A final note on the scope of this article: whilst the effects of atmospheric aerosol
properties on warm cloud activation are subject to significant uncertainties, those surrounding the roles of aerosol particles as ice nuclei (IN) are much greater still. The
article will therefore be limited to warm clouds and will not attempt to consider mixedphase or cold clouds.
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Theory of activation of aerosol particles in warm clouds

The description of the equilibrium size of a droplet with water saturation ratio, founded
on the early work of Köhler (1936), is now well-established and can be readily derived
from the Clausius-Clapeyron equation modified to give a general equilibrium relation
between an aqueous salt solution droplet and water vapour:


e
2
= aw expKe = aw exp
(1)
es
RT r
where e
is the vapour pressure of water,
es is the saturation vapour pressure of water,
(e/es = S, is known as the saturation ratio),
aw is the water activity,
Ke is the Kelvin factor,
vw is the partial molar volume of water,
σsol /v is the surface tension of the solution at the composition of the droplet,
R is the universal gas constant,
T is the droplet temperature,
r is the particle radius.
This form of the Köhler equation is not generally accessible to analytical solution
and a number of texts (Rogers and Yau, 1989; Pruppacher and Klett, 1997; Chýlek
and Wong, 1998; Seinfeld and Pandis, 1998) provide standard derivations to yield the
simplified form of the Köhler equation:
S=

e
A B
≈1+ −
es
r
r3
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and B=

(2)
i ms Mw
,
Ms (4/3πρw )

where i is the van’t Hoff factor, representing the

number of dissociated ions per solute molecule, ms is the the solute mass and sub8513

scripts s and w relate to solute and water properties, respectively. The term in A is
denoted the Kelvin or curvature term, and that in B, the Raoult or solute term.
This latter form of the equation assumes that the droplet behaves ideally, i.e. that the
practical osmotic coefficient of the salt, φ=1, where


i ns
aw = exp −
φ
(3)
nw s
and that the number of ions in solution is independent of solution concentration. Equation (2) further assumes that the solute is completely soluble and it implicitly follows that
the solution droplet is assumed homogeneous – that the composition is independent of
distance from droplet centre. It is further assumed that the surface tension and density
of the growing droplet are equal to those of water. In addition to the assumptions relating to physico-chemical properties of the activating particles which may be more or
less accurate depending on the supersaturation, there are numerical approximations
such as that associated with the Taylor series expansion of the exponential which limit
the range of applicability of Eq. (2). Figure 1 shows the contribution of the Kelvin and
Raoult terms to the activation behaviour of a 200 nm dry diameter ammonium sulphate
particle.
This form of the expression shows a single characteristic maximum in supersaturation for a given dry composition and size, known as the critical supersaturation, Sc ,
associated with a unique size, denoted the critical radius, rc or diameter, Dc . Using the
simplified expression (2), the analytical solutions for the critical quantities are:
 1/2
3B
rc =
(4)
A
Sc =

4A3
27B

!1/2
(5)
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For an increasing environmental value of S below Sc there is a unique equilibrium
droplet size. Once the droplet grows beyond its critical size (i.e. as the environmental S
increases above Sc ) the droplet will exhibit unimpeded growth unless the environmental
S reduces below the equilibrium value of S at the instantaneous value of r. In this case,
with no further change in S, the droplet will evaporate to its sub-critical equilibrium size.
The Köhler expression can be envisaged as the competition between the two expressions of component properties determining activation of particles; the curvature
term and the solute term. The solute terms depends first on the number of solution
molecules and then on the dissociation of these molecules. The effect can be illustrated for two frequently assumed cloud condensation nuclei types: ammonium sul−1
phate and sodium chloride. (NH4 )2 SO4 has a molecular weight of 132 gMol while
−1
that of NaCl is 58.5 gMol . Thus, in the absence of dissociation, a given mass of NaCl
in solution would yield 2.26 times more dissolved molecules than (NH4 )2 SO4 . Assuming full dissociation (infinite dilution), (NH4 )2 SO4 yields 3 ions while NaCl yields 2, so
the net effect of the molecular mass and dissociation (van’t Hoff factor) is that NaCl
is 2.26/1.5=1.5 times more active than (NH4 )2 SO4 for the same dry mass of particle
(the Sc ratio is around 1.22 due to the square root dependence). This is illustrated
in Fig. 2 where the peak supersaturation is plotted versus dry diameter for particles
comprising each electrolyte. This figure directly illustrates the significant differences in
the critical supersaturation as a function of both the chemical composition and dry size
of a particle (Raoult and Kelvin effects).
It is clear that the atmospheric aerosol does not solely comprise suspended completely soluble inorganic salt solution particles. A relatively minor and straightforward
modification to the Raoult term was reported by Hänel (1976) to allow explicit consideration of internally mixed completely insoluble inclusions:
S=

εi ms Mw

(6)

Ms (4 /3 πρw )

where ε is the soluble mass fraction of the dry particle.
8515

Figure 3 shows the form of activation curves for a range of particles of varying dry
diameter and initial soluble mass fractions. A discussion of more rigorous treatments
of limited component solubility is presented in Sect. 4.1.
3
5

10

The composition and properties of atmospheric aerosol relevant to the indirect effect

Suspended particulate material in the atmosphere is highly variable. Atmospheric
aerosol particles cover four or five decades in size from a few nanometers to several tens or even hundreds of microns and the loading and composition are extremely
source and location dependent. Studies of cloud formation invariably rely on a simplified model of input aerosol composition distributions. The specific description is
dependent on the particular atmospheric scenario. This section presents an overview
of the characteristics of atmospheric aerosol as they relate to cloud droplet activation.
3.1 Characteristic size and composition of atmospheric aerosol
3.1.1 Size distributions of ambient aerosol
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It can be seen from Figs. 2 and 3 that the activation of aerosol particles is strongly
dependent on the dry size. For any given composition and supersaturation (which is
directly proportional to updraught velocity), whether a particle activates is solely dependent on its dry size. At constant updraught velocity, a distribution of such particles of
varying sizes will activate if their corresponding critical supersaturation is achieved. In
reality, depending on their composition, the largest particles may not actually activate,
but may be large enough to be considered as droplets. As more particles activate and
grow, they will compete for available water vapour. The supersaturation will continue
to rise above cloud base but will slow as growing droplets scavenge the water vapour
and relatively fewer additional (smaller) aerosol particles will activate. When supersaturation sources and sinks balance, the peak supersaturation is reached – usually
8516
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within a few 10 s of metres above cloud base. Following this point, the growing droplet
population will lead to a reduction in supersaturation. No new particles will activate and
the most recently activated droplets may evaporate. Only those which have reached
a certain size will survive and grow. A pseudo “steady-state” or quasi-equilibrium is
eventually reached for a constant updraught velocity where the decrease in saturation ratio by condensation to the droplet population and the increase in saturation ratio
owing to the updraught maintains a broadly constant supersaturation with increasing
altitude with the maximum just above cloud base. Numerous implementations of simple adiabatic cloud parcel models exist which describe heat transfer and mass transfer
of water vapour between an adiabatically cooling air parcel and the aerosol/droplet
population based on fundamental thermodynamic principles (see Howell 1949; Mordy
1959; Pruppacher and Klett, 1997; Seinfeld and Pandis, 1998).
Figure 4 demonstrates the predicted behaviour of an idealised lognormal (NH4 )2 SO4
−1
aerosol population with height above cloud base at an updraught velocity of 0.5 ms
using such a model. It clearly shows how the droplets activated from the larger classes
of aerosol continue to grow above the supersaturation maximum at the expense of the
smaller classes of activated particle which evaporate to below their critical radius. The
model uses the form of the Köhler equation shown in Eq. (1).
Given this behaviour, it can be seen that both the number of particles in a given size
range and the gradient of the distribution in certain critical size ranges will determine
its activation behaviour moving into supersaturation. The Twomey (1959) analytical
solution to this problem:
!1/(k+2)
3/2
A(T, P )w
∗ k
∗
N = c(100 + S ) and S =
(7)
ckβ(3/2, k/2)
where c is proportional to the CCN concentration at 1% supersaturation, w is the updraught velocity, k is the slope parameter of the CCN size spectrum and N is the
number of nuclei activated at peak supersaturation S∗, indicates the relative sensitivity
of activated drop number to aerosol size distribution parameters. A(T, P ) is a function
8517

of temperature T and pressure P and β is the complete beta function. Although the
analysis assumes a Junge power-law distribution, the essential features of sensitivity
to size parameters and updraught is evident. For example, drop activation is increasingly more sensitive to updraught velocity when size distributions have larger values
of k (steeper decreases in concentration with increasing size). Conversely, at smaller
values of k, N is determined primarily by c (Twomey, 1977). Jaenicke (1988) pointed
out that the power-law representation of the CCN spectrum may not be realistic, particularly for a multi-component aerosol population. Theoretical analyses of activation
in terms of lognormal size distributions have been reported by Cohard et al. (1998);
Feingold (2001, 2003); Rissman et al. (2004); Abdul-Razzak et al. (1999) and experimentally determined (e.g. Martinsson et al., 1999).
The updraught velocity can range from around 0.1 ms−1 in stratiform clouds to in
excess of 15 ms−1 in deep convective or orographically-forced clouds. The supersaturations associated with such a range in updraught velocity mean that fully soluble
particles of greater than ∼40 nm diameter may activate under certain atmospheric circumstances. Studies of low clouds have found minimum activated diameters ranging
from 40 to 140 nm (Komppula et al., 2005; Hoppel et al., 1996; Leaitch et al., 1996,
Flynn et al., 2000). Smaller particles might be activated in the strong updrafts of vigorous convection, especially in unpolluted environments. The activation of particles
above this dry size threshold is a strong function of both the supersaturation and the
form of the size and composition distribution. A primary limitation of the approach of
Twomey is that it does not account for the multi-component size and composition of the
CCN population.
3.1.2 A practical illustration of the dynamic competition effects of a simple multicomponent aerosol population
The Twomey equation, and most others developed to link number of activated droplets
to a sub-cloud aerosol concentration, make some basic assumptions: i) that the aerosol
type is relatively homogeneous and ii) that an increase in available CCN leads to a
8518
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monotonic increase in cloud droplet concentration (for example Hegg, 1984; Jones
et al., 1994; Boucher and Lohmann, 1995; exceptions are the parameterisation of
Ghan et al.; 1998 and Feingold, 2001). Such assumptions may hold for a single component aerosol but not for an aerosol of significantly different multiple components. The
breakdown of these assumptions was well illustrated by Ghan et al. (1998) and O’Dowd
et al. (1999) for typical maritime cloud conditions.
O’Dowd et al. (1999) conducted parcel model simulations of the impact of increasing
CCN concentrations on cloud droplet concentration using typical marine sulphate and
sea-salt size distributions and found that an increase in cloud droplet concentration
did not necessarily follow as the CCN population increases. The aerosol properties
were described by three modes; one sulphate mode with a modal diameter of 150 nm
and a geometric standard deviation, σg of 1.4; a film drop sea-salt mode with modal
diameter of 200 nm and σg of 1.9 and a super micron mode of 2 µm and σg of 2. The
amplitude of each mode was varied within the frequently observed constraints that the
amplitude of the sulphate mode is typically greater than those of the sea-salt modes
and the amplitude of the film drop mode is always significantly greater than that of the
jet drop mode. Simulations were conducted for scenarios where the sulphate aerosol
concentration was varied under a range of fixed sea-salt conditions. Sea-salt CCN
−3
were added to the population with the base case of 3 cm , increasing to a maximum
−3
of 57 cm sea-salt particles.
−1
The simulations results are shown in Fig. 5 for updraughts of 0.1 ms and 0.175
−1
ms . For low sulphate CCN concentrations, the addition of sea-salt CCN increases
the number of activated droplets significantly while for high sulphate concentrations,
the number of activated droplets decreases significantly. For the higher updraught, the
point at which the result of the addition of sea-salt nuclei switches from an increase to
a decrease in droplet concentration reduces for the higher updraught and the impact
of the reduction in droplet concentration increases for increasing updraught.
The main processes driving this phenomenon are (1) sea-salt CCN are typically
larger than sulphate CCN; (2) for a given size, sea-salt is more active as a CCN than
8519
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sulphate; (3) although the relative concentration of larger sea-salt CCN is significantly
lower than sulphate CCN, they contribute to a significant reduction in the peak supersaturation reached in cloud and thus inhibit the activation of sulphate nuclei. This
example demonstrates that for even simple two-component aerosol systems the dynamic competition is quite complex and non-linear and that the effect of increasing
the availability of CCN does not necessarily lead to an increase in cloud droplet concentration. Similar non-linearities are evident in the effects of composition on droplet
activation and caution should be exercised in translating a composition change to an
equivalent change in drop number concentration (Ervens et al., 2005). The results of
such responses are strongly dependent on water vapour supply (i.e. updraught) and
condensation rates (dependent on size distribution and composition).
The activation of seasalt and sulphate in marine stratiform cloud described in this
section is a particularly simple case in terms of both composition and the limited range
of updraught velocity. Ambient aerosol size distributions are highly variable from location to location. The reader is referred to a range of review articles for a broad and
detailed characterisation of these properties (e.g. Whitby, 1977; Van Dingenen et al.,
2004).
Figure 6 shows representative average distributions in a variety of locations. Most
particles greater than 200 nm diameter with moderate amounts of soluble material
will activate under reasonable supersaturations. Assuming that those particles greater
than 200 nm in Fig. 6 are moderately soluble, it can be seen that the sizes critical to determining the droplet number in an aerosol population fall in the range with significant
contributions from both Aitken and accumulation mode particles (around 100 nm diameter). It is therefore necessary to capture the features of the aerosol size distribution
in both modes in order to realistically describe cloud activation behaviour, (Martinsson
et al., 1999). The following sections investigate further properties of real atmospheric
aerosol and the potential impacts of these properties on cloud activation.
It should be noted that, the critical size range for cloud activation of about 50 to
150 nm is not accessible to most optical sizing instruments, but may be probed by
8520

mobility instruments. This significantly reduces the amount of data available at cloud
altitudes because mobility analyses can be challenging on aircraft due to the time required to scan a size distribution.
3.1.3 Relative importance of size distribution, composition and updraught
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Feingold (2003) performed a sensitivity analysis comparing aspects of the relative importance of aerosol size and composition, in so far as both properties affect activation,
using a cloud parcel model. Input aerosol size distributions (parameterised as lognormal functions described by Na , rg , σg ), and prescribed updraught velocities, w, were
varied over a large range of parameter space. Aerosol composition was represented
in a simplified fashion by considering an ammonium sulphate and insoluble mix, and
varying the mass fraction of ammonium sulphate, , over the range 0.1 to 1.0. The output was then used to examine the relative sensitivity of cloud drop size to the various
input parameters. Here we repeat this analysis for sensitivity of drop number concentration Nd . The sensitivities are defined as S(Xi )=∂l nNd /∂l nXi where Xi is one of
Na , rg , σg , w or ε). In this form, values of S(Xi ) can be compared with one-another
to assess their relative importance. Values of S(Xi ) for conditions similar to Feingold
(2003) are given in Table 1.
−3
Under clean conditions, arbitrarily defined as Na <1000 cm , S(Na ) is close to its
theoretical upper limit of 1, indicating a high level of in-cloud activation. Sensitivity
to rg and σg under clean conditions is approximately the same (although opposite in
sign) whereas S(w) is small. Under polluted conditions, the relative influence of rg ,
σg and w on Nd increases significantly while S(Na ) decreases in importance. S(ε)
is relatively small compared to the other terms, although we caution that this term
only reflects composition changes associated with the fraction of soluble material. The
signs of S(X i ) are as expected; specific mention is made of S(σg ) which is negative
because the tail of the distribution at large sizes results in activation of larger drops,
and suppression of supersaturation which tends to suppress Nd . This combination of
effects makes S(σg ) quite large, particularly under polluted conditions when the larger
8521

particles are abundant (e.g. O’Dowd et al., 1999, Sect. 3.1.2).
Although the effect of composition is treated extremely simply, the relative insensitivity of cloud droplet number to composition illustrates that the aerosol size must be
captured as a primary pre-requisite. The sensitivity to the compositional complexities
should only be investigated in the knowledge that the size and number information is
likely to be equally important (or moreso). It should be noted that the treatment of
composition does not address the sensitivity to composition changes with size and to
varied composition at any one size; evidence for the prevalence of both being provided
in the forthcoming sections. The sensitivity of activation and cloud droplet number to
more detailed aspects of aerosol composition is discussed in Sect. 4.2.
3.1.4 The composition of ambient aerosol
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Until recently, the vast majority of cloud modelling studies have conventionally assumed, implicitly or explicitly, that the soluble material in aerosol particles comprises
inorganic components. The emerging complexity of ambient aerosol requires that this
description is revisited.
It must be remembered that droplet activation is dependent on the number distribution of particles of a given type and not directly on the mass distribution. Composition
is also likely to be important only in a limited size range: particles smaller than about
40 nm diameter are unlikely to activate into cloud droplets regardless of their composition and sufficiently large particles will almost always contain enough soluble material
to activate. To predict droplet activation it is necessary to determine size-resolved
composition in the 40 to 200 nm size range coupled to information about the mixingstate of the population. No single technique can currently provide all this information.
This section reviews the available evidence for the composition of ambient particles
from a range of studies and techniques. From combinations of these sources it should
eventually be possible to adequately describe the aerosol composition distribution for
purposes of CCN and possibly droplet number prediction.
Offline analyses of bulk particulate material collected by filter pack and impactor sam8522
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pling have conventionally been used to determine aerosol mass composition. Applied
analytical techniques can provide information ranging from detailed molecular speciation to aggregate lumped chemical functionality. These techniques have recently been
supplemented by online instrumentation which may provide additional information to
that available from offline techniques. Some online instruments provide single particle
composition information and hence information about which components co-exist in
the same particles; their chemical mixing state. Others may provide component mass
loadings with high size and time resolution. However, online techniques cannot currently provide as much detailed speciation information as may be available from offline
techniques.
3.1.4.1 Offline bulk measurements showing the complexity of the atmospheric aerosol
composition
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This section presents such features of aerosol composition (organic and inorganic)
which may be gained from offline analyses as relate to cloud activation, without attempting an exhaustive review. A summary of some available size segregated chemical
compositions is also provided in a form suitable for cloud modelling purposes.
Despite the wide range of sampling and analytical techniques that have been employed, characterisation of aerosol chemical composition as a function of size is often
still incomplete (Putaud et al., 2004). The chemical composition is diverse, complex
and variable with location and condition. The particles comprise many inorganic and
organic compounds ranging in solubility, density and, surface tension. Thus, comprehensive papers about the aspects of the chemical composition relevant to cloud formation are rare. In order to use Eq. (2), the chemical composition must be “translated”
for cloud modelling purposes into concentration of molecules (organic and inorganic)
dissolved in cloud droplets, total insoluble mass and, if present, the concentration of
some “critical” species with limited solubility (or slightly soluble species). The degree
of dissociation and pH may also be needed (Laaksonen et al., 1998; Lohmann et al.,
2004); this is addressed further in Sect. 4. It should be noted that there are excep8523

tions to these requirements when Eq. (1) is used, depending on how water activity is
evaluated, see Sect. 4.4.
Soluble inorganic components are relatively well understood; the majority comprising
a few inorganic salts (Heintzenberg, 1989), which are relatively well-characterised in
terms of their hygroscopic properties (Clegg et al., 1998; Ansari and Pandis, 2000). The
insoluble inorganic fraction can also be important (as in the case of dust aerosol from
urban or natural sources) and many different component or element measurements
are available. However, this information is difficult to directly interpret in terms of total
insoluble mass.
Organic matter has been shown to represent an important fraction of the aerosol
mass in different environments, and is routinely measured by means of thermal techniques (Liousse et al., 1996; Jacobson et al., 2000; Putaud et al., 2004). Organic
carbon (OC) and Elemental carbon (EC) (or black carbon (BC)) are reported in terms
of carbon mass and the transformation to aerosol mass is problematic without knowing
the main chemical C structure (Turpin and Lim, 2001; Russell, 2003). The assumption that BC belong to the insoluble fraction of the aerosol has been questioned by
recent experiments showing that thermally refractory fractions of TC can be efficiently
extracted with water (Yu et al., 2004; Mayol-Bracero et al., 2002). Furthermore, OC/BC
concentrations are strongly size dependent.
Experimental studies indicate that, in addition to the inorganic components, watersoluble organic compounds (WSOC) in atmospheric aerosol particles are also potentially important in clouds, and the organic partitioning between water droplets and insoluble material is crucial (see for example Facchini et al., 1999b; Jacobson et al.,
2000; Kiss et al., 2001; Maria et al., 2003). WSOC, as opposed to inorganic aerosol
components, comprise hundreds (or even thousands) of individual species (Saxena
and Hildemann, 1996; Maria et al., 2004; Hamilton et al., 2004; Murphy, 2005; Kanakidou et al., 2005), each contributing a small fraction of the mass. Several studies of
aerosol WSOC concentration and composition have been carried out (Zappoli et al.,
1999; Facchini et al., 1999b; Kiss et al., 2001, 2002; Mayol-Bracero et al., 2002; Cavalli
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et al., 2004a,b; Putaud et al., 2004; Sullivan et al., 2004; Xiao and Liu, 2004). Molecular level identification and analysis is the traditional goal of aerosol organic analysis
(for example IC: Falkovich et al., 2005; IEC-UV: Schkolnik et al., 2005; GC-MS: Graham et al., 2002; Pashynska et al., 2002; Carvalho et al., 2003; Ion et al., 2005), but
such individual component approaches only account for a small fraction of the total
aerosol and a long list of compounds present in very small concentration is usually
provided. In addition to the analytical procedure, bulk sampling techniques which are
frequently employed for such analyses are inappropriate for cloud activation purposes
and size-segregated determination is necessary (Carvalho et al., 2003; Matta et al.,
2003; Cavalli et al., 2004b; Putaud et al., 2004; Falkovich et al., 2005).
The representation of aerosol composition therefore presents a dilemma; it is evident that the aerosol WSOC cannot be correctly represented by molecules accounting
for only a small fraction of the total carbon mass, but a representation of participating
species is required for a fundamental prediction of cloud activation. Frequently, due to
the its complexity, the WSOC chemical composition is reduced for modelling purposes
to one or two “representative” species or surrogate molecules selected from the long list
of compounds detected in the atmosphere. However, due to the complexity of WSOC
and the wide range of physical properties relevant to activation, an arbitrary choice of
representative compounds can fail in reproducing relevant physical and chemical properties. For the above reasons, a “realistic” representation of WSOC is necessary for
cloud modelling purposes, but it is difficult to achieve through any individual analytical
methodology or by choosing surrogate chemical compositions from a list of compounds
detected in the aerosols.
Functional group analytical techniques provide an alternative approach to traditional
individual compound speciation methods. These techniques analyse the different types
of chemical structures (as for example total carboxylic groups, total carbonyls, etc.), but
provide little or no information on the individual molecules (Decesari et al., 2000; Maria
et al., 2002). Functional group methods have sometime been coupled to extractionclassification or separation techniques, providing a more comprehensive description of
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OC and being able to account for up to 90% of the WSOC mass (Decesari et al., 2001;
Varga et al., 2001). In particular, in the functional group analysis approach proposed
by Decesari et al. (2000), WSOC is separated into three main classes of compounds:
neutral compounds (NC), mono- /di-carboxylic acid (MDA) and polycarboxylic acids
(PA). Quantitative measurements of WSOC by Total Organic Carbon (TOC) analyser
and of proton concentration of the main functional groups contained in each of the
three above mentioned classes by Proton Nuclear Magnetic Resonance (HNMR) can
be used to formulate a set of a few “model” compounds representative of the whole
WSOC (Fuzzi et al., 2001). A systematic technique for deriving model compounds
for biomass burning aerosol collected in the Amazon has recently been submitted for
publication (Decesari et al., 2005b). Since the model compounds derived in this way
reproduce quantitatively the average chemical structure of WSOC it can be argued that
they may be used as best-guess surrogates in microphysical models involving biomass
burning aerosol. Likewise, model mixtures of WSOC for many different types of aerosol
in a range of locations are available or their definition is in progress:
. Urban aerosol, Bologna, Italy (Matta et al., 2003; Fuzzi et al., 2001),
. Dust aerosol, Monte Cimone, Italy (Putaud et al., 2004),
. Clean marine aerosol, Mace Head, Ireland (Cavalli et al., 2004b),
. Biomass burning aerosol, Rondonia, Brazil (Decesari et al., 2005b),

20

. ACE Asia, Chinese outflow, Gosan, Jeju Island, Korea (Topping et al., 2004),
. Boreal forest aerosol, Hyytiälä, Finland (Cavalli et al., 2004a; Decesari et al.,
2005b).

25

In summary, only a few studies have provided information concerning both inorganic
and organic aerosol chemical composition which can be directly used by cloud models.
These papers provide a comprehensive description of the chemical composition of
different aerosol types as a function of size (Chan et al., 1999; Zappoli et al., 1999;
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Pakkanen et al., 2001; Putaud et al., 2000; Temesi et al., 2001; Maria et al., 2003;
Sellegri et al., 2003; Cabada et al., 2004; Chio et al., 2004; Sardar et al., 2005).
Section 6.1 presents results from such analyses as described above from a variety
of locations worldwide.
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3.1.4.2 Online techniques
Whilst useful detailed chemical composition information may be obtained by bulk sampling and offline analysis, there are notable drawbacks to the approach. Coe and Allan
(2005) have reviewed a range of online mass spectroscopic methods which have been
developed over the last decade. These fall into two principal types. The first are laserbased systems that ablate single particles and obtain a mass spectral fingerprint of
a single particle. These instruments, reviewed in detail by Noble and Prather (2000),
offer a method of probing the mixing state of aerosol particle but at present cannot
deliver quantitative assessments of the mass of individual components. The second
type uses thermal volatilisation to vaporise the particles followed by electron bombardment to ionise the neutral gas. This latter method, to-date most widely employed in
the Aerodyne Aerosol Mass Spectrometer (AMS), was first described by Jayne et al.
(2000). It is able to provide mass loadings of non refractory components in the submicron range and deliver mass size distributions of key species type, Jimenez et al.
(2003) first demonstrated the methodology for mass quantification and Allan et al.
(2003b) described the errors. A principal constraint of this approach has been the
limited availability of single particle (and hence mixing state) information.
3.1.4.2.1 Online measurement techniques providing ensemble mass composition distributions
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A large number of field experiments have now been carried out with the Aerodyne AMS
in a wide variety of different sampling environments. In urban environments across
North America and Europe (Allan et al., 2003a; Drewnick et al., 2004b; Boudries et al.,
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2004; Alfarra et al., 2004; Zhang et al., 2005), the sub 100 nm diameter particles are
dominated by organic material which has been correlated with combustion sources
(e.g. Allan et al., 2003b). Even in locations with large sulphate sources and significant nucleation of sulphuric acid, the organic fraction of the sub 100 nm particles
approaches 90% (Zhang et al., 2005). Where photochemistry is efficient, inorganic
species are also observed at these smaller sizes suggesting condensation is occurring onto these freshly produced particles (e.g. Zhang et al., 2005; Alfarra et al., 2004),
increasing their hygroscopicity. The mass spectral fingerprint of these aerosols demonstrates that they are principally hydrocarbon-like in nature and, so far as AMS fragmentation is concerned, can be represented by lubricating oil and fresh diesel exhaust
(Canagaratna et al., 2004). The high organic content at sizes around the droplet activation threshold suggests that the effect of organics on warm cloud activation may
be much larger than their contribution to the overall mass budget of submicron particles. However, even in urban environments the largest fraction of the non refractory
particle mass arises in the accumulation mode and is composed of organic and sulphate aerosol which from their modal and temporal behaviour can be considered to be
largely internally mixed (Alfarra et al., 2004). This inference about the mixing state may
be important for the activation of accumulation mode particles.
Further from the source region the sub 100 nm becomes less important and the
aerosol population in the regional background in many mid latitude continental regions
becomes dominated by the accumulation mode composed of organic and sulphate
components, which show a widely varying ratio of between around 0.2 and 0.8 depending on source. Where sulphate is buffered by adequate ammonium, or sulphur
sources are few, ammonium nitrate is observed in the same mode (Alfarra et al., 2004;
Allan et al., 2003a); this is more common in the western parts of North America and in
Western Europe. Measurements using the AMS in the background atmosphere have
so far been limited to the Northern Hemisphere mid-latitudes between 30◦ and 60◦ N
but at all locations a single mass mode centred at between 350 and 400 nm diameter
and comprising organic and acidified sulphate aerosol has been observed (Allan et al.,
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2004 (northern California); Topping et al., 2004 (Jeju Is., Korea); Schneider et al., 2004
(Crete)). The Allan et al. (2004) and Topping et al. (2004) studies show that even in
marine environments the organic-acid sulphate aerosol usually dominates the mass
loading of the accumulation mode below 500 nm but at larger sizes sea spray derived
aerosol is increasingly important and dominates in the supermicron size range, Unpublished results from a mountain station in the Swiss Alps have shown that whilst nitrate
and organic material dominates particulate driven up to the site by orographic winds,
acidified sulphate aerosol dominates in the lower free troposphere, though organic material is also present. Bahreini et al. (2003) measured high acid sulphate loadings in
multiply stratified layers in the lower free troposphere during ACE-ASIA using an airborne AMS; unfortunately the low signal to noise of the instrument used prevented the
measurement of the organic component. Figure 7 shows the average size distributed
mass loading of the key non refractory components of submicron aerosol measured by
AMS at a range of sites from urban sources to the remote continental background.
The mass spectral fingerprints of the organic fraction of the background continental
accumulation mode aerosol are very similar from site to site. Zhang et al. (2005) have
developed a two component approach to interpretation of the AMS mass spectra that,
for localities in regions of fresh or aged pollution sources appears to account for over
90% of the variance observed. For northern mid-latitudes, where most of these analyses have been conducted, the characteristic component mass distributions in more
aged airmasses show that the accumulation mode organics are largely present in almost identical modal sizes as inorganic components – i.e. that they have some degree
of internal mixing. It is precisely these airmasses which show the mass fragmentation
patterns with a characteristically high degree of oxygenation. This implies that, when
present, the oxygenated organics may be approximated as internally mixed with the
accumulation mode inorganics. In contrast, urban-influenced air, exhibiting mass distributions with an essentially externally-mixed high Aitken mode organic contribution
are those airmasses with a more hydrocarbon-like fragmentation pattern. The mass
of such organics may probably be apportioned by number to the Aitken mode distri8529
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bution: HTDMA studies (see Sect. 3.2.1) confirm that this is frequently the case in
urban-influenced air with the observation of a separate externally-mixed less hygroscopic or even hydrophobic mode. Unfortunately, this representation of the aerosol
distribution around the threshold dry size for droplet activation is highly complex and at
any size where the Aitken and accumulation modes overlap, one is likely to find an external mixture of hydrocarbon like, organic dominated, low hygroscopicity particles and
oxygenated organic compounds largely co-existing in the same particles as the inorganic components. The number ratio of these particle populations will change with size
as the local Aitken and background accumulation mode contributions vary. An AMS,
fitted with a Time of Flight Mass Spectrometer, has been shown to be able to provide
quantitative measurement of single particle chemical composition as a function of size
for the non-refractory component of the particles with mass loading in agreement with
a quadrupole version of the same instrument (Drewnick et al., 2004a). This and other
similar advancements may enhance our future capability to interpret aerosol-cloud interactions.
3.1.4.2.2 Online measurement techniques providing single particle information

20

25

Online single-particle techniques may exhibit many of the same intrinsic advantages
as those described above. In addition they can provide single particle mixing-state
information at diameters close to the activation threshold dry radius, single particle
cluster ensemble information and, using upstream separation, single particle information on droplet residuals and interstitial aerosol to derive number scavenging ratios by
composition.
On-line single particle measurements have been made of tropospheric particles
larger than about 0.15 µm diameter: a little larger than the sizes where particle composition is most important for activation. Except in a few source regions, most tropospheric particles contained at least some of both organics and inorganic materials. For
example, in Atlanta 70 to 99% of the measured particles contained organics and 90 to
98% contained sulphate (Lee et al., 2002). Even in a very clean marine boundary layer
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the majority of the particles contained both sea salt and organics (Middlebrook et al.,
1998). Indeed, it is extremely difficult to prepare pure sulphuric acid particles in the
laboratory without organic contamination (Middlebrook et al., 1997). Conversely, the
widespread oxidation of SO2 to H2 SO4 in the atmosphere followed by condensation
onto particles ensures that any particle that has spent much time in the atmosphere
has acquired at least a small percentage of sulphate.
Figure 8 shows that a large fraction of particles throughout the troposphere contain
both sulphate and organics. This does not imply that the particles in a given volume
of air are all uniformly mixed, just that most contain measurable amounts of both organics and ionic species. The similarity of the organic peaks from one mass spectrum
to the next suggests that most particles contain a mixture of organics as well. Entropy
also provides a thermodynamic incentive for at least some of the thousands of organic
compounds to mix together in single particles. The single particle data are quite consistent with mountaintop tandem mobility analyser data. Nessler et al. (2003) reported
“Most of the time, the station was located in the free troposphere, and the shape of the
HTDMA spectra was primarily characterized by a narrow monomodal size distribution
(only 7% of the particles experienced a smaller hygroscopic growth than the particles
in the dominant mode). . . . Exceptions from this behaviour were limited to short time
periods when the station was influenced by local pollution due to construction work or
dust plumes from North Africa (Saharan dust).”
These measurements have definite implications for warm cloud activation. If almost
all particles contain some ionic species then completely hydrophobic particles will be
rare except in special regions. This is borne out by tandem differential mobility studies
(see Sect. 3.2.1). Even relatively small amounts of ionic material can allow the activation of organic particles (Ervans et al., 2004; Lohmann et al., 2004), see Sect. 3.2.1,
though the abundance and nature of organics will affect both equilibrium water content
and droplet growth kinetics (Sect. 4.1).
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3.1.4.3 Use of combinations of techniques
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It is evident that each of the techniques described above may provide distinct useful
contributions to our understanding of the effect of aerosol composition on droplet activation and that considerable advantage may be derived from simultaneous interpretation of data from combinations of offline and online composition analyses. Several
field studies have deployed impactor and AMS measurements of composition in a variety of locations. Topping et al. (2004) demonstrated that the AMS organic mass was in
agreement with both the impactor-derived submicron water soluble organic carbon and
total organic carbon, within experimental uncertainties in the clean and continentallyinfluenced marine boundary layer. However, given the methodology for extracting the
water soluble component is relatively vigorous, it may not be that the water extracted
organic carbon is in water solution in the ambient aerosol but may be concentrated at
the surface or be partially immiscible. These properties, whilst crucial for cloud activation are poorly understood at present (see section on theoretical treatment of limited
solubility, Sect. 4.1.3). McFiggans et al. (2005) likewise demonstrated that AMS- and
impactor-derived inorganic and organic aerosol loadings were of comparable magnitude in the polluted continental boundary layer. The authors combined the techniques
using mobility and aerodynamic sizing instrumentation to improve size and time resolution of the impactor-derived detailed organic functionality analyses. This was combined
with HTDMA analyses (see Sect. 3.2.1) to attempt to reconcile the composition and
sub-saturated water content (see Sect. 5.1) using a model incorporating the primitive
form of the Köhler Eq. (1) (see Sect. 4.4).
3.2 Measurements of derived properties of atmospheric aerosol particles and populations
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Derived properties directly relevant to cloud activation may be separated into those
which are intrinsic properties of the constituent particles of a population, depending
on their fundamental properties such as composition and size and those which are
8532
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composite distribution properties. We shall concentrate on two derived properties; i)
hygroscopicity, an example of the former and ii) the ability to act as a CCN, an example of a distribution-dependent property when provided as a CCN activity spectrum.
Though the composition mixing-state is not strictly a derived property, when probed in
terms of hygroscopicity it may provide useful information on the effect of the aerosol
distribution on cloud activation and is briefly considered here.
3.2.1 Hygroscopicity

10

15

20

25

5

10

15

20

25

The ratio of the diameter of a particle at a known elevated relative humidity (RH) to that
when nominally dry is the hygroscopic diameter growth factor (GFD ). Particle GFD values at RH below saturation are related to their CCN activation behaviour (Sect. 3.2.2)
through Köhler theory (Sect. 2) and hence are important in understanding the cloud
activation of aerosol particles. Furthermore, GFD measurements also provide insight
into the aerosol chemical mixing state.
Ambient GFD measurements are commonly determined using a Hygroscopicity Tandem Differential Mobility Analyser (HTDMA, Liu et al., 1978; Rader and McMurry,
1986). A size fraction, selected from the dried ambient aerosol with a Differential
Mobility Analyser (DMA, Liu and Pui, 1974) is exposed to well-defined elevated RH
in a humidifier and the grown equilibrium size distribution is determined by scanning
a second humidified DMA connected to a particle counter across an appropriate size
range. Inversion algorithms must be applied to the measured distributions to obtain the
effective growth distribution of the aerosol owing to the finite width of the DMA transfer
functions during dry particle selection and grown particle detection. Most widespread
are the TDMAFIT algorithm (Liu et al., 1978; Rader and McMurry, 1986) (Stolzenburg
and McMurry, 1988), accounting for the transfer function width of both DMAs and algorithms, where only the second DMA (and particle counter response) is inverted (Stratmann et al., 1997; Voutilainen et al., 2000; Collins et al., 2002). Recently, Cubison
et al. (2005) have introduced an alternative approach, where the TDMA measurement
is inverted into contributions from fixed classes of narrow growth factor ranges. The
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resolution of inverted growth distributions is limited by measurement uncertainties and
knowledge of the exact TDMA transfer function.
GFD values of individual aerosol compounds are summarised in Table 2. Inorganic
salts are highly hygroscopic with NaCl at the upper end of the growth scale. Nonhygroscopic particles include fresh mineral dust, fresh diesel engine exhaust (soot –
mainly elemental carbon and water-insoluble organic species, “WINSOL”) and fresh
petrol engine exhaust (WINSOL-dominated). Characterisation of the water-soluble
organic aerosol fraction is more complicated. Pure organic acids range from nonhygroscopic to GFD values similar to inorganic salts. However, GFD of ∼1.15 at 90%
RH, as observed for secondary organic aerosols formed in reaction chamber experiments and for humic-like substances, are probably more representative of organic
mixtures in aged atmospheric particles, except for urban aerosols, where WINSOL are
likely to be dominant. GFD values of biomass burning particles may be as high as
1.65 at 90% RH for highly efficient grate burners leaving only inorganic residue. However, particles from open or smouldering flames with significant amounts of organic
and elemental carbon are expected to have a smaller GFD .
An overview of growth modes of atmospheric aerosols observed in various environments is given in Table 3 for the upper Aitken mode size range (∼50–80 nm) and Table 4
for the lower accumulation mode size range (∼100–150 nm). These size ranges were
chosen to cover the critical size range for CCN activation in clouds. The trend is for 50
nm particles to be less hygroscopic than particles at 150 or 165 nm. For the studies
listed in the table the growth factor at about 150 nm averages about 0.1 larger than
at 50 nm. This may be because of greater organic content near 50 nm (see section
on bulk composition). Whatever the reason, less water uptake at smaller sizes implies
slightly less sensitivity of activation to updraught velocity, since a faster updraught that
activates more particles will encounter particles that are less hygroscopic. The compilations in Tables 3 and 4 are rather a reflection of ranges of observed values than a full
climatology. The tables contain the mean growth factor, the frequency of occurrence
and the fraction of total particles observed for the dominant and the second most im8534
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portant growth mode. Reduction of ambient growth distributions to two growth modes
may be an oversimplification in some cases, but many studies report only two modes,
and the actual growth distribution may often be reasonably well represented by two
growth modes in conjunction with corresponding growth spread factors.
Urban aerosols are often characterised by an external mixture (see Sect. 3.2.3) of
distinct modes of intermediately hygroscopic background particles and marginally hygroscopic particles from local emissions. The abundance of both modes is often similar
but varies strongly from location to location and as a function of time. GFD of the intermediately hygroscopic background particles tend to be somewhat smaller than the
dominant mode in continental polluted environments, indicating the hygroscopicity of
the background particles in urban areas is reduced by the presence of less hygroscopic
compounds.
Continental polluted aerosols have been investigated in many locations ranging from
near-urban to remote and hence the corresponding growth characteristics provided in
Tables 3 and 4 cover a wide range of air masses. The readily hygroscopic background
mode generally dominates continental polluted aerosols, though considerable fractions
of marginally hygroscopic particles may be found in proximity to urban areas. The
background mode is always present, whereas marginally hygroscopic particles are not
always found. There is some trend of decreasing fraction of marginally hygroscopic
particles with increasing distance from major anthropogenic sources, but they may
still be found after 5000 km or 5 days of transport (Heintzenberg and Covert, 1987).
The conditions and processes favouring the removal or transformation of marginally
hygroscopic particles are still to be elucidated.
Only a few HTDMA measurements of free tropospheric aerosols unaffected by recent anthropogenic influence are published for the Global Atmosphere Watch (GAW)
stations Izaña (Tenerife, 2367 m a.s.l.) and Jungfraujoch (Switzerland, 3580 m a.s.l.).
Values shown in Tables 3 and 4 include only periods where the stations were unaffected
by the mixed planetary boundary layer, and they exclude Sahara dust events connected
with externally mixed mineral dust particles as occasionally observed at the Jungfrau8535

5

10

15

20

25

joch station (Weingartner et al., 2001). The free tropospheric aerosol is dominated
by readily hygroscopic particles. Bimodal growth distributions with GFD ∼1.4 and ∼1.6
were frequently observed for Aitken mode particles at the Izaña station, whereas narrow growth distributions were characteristic for the Jungfraujoch station. The trend of
increasing growth factors from urban through continental polluted to free tropospheric
air masses indicates that, with the progression of atmospheric ageing processes, readily hygroscopic inorganic salts dominate moderately hygroscopic organic compounds.
This is consistent with the observation that accumulation mode particles are generally more hygroscopic than Aitken mode particles, indicating that the increased hygroscopicity of accumulation mode particles is mainly due to their increased fraction of
inorganic salts. Such dominance of inorganic compounds and low contribution of even
highly oxygenated organic components to equilibrium water content (and hence GFD )
in aged aerosol was also reported by McFiggans et al. (2005).
Biogenically dominated aerosols were investigated in the pristine Amazonian rain
forest. Corresponding values reported in Tables 3 and 4 exclude episodes of clear influence from biomass burning. These aerosols are dominated by organic compounds and
hence the growth factors are moderate. A minor fraction of marginally hygroscopic particles is occasionally present. Air masses influenced by recent or aged biomass burning showed increased hygroscopic growth factors of the dominant mode or presence of
externally mixed particles with larger growth factors, but a larger fraction of marginally
hygroscopic particles was also observed. This indicates that efficient biomass burning
releases readily hygroscopic inorganic residue, but that also marginally hygroscopic
particles are produced during the smouldering phase. Impacts of biomass burning
have been reported elsewhere showing both trends of increasing (Cocker et al., 2001)
and decreasing hygroscopicity (Carrico et al., 2005). Measurements in other locations with significant biogenic emission also show moderate hygroscopic growth factors associated with large organic aerosol fractions (Hämeri et al., 2001; Aklilu and
Mozurkewich, 2004; Carrico et al., 2005).
Hygroscopic properties of remote marine aerosols have been investigated in the
8536

5

10

15

Pacific, Southern, north-eastern Atlantic and central Arctic Oceans. Values given in
Tables 3 and 4 exclude episodes of significant anthropogenic influence. The aerosol in
remote marine environment shows mostly unimodal growth with growth factors larger
than in any other location. Observed growth factors are often between the growth
factors of pure sulphate and pure sodium chloride particles (cp. Table 2), indicating
internal or quasi-internal mixture of sulphate, sea salt and organics (see Sect. 3.2.3).
Externally mixed sea salt dominated particles with growth factors larger than two are
occasionally observed and are linked with high wind speeds on a regional scale with
a critical value of the order of 10 m/s. They are more frequent at larger sizes but they
are also found in the Aitken mode size range. Events of anthropogenic pollution were
linked with decreasing growth factors of the dominant mode and with occurrence of an
externally mixed marginally or moderately hygroscopic mode. Occasionally an externally mixed mode of moderately hygroscopic particles was reported in the absence of
anthropogenic influence in the pack ice covered central Arctic Ocean during summer
(Zhou et al., 2001) but the origin or composition of these particles remained unclear.
3.2.2 CCN measurement
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Measurement of the cloud condensation nuclei, or CCN, provides a direct estimation
of the propensity of aerosol to form cloud droplets. This propensity is reported as a
potential cloud droplet concentration, realized at a specified water vapour supersaturation, or as a supersaturation-dependent spectrum of potential droplet concentrations. The latter is commonly referred to as the CCN activation spectrum. With the
exception of the technique developed by Hudson (1989), CCN activation spectra are
obtained from step-wise scans of the imposed supersaturation and presented as cumulative distributions. Activation spectra can also be derived from measurements of an
aerosol size spectrum and composition, but a theoretical relationship between dry size
and critical supersaturation (e.g. Fig. 2) is necessary for such calculations. Accordingly, CCN activation spectra (measured or derived) are classifiable as distributiondependent properties (Sect. 3.2). Comparison of a measured activation spectrum with
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a derived spectrum constitutes a validation of the latter, provided that uncertainties in
the measurements, as well as error introduced by simplifying assumptions (e.g. Köhler
theory, mixing state, particle composition, etc.), are quantified. Such exercises establish reliable data sets for cloud model initialisation (e.g. Brenguier, 2003), and can also
reveal limitations of the measurements (Chuang et al., 2000; Snider et al., 2003).
Over the past four decades several different CCN instruments have emerged, each
with advantages and drawbacks inherent to their design. These designs are the
isothermal haze chamber (Laktionov, 1972), the diffusion tube (Leaitch and Megaw,
1982), the CCN “remover” (Ji et al., 1998), the continuous-flow chamber (Chuang et al.,
2000; Otto et al., 2002; Hudson, 1989; VanReken et al., 2003; Roberts and Nenes,
2005, Sinnarwalla and Alofs, 1972), the chemical diffusion chamber (Twomey, 1959),
and the static thermal diffusion chamber (Squires and Twomey, 1966; Wieland, 1956;
Lala and Jiusto, 1977; Oliveira and Vali, 1995; Giebl et al., 2002; Snider et al., 2003).
Nenes et al. (2001a) has evaluated the performance of some of these instruments with
a computational model.
Since the CCN data are couched in terms of the maximum supersaturation experienced by particles within a CCN instrument (i.e. within the particle growth chamber), recent emphasis has been placed on accurate specification of this operationally-defined
supersaturation. Seminal work on this problem was ambiguous showing either that
the maximum supersaturation derived using chamber temperatures exceeded (Katz
and Kocmond, 1973) or that it was consistent with the maximum supersaturation derived from a particle size sufficient for activation (Gerber et al., 1977; Alofs et al., 1979).
Consistency in this context implies that measured temperatures, transformed to a maximum chamber supersaturation via a model of the temperature and vapour fields, is
consistent with the chamber supersaturation derived by inputting the minimum dry size
necessary for activation into Köhler theory. The laboratory work of Leaitch et al. (1999);
Snider et al. (2003); Bilde et al. (2003); Bilde and Svenningsson (2004) reveal relationships of the form Sef f =κSnom with Snom and Sef f defined in terms of chamber temperature and particle size, respectively, and κ varying between 0.8 and 0.5. This correction
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is specific to measurements made with the University of Wyoming CCN instrument and
is comparable to that made for other static diffusion instruments (Rissler et al., 2004).
Since determination of Snom requires measurement and control of temperatures with
an accuracy of better than 0.1 o C, especially at supersaturations less than 0.2%, the
documented range of κ is partially a reflection of the difficulty of conforming to the temperature measurement/control strictures. The value of κ is also variable because of
error propagating from the measurement of test particle size used in the determination
of Sef f .
The duration of particle exposure to the effective maximum supersaturation is also
a parameter which deserves consideration in an evaluation of CCN data, or in their
use in closure studies. Residence time in the CCN instrument is especially important if
kinetic control of water uptake is amplified by particles with coatings that produce low
or varied water accommodation coefficients (see Sect. 4.1). Ideally this time interval
should mimic that which occurs during activation in an updraft. According to parcel
model calculations (cf. Rogers and Yau, 1989), the duration of the peak supersaturation varies with vertical velocity and aerosol background. A representative value is
∼10 s and is consistent with growth times in many CCN instruments. Although speculation does exist that a mismatch of the instrument-imposed and natural times can
lead to bias in the estimation of CCN activation (Chuang et al., 1997), this issue has
not been addressed experimentally. Investigations planned for a large continuous-flow
instrument (Stratmann et al., 2004) should lead to a resolution of this issue.
3.2.3 Aerosol mixing-state with respect to water uptake
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A complicated composition mixing state is expected in the ambient atmosphere due to
the various primary particle sources and numerous processes altering particle composition. Each kind of internally mixed particle may contain a range of fractional contributions of each constituent, hereinafter referred to as quasi-internal mixtures. External
mixing of differently hygroscopic compounds results in distinct growth modes, whereas
quasi-internal mixing results in spread of observed growth factors around the growth
8539

factor corresponding to the mean composition. This finding is consistent with the discussion of composition presented in Sect. 3.1.4.2.1. Detection of different GFD modes
or a continuous GFD distribution with a HTDMA implies that the aerosol is to some
extent externally mixed. However, detection of a single growth factor does not exclude
the presence of externally mixed particles, as different mixtures may still have similar growth factors. At least two distinct growth factor modes are frequently observed
in various environments, showing that external mixing is widespread. Some studies
even report three to six simultaneous growth modes (Berg et al., 1998; Cocker et al.,
2001; Carrico et al., 2005). In both Aitken and accumulation mode size ranges, an
externally mixed mode of marginally hygroscopic particles (GFD ¡1.15 at 90% RH) is
frequently found in most environments. Numerous studies combining different methods indicate that these marginally hygroscopic particles are dominated by elemental
carbon (Covert and Heintzenberg, 1984; Heintzenberg and Covert, 1987; Zhang et al.,
1993; Maßling et al., 2003) and/or mineral dust (Zhang et al., 1993; Dick et al., 1998,
2000; Weingartner et al., 2001), as can be expected from the hygroscopic behaviour
of pure substances (Table 2). Mineral dust appears to be found in particles with small
growth factors only, whereas elemental carbon is also found in particles with larger
growth factors. Small amounts of inorganic salts or organic compounds may also be
present in these marginally hygroscopic particles being responsible for small water uptake. Though marginally hygroscopic particles are nearly ubiquitous, the dominating
growth mode in most environments is readily hygroscopic with GFD values ranging
from about 1.2 to 1.8 at 90% RH. Inorganic salts and organic compounds are understood to be the main ingredients of these, quasi-internally mixed, readily hygroscopic
particles. Organic compounds or inorganic salts may dominate depending on air mass
and location, resulting in moderate or large hygroscopic growth factors, respectively
(cp. Table 2).
Aerosol mixing state with respect to hygroscopic growth is likely to be an important
parameter determining the properties of resulting clouds via its effect on critical supersaturation, Eq. (5). The absolute value of hygroscopicity at a given particle size will
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determine the critical supersaturation for cloud activation. The mixing state of particles around the threshold dry size, on the other hand, may determine the number of
particles of a given size which will activate, thus potentially affecting the number of
cloud droplets. However, while there are studies investigating the effect of external
mixtures of particles with two discrete growth factors (e.g. Kulmala et al., 1996), we
are not aware of studies investigating the importance of growth spread due to quasiinternal mixing. Regardless, the effect of the GFD on the number of cloud droplets is
difficult to generalise since it depends on the dynamical interplay between aerosol size
distribution and updraught.
Values for growth spread are commonly reported as relative growth spread or diameter dispersion factor SD , defined such that the standard deviation of a growth mode
∆GFD =SD · GFD . A spread of SD =5% at a growth factor of GFD =1.5 means that 34%
of particles have a growth factors smaller than 1.425 or larger than 1.575. Literature
values of growth spread are scarce due to the limited resolution of HTDMA inversion
algorithms. Nevertheless there are studies in urban and polluted continental environments reporting significant growth spread of 5% for both Aitken and accumulation
mode size ranges and both dominant and second growth mode, showing that quasiinternally mixed particles and external mixtures of different kind of quasi-internally mixtures are frequent phenomena (McMurry and Stolzenburg, 1989; Zhang et al., 1993;
Svenningsson et al., 1994, 1997). Aklilu and Mozurkewich (2004) reported clear relationship between spread and growth factor with low spread at smallest and largest
growth factors, and spread as high as 11% at intermediate growth factors. This result indicates nearly internal mixture in the extreme cases and quasi-internal mixture in
balanced cases where both more and less hygroscopic compounds where present in
similar amounts. On the other hand, more hygroscopic growth modes with hardly any
spread have also been reported in remote Arctic and high-alpine environments indicating that atmospheric ageing tends to transform the background aerosol into an internal
mixture (Covert and Heintzenberg, 1993; Weingartner et al., 2002).
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Extensions of theoretical activation treatments accounting for aerosol complexity

From the fundamental and derived properties of ambient atmospheric aerosol particles
presented in Sect. 3 it is evident that their complexity will not be fully reflected by
using simplifying assumptions in the simple activation and growth treatments described
in Sects. 2 and 3.1. This section describes treatments and theoretical modifications
required to begin to address some of the more important factors raised by the aerosol
complexity.
4.1 The effect of component solubility and surface activity on droplet activation and
growth
Beside chemical species that dissolve easily into water, atmospheric aerosol particles
contain numerous substances which are partially or completely insoluble. In the simplified form of the Köhler Eq. (2), it is assumed that the aqueous solution droplets contain
neither solid inclusions nor immiscible liquid phases. Components that do not readily pass into aqueous solution have been postulated to have a number of effects on
droplet activation and growth which have been treated using various assumptions and
simplifications. They can broadly be categorised into i) suppression of the number of
solute molecules in solution in a droplet of a given size, ii) reduction of surface tension
of an activating droplet and iii) inhibition of the uptake of water. This section presents
a discussion of the range of theoretical treatments, hypothesised effects and evidence
from field and laboratory measurements. A discussion of the solubility of surface active components in real aerosol is presented and the implications on the validity of
theoretical treatments are evaluated.
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4.1.1 Insoluble solid components
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Hänel (1976) presented a simple correction which accounts for the presence of insoluble substances in the droplets assuming that the insoluble core is fully immersed
into the aqueous solution. Gorbunov and Hamilton (1997) and Gorbunov et al. (1998)
extended the consideration into systems in which the insoluble core is only partially
covered by the water solution. In Köhler theory, such a situation can be described with
a modified Kelvin term that depends in rather complex manner of the radii of the solid
particle (assumed spherical) and the attached aqueous solution droplet, and of the
contact angle between the two.
4.1.2 Largely insoluble solid or immiscible liquid phases
The above approach is only possible for an assumed spherical insoluble inclusion.
This is a much idealised description of a special case of the separation of immiscible
phases. The formation of solid and mobile films is an equally idealised situation, though
mobile amphiphilic components may preferentially adopt such surface partitioning (see
Sects. 4.1.4–4.1.8). Clegg et al. (2001) presented evidence based on laboratory data
and thermodynamic calculations for the formation of immiscible phases even in simple aqueous salt/organic solutions over certain solute concentration ranges; there is
no reason to believe that condensed organic non-polar molecules will pass into aqueous solution in atmospheric aerosol and cloud droplets when there may be a more
thermodynamically favourable phase distribution.
4.1.3 Components of limited solubility

25

The effect of slightly soluble substances on droplet activation was first treated by Shulman et al. (1996). As the RH increases and the droplet takes up more water, slightly
soluble substances dissolve gradually. Thus, the amount of solute in the droplet increases and the size of a slightly soluble solid inclusion will decrease with increasing
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RH until it dissolves completely. A modified Köhler equation accounting for such behaviour can be given as (Laaksonen et al., 1998):
S=
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(8)

where rss is the radius of the (assumedly spherical) undissolved core of the slightly
soluble substance and γss is given by
γss =
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Here Γ denotes the solubility of the slightly soluble substance and mw is the mass of
water needed to dissolve the slightly soluble substance completely.
Shulman et al. (1996) showed that the presence of slightly soluble material in the
CCN leads to alteration of the Köhler curve shape: instead of a single maximum, two
maxima appear, separated by a cusp at the point where the slightly soluble compound
is completely dissolved. Depending on the value of γ and the relative amounts of the
soluble and slightly soluble substances, the cusp can appear on either side of the global
maximum of the curve. Shulman et al. (1996) speculated that for a particle containing
several slightly soluble substances, there could be a series of cusps in the Köhler curve,
leading to overall flattening of the curve and changes in the activation behaviour of the
particle. In any case, Köhler theory predicts that the effect of the limited solubility is to
increase critical supersaturation relative to the unlimited solubility case. The maximum
effect of course occurs when the solubility approaches zero. This approach takes no
account of the effect of the undissolved fraction of the slightly soluble component on
activation such as described in Sect. 4.1.1 or Sect. 4.1.2 owing to the assumption that
it is solid, spherical and completely immersed.
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Broekhuizen et al. (2004), Bilde and Svenningsson (2004) and Henning et al. (2005)
all studied aspects of the effects of slightly soluble substances on CCN activation. All
studies found that initial particle phase played a significant role in the critical supersaturation of particles containing only slightly soluble substances. If the particle was initially
totally liquid the critical supersaturation was found to be lower. Bilde and Svenningsson
(2004) postulated that an increased critical supersaturation was due to an undissolved
core forming an ”activation barrier” when smaller than the fully dissolved wet size. The
activation barrier led to a critical supersaturation greater than the local maximum equilibrium supersaturation which would have otherwise been the critical value. Whilst the
RH history (in terms of predicted deliquescence/efflorescence relative humidities) of a
particle in the atmosphere may be such that solid phases should exist for single organic
components in solution, Marcolli et al. (2004) recently demonstrated that the multicomponent organic solutions favoured the liquid phase. For complex mixtures found in the
atmosphere, it may be expected that aerosol comprising slightly soluble organics would
be unlikely to contain undissolved material. In addition, as illustrated by Fig. 9, only a
very small amount of soluble inorganic salt is required to reduce the critical supersaturation and significantly enhance activation. On balance, it may be considered that the
effect of limited solubility is of limited relevance to real multicomponent atmospheric
aerosol activation.

20

4.1.4 An introduction to the effect of surface active components

25

It is clear from all forms of the Köhler equation that any component of an activating
particle which can significantly alter the surface tension may influence its activation
behaviour. All other things being equal, a reduction in surface tension will lead to a
reduction in the Kelvin term, hence the critical supersaturation, leading to possible
effects on cloud formation (Shulman et al., 1996; Li et al., 1998; Facchini et al., 1999a;
Charlson et al., 2001; Mircea et al., 2002; Nenes et al., 2002; Feingold and Chuang,
2002; Lohmann et al., 2004). The surface tension of pure water is 72.8 mN/m at 20◦ C
and hydrogen bonding in water leads to a much greater cohesion between molecules
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at the surface than exhibited by less polar liquids and so water has a higher surface
tension than organic liquids. Compounds such as soaps and detergents which disrupt
the surface cohesion and reduce the surface tension may be termed surface active.
The term surfactant is frequently used to describe linear amphiphilic molecules with a
polar hydrophilic ”head” group and a hydrophobic “tail”. They are typically sparingly
soluble in both organic solvents and water and reduce the surface tension of water by
adsorbing at the air-water interface. Care should be taken in the interpretation of the
definition of surfactant; we shall not limit the definition to such compounds, but shall use
surfactant with its broad definition as a general term for any surface active agent. The
importance of surfactants in aerosol and cloud water has been recognized for many
years (Graedel and Weschler, 1981; Gill et al., 1983; Seidl and Hänel, 1983) but only
recently the suggestion has been put forward that surface active organic species can
have significant effects on global climate, pollution and human health (Brimblecombe
and Latif, 2004).
The range, variable nature and concentration of surface active components which
may be present in aerosol particles determine the behaviour of a surfactant mixture at
the cloud droplet/air interface. Therefore, knowledge of these properties is a prerequisite for realistically describing the surface tension in a growing droplet. For example,
a more sparingly soluble surfactant will reduce the surface tension whilst partitioning
towards the surface. This will reduce the surface tension and the Kelvin term, but
may also reduce the effective number of solute molecules in bulk solution, reducing
the Raoult term. More soluble compounds will have less of an effect on the Raoult
term. The degree to which a surfactant partitions between the bulk and the surface of
the droplet (see Sects. 4.1.7 and 4.1.8) is dependent on the nature of the dominant
surface active components (Sect. 4.1.9).
4.1.5 The existence of insoluble surface films
As water solubility decreases there will be an increasing tendency towards phase
separation. A special case of incomplete phase separation will be exhibited by am8546

5

10

15

20

25

phiphilic surfactant molecules, which, under specific conditions, may form organised
organic layers on aqueous surfaces. The classical examples of such compounds are
long-chain fatty acids but very many natural compounds exhibit amphiphilic character
(http://www.cyberlipid.org/index.htm). Very little organic material would be required to
coat an aerosol particle and both online and offline composition measurements suggest
that many particles contain sufficient organic mass; unfortunately, most measurement
techniques cannot discern whether the organics are at the surface.
The concept of an inverted micelle with a structure similar to a cell membrane has
stimulated significant research over the last two decades. Early laboratory studies
and the expected effects of organic films on aqueous atmospheric systems were summarised by Gill et al. (1983) in a comprehensive overview. Consideration of thermodynamic and dynamic boundary conditions for film formation in atmosphere led them to
the conclusion that if film formation takes place, it is most likely on submicron aerosol
particles. The two dimensional nature of films necessitates their phase description
as solid, liquid-condensed, liquid-expanded or gaseous dependent on their molecular packing. Transition between phases is not instantaneous or even, with domains
of different phases coexisting, depending on the area available on the surface for the
molecules. Gill et al. were concerned with condensed and expanded films, the first
tight, with a well-ordered packing structure, the second loose, unordered, possibly with
pores, or more liquid like. Both types of films may alter the condensed phase chemistry
in particles. Because of packing arguments, the formation of closed, condensed films
is intrinsically difficult on the curved surfaces of submicron atmospheric particles, even
if they would normally form on flat surfaces. Moreover, in case of atmospheric systems,
mixtures of compounds at the surface reduce the possibility of the formation of large
well-ordered domains. Thus, on particles in the atmosphere, expanded films are more
likely. Seidl (2000) demonstrated by model considerations, that the concentration of
film forming compounds in most areas is so small that closed films are not expected.
On the other hand, compounds which would per se not be able to form closed domains,
might be able do that in mixtures with others molecules which are able to fill the gaps
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– indeed, this is the basis behind the methodology of co-spreading of thin films in laboratory. For example, Gilman et al. (2004) demonstrated that stearic acid can stabilize
incorporation of non-amphiphilic octadecane in organic films on the several hour time
scale, indicating that non-polar layers may be formed on top of an amphiphilic basis.
The direct evidence for coated aqueous particles in the atmosphere is difficult to obtain and scarce. In order to form stable films, compounds need to have a low vapour
pressure; indeed, if the hydrophobic chain is sufficiently long to keep the compound
largely on the surface and out of solution, the vapour pressure will inevitably be low.
This reduces possible pathways in the atmosphere. Either the film-forming compounds
are emitted in primary particles or are formed via (multiple) oxidation of larger (unsaturated) hydrocarbons. After the primary oxidation step in the gas phase the subsequent
oxidation would need to take place in the particulate phase as it would be unlikely that
oxidation products would have sufficient vapour pressure to sustain high gas-phase
concentrations. Moreover, oligomerisation reactions taking place in the particulate
phase (Gao et al., 2004; Kalberer et al., 2004; Tolocka et al., 2004) may lengthen
the carbon chain, decreasing the aqueous solubility; thus the shorter-chain monomer
units may originally partition from the gas phase. Long chain fatty acids from cellular
debris are found on top of the ocean surface, and it can be expected that the fatty acids
become part of the marine aerosol by sea spray generation mechanisms. It has been
postulated that the fatty acids form an inverted micelle around the brine core (Ellison
et al., 1999). Two recent studies (Mochida et al., 2002; Tervahattu et al., 2005) have
reported evidence strongly supporting the existence of layers of fatty acids on marine
aerosols. Folkers et al. (2003) demonstrated in chamber experiments, that ozonolysis
products of a-pinene are forming films on aqueous ammonium bisulfate particles. The
films retard the heterogeneous N2 O5 hydrolysis on time scales of several tens of minutes, thus changed the surface water budget of the seed particles. Similar effects were
achieved by adding ozone to outside air in the presence of aqueous sulphate and bisulphate seed particles, with a corresponding decrease of monoterpenes as monitored by
GC-MS.
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If films are present, the organic material is exposed at the interface to the oxidative gas-phase and they may be the preferred location for condensed phase oxidation
(Broekhuizen et al., 2004, Katrib et al., 2004; Moise and Rudich, 2002) or the recently
discussed oligomerisation reactions (Gao et al., 2004; Kalberer et al., 2004; Tolocka et
al., 2004). The first would tend to enhance the solubility of the film forming material (Ellison et al., 1999), thus enhancing the overall water soluble organic fraction (WSOC).
The latter could stabilize and tighten the film, by converting expanded into condensed
films. Moreover, oligomerisation reactions may increase the water insoluble organic
fraction (WINSOC) and HULIS fractions. Organic films could therefore be an important
medium for chemical aging of atmospheric particles affecting hygroscopic and CCN
properties slowly during their lifetime.
4.1.6 Films as a barrier to gaseous transfer and their effects on droplet growth

15

A significant inhibition of vapour transfer, e.g. of water from the gas into the particulate
phase, is expected only for the condensed films. Even then, films of the order of several
10 nm constitute a simple diffusional transport barrier only on sub-second time scale.
This can easily estimated from the xrms for Brownian motion:
τ=

20

25

2
xrms
D

(10)

For diffusion coefficients D between 10−5 cm2 /s (liquid phase diffusion) and 10−9
cm2 /s (solid phase and slow polymer diffusion) and a layer thickness xrms =50 nm, the
characteristic τ ranges between 2.5 µs and 250 ms. Two possible reasons exist for the
retardation of mass transfer of water through films of nm thickness: a strongly reduced
surface accommodation coefficient α of water on the non-polar surfaces of the organic
coatings or a very small partitioning coefficient of water in the hydrophobic parts of
the film forming material. Accommodation coefficients of water on condensed films
−3
−5
systems are in the range 1×10 to 1×10 (Chuang (2003) and references therein).
In Mexico City Chuang (2003) made measurements consistent with some particles
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having greatly reduced (order 10 ) accommodation coefficient for water. However,
fewer than 2% of the particles were in this category and they are probably even rarer
in remote regions and the free troposphere.
In the laboratory studies of Cruz and Pandis (1998) solid ammonium sulphate particle were coated with glutaric acid (water soluble) and dioctylphthalate DOP (water
insoluble oil). The activation to CCN was measured at 0.5% supersaturation. The ammonium sulphate/glutaric acid particles behaved as expected from Köhler theory, the
DOP films even at 70% mass fraction of DOP had no influence. Raymond and Pandis
(2003) studied CCN activation of ammonium sulphate covered with layers of hexadecane of different thickness at supersaturations of 0.3% and 1%. The coated particles
behaved like pure ammonium sulphate particles within the errors of the measurements.
However, Raymond and Pandis (2003) conceded the possibility that the films were not
closed. Although such studies indicate that organic coatings may not prevent activation, they have been shown to slow the kinetics of water uptake, such that deviation
from the equilibrium can be observed over the time span of the probing experiments
(Barnes, 1986 in Chuang, 2003). Xiong et al. (1998) studied the hygroscopic growth
of sulphuric acid aerosols (40–120 nm) with and without films of long chain fatty acids
on 6–10 s time scale. After coating the particles with mono- or multilayer films of lauric
or stearic acid, they observed a decreasing growth rate with increasing layer thickness from 10% to 20% compared to pure sulphuric acid droplets. For oleic acid such
an effect could not be found for a monolayer and minor effects were observed for the
multilayer case, likely resulting from the double bond of oleic acid leading to less efficient packing structure of the layer. In the atmosphere where it is unlikely that a single
surfactant compound is present, the packing will very likely be at least as disturbed.
Atmospheric organic compounds forming expanded film coatings are not expected to
affect the equilibration timescales nor the equilibrium composition of the aqueous core.
This is supported by the applicability of simple additive mixing rules for inorganic and
organic growth behaviour in certain systems (Cruz and Pandis, 1998; Saathoff et al.,
2003), though care must be taken since inorganic/organic solute interactions in some
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systems are non-zero and may have solvent or antisolvent effects (see e.g. Topping
et al., 2005b, for a discussion) and it is not entirely clear that additivity should be applicable.
From the results above it is clear that if at all, only tightly, condensed ordered films or
thick hydrophobic layers can retard water uptake on several tens of second and larger
time scales. Though difficult to form in the atmosphere, it is possible that such films may
be found in the marine influenced atmosphere and possibly in populated urban regions
(Seidl, 2000; Tervahattu et al., 2005). The exact mechanism of retardation has not
been experimentally proven, but it may be expected that “non-wettability” i.e. a strongly
reduced mass accommodation coefficient α of water on hydrophobic surfaces and also
a strongly reduced water solubility in the hydrophobic part of the organic layers are the
reason for the retardation effects. In any case, expanded films are probably found more
often on tropospheric aerosols and are unlikely to influence the hygroscopic or CCN
properties greatly by mass transfer limitation.
4.1.7 The effects of surface partitioning on activation
Insoluble film formation is an extreme example of the partitioning of organic material
and aqueous “substrate”. Surface active compounds, by definition, tend to be more
concentrated in the surface layer of aqueous solutions than in the bulk of the solution. Surface tension reduction is related to the surface concentration, but in practice
experimental surface tensions are always given as a function of the bulk solution concentration. For large systems, the bulk concentration can be calculated from the total
moles of the substances involved as the amount of surfactant in the surface layer is
a negligible fraction of its total amount in the system. However, for small systems
with a high surface-to-volume ratio the situation is different, and depending on the degree of surface activity of the component, the partitioning of the surfactant between
the bulk and the surface has to be accounted for when calculating the bulk concentration from given total numbers of moles. Bianco and Marmur (1992) derived equations
for this purpose starting from mass conservation, the Gibbs adsorption equation, and
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the Szyszkowski equation which relates the solution surface tension to the bulk concentration of solute. They showed that with aqueous SDS (sodium dodecyl sulfate)
droplets, the bulk concentration differs from that calculated simply from the total number of moles when the droplets are smaller than about 20 m in diameter. Laaksonen
(1993) presented a slightly less approximate treatment and showed that for a weaker
surfactant with a smaller molar volume (n-propanol), the surface-to-volume partitioning
affects bulk concentrations of droplets smaller than roughly half a micron. This indicates that for micron sized cloud droplets, the bulk concentration of the solute can be
estimated from the total number of solute moles for species which do not depress the
surface tension of water more efficiently than alcohols and which have relatively small
molecular volumes. Such species would include e.g. carboxylic acids.
The studies of Bianco and Marmur (1992) and Laaksonen (1993) focused on the
properties of surfactant solution droplets, but they did not consider the equilibrium with
the ambient water vapour. This problem was first treated by Li et al. (1998) who noted
that the surfactant partitioning has to be taken into account when the Kelvin effect is
calculated for droplets containing surfactant. For droplets with known total numbers of
water and surfactant, the bulk molar concentration of surfactant, Csf t , is obtained from:
Csf t =

20

4 / πr 3
3

(11)

where msf t and Msf t are the dry mass and the molecular weight of the surfactant,
respectively, and Γs is the surface excess concentration of the surfactant, which is
given by the Gibbs adsorption equation as
Γs = −

25

msf t /Msf t − 4πr 2 Γsf t

1
δσ
ωRT δl nCsf t

(12)

Here, the parameter ω denotes the number of ions the surfactant dissociates into,
except for systems containing additional dissociable materials with common ions with
the surfactant. E.g. Li et al. (1998) considered dry particles containing SDS and sodium
chloride; in that case: ω=1+Csf t /(Csf t +Cs ).
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The conclusion of Li et al. (1998) was that the reduction in surface tension caused by
pure SDS particles reduces the critical supersaturation with respect to that calculated
using Eq. (1); however, with NaCl-SDS particles, the surface tension effect is dominated by the fact that for a solute particle of a fixed size, replacement of small NaCl
molecules by much larger SDS molecules causes a reduction in the Raoult term, and
thereby an increase in the critical supersaturation. In a commentary by Facchini et al.
(2001), it was argued that the result of Li et al. (1998) is due to the choice of the specific
chemical composition, and that for mixtures of inorganic salts and organic surfactants
more representative of atmospheric aerosols than SDS, the presence of the surfactants may in fact lead to decreased Sc . In their reply, Rood and Williams (2001) argued
that the results of Facchini et al. (2001) are sensitive to uncertainties in the values of
molecular parameters such as molecular weight, the van’t Hoff factor, and the density
of the assumed surfactants.
The Raoult term evaluated by Li et al. (1998) was calculated using the total number
of surfactant molecules in the droplet. Sorjamaa et al. (2004) noted that as with experimental surface tension, the vapour pressure reduction of water due to solutes is
always given as a function of bulk solute concentration, and therefore surface-to volume partitioning of the surfactant should be accounted for also when the Raoult term is
determined. The approximations made by Sorjamaa et al. (2004) are slightly different
from those of Li et al. (1998), but the differences should be noticeable only for droplets
smaller than about 10 nm in diameter. When accounting for the surfactant partitioning
for a mixed salt-surfactant particle, the Raoult term becomes:


νs ms
Mw
B=
+ 4/3πr 3 ρsf t Csf t
(13)
(4/3πρw ) Ms
The Köhler curves calculated by Sorjamaa et al. (2004) for SDS-NaCl particles show
that when the surfactant partitioning is also accounted for in the Raoult term, the critical
supersaturations are further increased. In certain cases, (e.g. 50/50 mass fraction), the
Sc can even become higher than that calculated using the surface tension of pure water
and without accounting for the partitioning. Figure 10 shows a comparison of critical
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supersaturations as a function of dry particle radius for 30/70% NaCl-SDS particles
obtained using the different approaches.
The theoretical considerations of the role of surfactant partitioning are backed up
by the experimental results of Sorjamaa et al. (2004). They measured, using a CCN
counter, critical supersaturations for pure SDS particles. Their results were close to the
experimental results presented by Rood and Williams (2001), and in excellent agreement with their own theoretical predictions. The initial measurements for NaCl-SDS
particle critical supersaturations presented by Rood and Williams (2001), on the other
hand, seem to corroborate the theory of Li et al. (1998). More work needs to be carried out to clarify the details; however, it seems clear that, when soluble compounds
with the surface active nature similar to SDS are considered, the surfactant partitioning
needs to be accounted for in cloud modelling and Köhler theory studies, and simply accounting for surface tension reduction by calculating the surfactant concentration from
its total mass in the droplet leads to underestimation of the critical supersaturation.
With compounds of limited solubility, the surfactant partitioning has somewhat different consequences than with completely soluble species. Sorjamaa et al. (2004)
showed, making calculations for the pinonic acid-ammonium sulfate system, that up to
the point of complete dissolution of the slightly soluble compound, the surface tension
reduction is similar as when calculated without accounting for the partitioning. This is
because, as long as a solid inclusion of the slightly soluble substance exists, its bulk
mole fraction is simply determined by its solubility. The main difference between the
two approaches is now that the slightly soluble substance is consumed more rapidly
when the partitioning to the surface is accounted for – at constant bulk mole fraction,
a larger amount of material must be dissolved in order to account for the concentrated
layer of surfactant at the droplet surface. Thus, the cusp at the Köhler curve appears
at a smaller droplet radius. Concerning activation, then, the surfactant partitioning consideration is important only in cases in which the cusp appears at smaller droplet sizes
than the global maximum of the Köhler curve.
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4.1.8 A simplified consideration of the effect of film-forming compounds on droplet
activation
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As discussed in Sect. 4.1.4, there are certain conditions in which it may be envisaged
that films of essentially-insoluble amphiphilic molecules are present on the surface of
growing cloud droplets. It is possible to consider the effect that the surface tension
reduction of such films would have on the critical supersaturation and radius in a relatively straightforward manner. The characteristic surface pressure-area (π−A) isotherm
across all surface phases may be used to estimate the surface tension of the growing
droplet as a function of its surface area and molecular coverage. Assuming complete
surface partitioning due to the negligible solubility of stearic acid (no contribution to
the Raoult effect from stearate ions) Fig. 11 shows the change in the Köhler curves
on replacement of 0.3 solute mass fraction of (NH4 )2 SO4 by stearic acid in (NH4 )2 SO4
droplets with the C18 fatty acid forming a film on the surface.
It can be seen that, although an insoluble film will reduce the surface tension, its effect will be to increase Sc and reduce the number of activated droplets (by replacement
of solute with a van’t Hoff factor of 3 with a single ion in solution in the Raoult effect). It
must be clarified whether ordered organic films truly do exist on growing cloud droplets
as postulated in Sect. 4.1.5, whether surface partitioning effects such as exhibited by
SDS as discussed in Sect. 4.1.7 are significant or whether surface tension suppression
predominantly results from WSOC as contended in the next Sect. 4.1.9.
4.1.9 Soluble surfactants and parameterised surface tension of multicomponent
aerosol based on field and laboratory measurements
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Surface tension measurements of fog, cloud samples and aerosol water extracts are
still very sparse (Seidl, 2000 and references therein; Facchini et al., 2000; Hitzenberger
et al., 2002; O’Dowd et al., 2004; Decesari et al., 2005a; Kiss et al., 2005); for this reason, and due to the lack of a complete chemical characterisation of the organic matter,
the effect of surfactants cannot be assessed at the global level. Several studies have
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become available on the surface active effects of the organic components in atmospheric aerosol. Recent investigation of the dynamic surfactant behaviour in aerosol
and cloud samples from different environments by Decesari et al. (2003) concluded that
water soluble organic species are mainly responsible for lowering the surface tension of
atmospheric aqueous solutions. It has also been postulated that humic-like substances
(HULIS) are the main class of surface active compounds in atmospheric aerosol from
different environments, while mono- and dicarboxylic acids and other non acidic compounds contribute only to a lesser extent (Facchini et al., 2000). Kiss et al. (2005) have
further shown that the surface active properties of the HULIS contained in the aerosol
are different from standards of terrestrial and aquatic humic compounds. Several papers have recently suggested that marine aerosol contains organic surfactants both
soluble and insoluble in water, whose concentration is enhanced during high biological
productivity periods and which may have a significant effect on the physico-chemical
properties of the particles (Ellison et al., 1999; Mochida et al., 2002; Tervahattu et al.,
2005; Cavalli et al., 2004b, and references therein).
For water soluble surface active material, Decesari et al. (2003) contend that the
empirical Syszkowski-Langmuir equation can be used to describe the dependence of
σ on organic carbon concentration:
σs = σ0 − bT ln(1 + aC)

20
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(14)

where σ0 is the surface tension of pure water in mN/m, C is the concentration of soluble
carbon in moles−1 , T is the temperature in K , and b and a are empirical constants
fitted to experimental data. The values of a and b depend on the specific chemical
composition of WSOC in aerosol. Moreover, the value of the surface tension depends
on the amount of soluble carbon, C, which is determined by the mass and solubility of
the species, and thus, also depends on the WSOC chemical composition.
Figure 12 shows the surface tension as a function of dissolved organic carbon concentration computed with Eq. (14) and by using a and b parameters reported in Table 5
for: Po Valley fog samples (Facchini et al., 1999a), Tenerife cloud samples, Mace Head
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aerosol water extracts (O’Dowd et al., 2004; Cavalli et al., 2004b), biomass burning
aerosol water extracts (Decesari et al., 2005b) and ACE-Asia cloud water samples
(Decesari et al., 2005a). The different curves observed in the different environments
reflect the differences in WSOC chemical composition. The curve for SDS is also
shown for comparison illustrating that extracts from atmospheric aerosol are in general less surface active than SDS and surrogates for representing atmospheric aerosol
should be chosen with caution.
This approach therefore may be used in appropriate models to determine the
effect on cloud activation and droplet number of surface tension suppression by
water soluble organic components in ambient aerosol, based on the dissolved carbon
concentration. An alternative treatment is necessary if it is found that slightly-soluble,
highly surface active compounds or insoluble, film-forming compounds are important
in the atmosphere.
Summary of the effects of component solubility and surface active properties
Comments on solubility effects alone
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Because kinetic effects play an important role in cloud formation (Mordy, 1959;
Nenes et al., 2001b), cloud model studies often shed more light on the activation
properties of different types of particles than Köhler theory considerations. Shantz
et al. (2003) used a cloud model to compare the activation of ammonim sulphate and
adipic acid (a slightly soluble substance). They found that at given conditions, the
maximum supersaturation inside the cloud was significantly lower and the activated
number of particles significantly larger for ammonium sulphate. Ervens et al. (2005)
and Abdul-Razzak and Ghan (2005) used cloud models to study the activation
behaviour of mixed ammonium sulphate-adipic acid particles. They found that adding
small amounts (∼5%) of ammonium sulphate adipic acid particles is enough to make
the mixed particles to activate as efficiently as pure ammonium sulfate. Thus it is
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questionable whether the limited solubility plays a major role in atmospheric CCN
activation. On the other hand, the experimental evidence presented by Raymond and
Pandis (2002) indicates that wettable and non-wettable slightly soluble compounds
behave qualitatively in a different manner in a CCN counter. Thus, it may turn out
that the contact angle is a useful determinant of CCN behaviour: whether or not this
is the case could be clarified with CCN chamber studies using mixtures of soluble
salts and non-wettable slightly soluble organics such as those conducted by Raymond
and Pandis (2003). These authors report that a little salt enhances the efficiency
of activation for non-activating particles. Taken together with the likelihood that
multicomponent aerosols will tend towards the liquid phase (Sect. 4.1.3), this evidence
suggests that the effect of limited component solubility on droplet number is unlikely to
be significant.
Effects on uptake kinetics
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The mass accommodation coefficient of water is used in cloud parcel models to describe the fraction of gaseous water molecules impinging on a growing cloud droplet
that enters the liquid phase. However, despite decades of work on the subject, there is
still significant disagreement in the aerosol and cloud physics communities on its magnitude. Laaksonen et al. (2005) contend that only the use of values similar to unity in
the conventional formulation of droplet growth equations is consistent with laboratory
findings. Whether the accommodation coefficient in such expressions corresponds to
the actual mass accommodation coefficient of water or whether it is used to conveniently account for all combined kinetic effects is uncertain. According to IUPAC, the
mass accommodation coefficient α is a measure of the ratio of the rate at which the
molecules cross the interface region between the condensed phase and the gas phase
normalised to the gas collision rate at the interface between the phases. The accommodation of molecules onto a growing droplet is the result of the dissipation of the
available energy of the molecule moving on the surface such that, in the case of water,
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hydrogen bonds with the liquid molecules may form. The bond energy is of the order of
20 kJmol−1 and this amount of energy can be dissipated thermally. The rate of this dissipation of energy and bond formation will compete with the rate of molecule efflux from
the surface. Laboratory measurements of α tend to separate into values on the order
of 10−2 (e.g. Chodes et al., 1974; Shaw and Lamb, 1999) and values close to unity
1
(Davidovits, et al., 2005 ; Winkler et al. 2004). For pure water and water containing
polar species, α may be closer to unity (Laaksonen et al., 2005, Mozurkewich, 1986)
but questions remain regarding the use of such values for growing haze droplets which
might contain amphiphilic compounds, the evidence for which seems to be mounting (Tervahattu et al., 2005). Whether the presence of organic components, either as
films or otherwise, actually suppresses the “accommodation coefficient”, or some other
aspect of growth kinetics is unclear; shielding of the water droplet surface by a condensed film might be expected to affect the kinetics of uptake of water molecules, as
may condensed phase diffusional effects to particularly viscous substrates (although
this is more likely to be important under sub-saturated conditions).
The effects of kinetic limitation on droplet activation are significant, all else being
equal (e.g. Xue and Feingold, 2004): small values of α result in larger activated fractions since drops grow more slowly, allowing the supersaturation to build up higher.
Feingold and Chuang (2002) showed significant reductions in activation and an associated droplet distribution broadening resulting from an assumed inhibition of the
growth of some droplets covered by amphiphilic monolayers, and CCN closure studies
have shown results which may be consistent with suppressed accommodation (see
Sect. 5.2). The findings of Chuang (2003) in Mexico City are consistent with an effect
on the kinetics of uptake, either truly through an accommodation effect or though some
other suppression of equilibration. However, that fewer than 2% of the particles in this
study belonged to this category may place a limit on the influence of such an effect.
1
Davidovits, P., Worsnop, D. R., Jayne, J. T., Kolb, C. E., Winkler, P., Vrtala, A., Wagner,
P. E., Kulmala, M., Lehtinen, K. E. J., Vesala, T., and Mozurkewich, M.: Mass accommodation
coefficient of water vapour on liquid water, J. Geophys. Res., submitted, 2005.
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Further laboratory evidence for disequilibrium behaviour has been provided by the
electrodynamic balance study of Peng et al. (2001). The authors noted that glutaric
acid particles absorbed water for several hours during deliquescence at 83–85%; much
longer than the time taken for other carboxylic acids to reach their equilibrium size.
Johnson et al. (2005) have recently presented results from a volatility-HTDMA (VHTDMA) study, indicating a dramatic increase in the absolute water uptake of ambient
accumulation mode particles (not merely an increase in the hygroscopicity of the resid◦
ual) after previous desorption of volatile material at 60 C. This indicates that there is a
real suppression of water uptake by a volatile component on the timescale of the humidification in the instrument. Other than the highly water soluble ammonium nitrate,
◦
of commonly occurring aerosol constituents, 60 C is only adequate to volatilise organic
components. It is therefore likely that a suppression of the water uptake by organic
components is responsible for this effect.
Chan and Chan (2005) have reviewed mass transfer effects in hygroscopicity studies
and recommend that future HTDMA studies report the residence time of particles
in the humidification region to indicate whether kinetic limitations to mass transfer
may be likely. This raises a further important issue. Only instruments which probe
the response of a particle to saturation ratio in the same way that the particle will
be exposed to a changing water vapour field below and in cloud may be able to
capture the real atmospheric activation behaviour. If HTDMA or CCN spectrometer
measurements fail to allow sufficient time for particle equilibration, models based
on prediction of equilibrium behaviour from composition will not be able to reconcile
simultaneous composition and hygroscopicity or CCN activation spectrum measurements. Composition – hygroscopicity or composition – CCN closure will therefore be
compromised. Irrespective of the reasons for disequilibrium behaviour, the kinetic
limitations imposed by compounds which may provide only a small fraction of a
particle’s mass must be captured accurately in cloud parcel models (and possibly also
in models aiming to predict sub-saturated hygroscopic behaviour).
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As outlined in Sects. 3.1.4.1 and 3.1.4.2, organic components are almost ubiquitous
in ambient aerosol particles and may affect cloud activation in a number of ways. A
reduction in surface tension alone will lead to a reduction in critical supersaturation
and hence to an increase in the number of activated droplets, all else being equal
(Sect. 4.1.9). However, if partial (Sect. 4.1.7) or complete (Sects. 4.1.5 and 4.1.8) surface partitioning occurs in the atmosphere, the opposite effect will occur by reducing
the number of molecules in solution and reducing the Raoult effect. It is evident that
an inappropriate description of the surface active organic compounds in aerosol can
lead to either overestimation or underestimation of the CCN number concentration and
both enhancement and suppression of droplet number may be predicted. The fact that
surface tension changes are the result of the aerosol chemical composition (a mixture
of organic species having different solubility and different concentration which interact
also with inorganic species), makes the choice of surrogates problematic, and both laboratory and modelling studies can for this reason obtain results which are far from the
real properties of CCN in the atmosphere. It is likely that the effect on particle activation
through both the Raoult and Kelvin terms will vary continuously in going from fairly soluble organic surfactants to insoluble film-forming surfactants. It is therefore necessary
to establish the exact nature of the compounds which contribute to surface tension
reduction in atmospheric aerosol and the component mass loading as a function of
number. An alternative theoretical treatment of surface tension and its applicability is
briefly addressed in the context of the primitive Köhler equation in Sect. 4.4.
4.2 Sensitivity of activation and droplet number predictions to variation in terms of the
conventional Köhler equation
With increasing numbers of studies addressing the role of water soluble organics on
activation, an assessment of the relative importance of the various composition-related
terms in the Köhler equation on activation provides useful insight. An exercise of this
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kind can be considered with specific compounds in mind, or to explore parameter space
where composition effects might be more, or less important. In a recent study, Ervens
et al. (2005) performed multiple numerical simulations of activation in a rising updraught
and considered the effects of surface tension, molecular weight, solubility and van’t
Hoff factor on the relative change in droplet number concentration compared to that
obtained for a reference ammonium sulphate compound.
To briefly summarise, it was found that, in general, composition-related effects on
drop number are more pronounced under conditions of low supersaturation, i.e. low updraught and high aerosol concentration. Under such conditions, the ability of a droplet
to grow depends strongly on the solute and Kelvin terms (Eq. 2). The authors first
considered changes due to each of the four parameters independently. As anticipated,
low (fixed) values of surface tension resulted in strong increases in drop concentration.
However, more realistically, droplet dilution during growth resulted in a steadily increasing surface tension, approaching that of pure water, and a significantly reduced effect.
Molecular weight Ms was shown to be a potentially important parameter because of its
broad range of variability (more than an order of magnitude). Variations in van’t Hoff
factor are likely easier to quantify because of their smaller range of variability, and the
fact that for many water soluble organic compounds, the van’t Hoff factor is ∼1. (For
pKa values of about 4, Ms of ∼150 g/mole and a maximum dissociation of 2, the authors showed that only particles >∼0.5 µm exhibit dissociation >10%.) Solubility was
−1
shown to reduce drop concentrations significantly for values less than ∼25 gL , and,
unlike the other parameters, had a consistent effect for a wide range of updraughts and
aerosol concentrations. However, at higher solubilities, there was little effect on drop
concentration.
When considering the more realistic, simultaneous effects of the various parameters,
the authors noted that the negative relationship between surface tension and Ms (Facchini et al., 1999a) creates opposing trends so that increases in drop concentration due
to lower surface tension (associated with higher molecular weight species) are countered by the decrease in drop concentration associated with higher Ms . Investigation of
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the simultaneous effects of solubility, surface tension and Ms suggested that for solubility greater than about 25 gL−1 , large reductions in drop number (relative to ammonium
sulphate) are only expected at low updrafts (order 10 cms−1 ), high aerosol concentrations (order 5000 cm−3 ) and Ms greater than ∼400 g/mol. Under many conditions,
composition effects appear to be closer to ∼15%.
The authors attempted to reconcile their results with those of other work, including
laboratory and modelling studies. Some of the high (∼100%) quoted differences in drop
number due to composition effects appear to be associated with calculations that assume equilibrium droplet growth (Phinney et al., 2003) rather than a coupled model that
simultaneously calculates the dynamical supersaturation field resulting from expansion
and cooling, and condensation growth. Under equilibrium assumptions, large particles
are allowed to grow much more than they would in typical updraughts, and their uptake
of water vapour reduces supersaturation and drop concentration commensurately. The
effects tend to be strongest for the small particles where composition effects are most
important. Other stronger excursions occur when high van’t Hoff factors (i =3 or 5) are
assumed, or when the model or laboratory aerosol consists of >90% of a relatively
insoluble material (e.g. adipic acid).
4.3 Co-condensation of soluble gases
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Clouds act as chemical reactors in which absorbed gases transform heterogeneously
to other species due to oxidation reactions. The most water soluble atmospheric trace
gases can already condense into the aqueous solution droplets before the maximum
supersaturation in a cloud has been reached and can therefore affect the activation behaviour and subsequent properties of the cloud droplets. Although the amounts of trace
gases seem marginal, it is easy to see that they can provide a considerable amount
of hygroscopic material to the droplets: at STP, 1 ppb of a trace gas corresponds to
10
about 2.7×10 molecules per cubic centimetre of air, a similar number of molecules
to that incorporated in 6400 ammonium sulfate particles having a diameter of 100 nm.
The most important trace gases in the atmosphere capable of influencing cloud proper8563

ties are nitric and hydrochloric acids, and ammonia. Kulmala et al. (1993) made cloud
model simulations of the effect of nitric acid on cloud drop activation. They showed that
at mixing ratios of around 1 ppb, HNO3 can, depending on the aerosol size distribution
and environmental variables, have a considerable effect on the activated fraction. They
also calculated the effect of different amounts of nitric acid on Köhler curves in an open
system (i.e. at constant HNO3 mixing ratios). The result is a constant depression of
the Köhler curve by the amount of νa (Pa Ka )1/2 , where νa , Pa and Ka denote the acid’s
dissociation constant, partial pressure, and Henry’s law constant, respectively.
A more realistic case than the open system is the closed system, in which the trace
gas is depleted from the gas phase as it condenses. The Köhler equation then assumes the following form (Laaksonen et al., 1998):
S =1+
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(15)

where na is the total number concentration of the trace gas molecules in the system,
C is the aerosol particle concentration (the particle size distribution is assumed to be
monodisperse), β=Ka RT (4πρw /3Mw )2 and ba =4πρw /3Ma νa .
Depending on the particle size and concentration, and on the concentration of the
trace gas, the Köhler curves can be radically altered with a flattened maximum shifted
to larger sizes, and a possible local maximum and a local minimum at droplet sizes
corresponding to the critical size calculated without the trace gas. Kulmala et al. (1997)
suggested that at highly polluted conditions (5–10 ppb of nitric acid), the depression of
the Köhler maximum, together with the possible effect from slightly soluble compounds,
could lead to fogs or clouds containing micron sized, unactivated droplets.
The assumption of a monodisperse particle population is of course unrealistic at
atmospheric conditions. Kokkola et al. (2003) extended the theory to polydisperse
particle size distributions and found that as the RH is sufficiently increased, an Ostwald
ripening phenomenon occurs: the droplet population minimizes its surface free energy
in such a way that the largest droplet of the population grows at the expense of the
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other droplets and ultimately, all of the trace gas is partitioned to the largest droplet.
However, this is an equilibrium effect and needs an extremely slow cooling of the air
(or increase of RH) to be realized. As the cooling rate is increased, the splitting of
the size distribution moves toward smaller droplet sizes. Xue and Feingold (2004) also
observed some degree of Ostwald ripening in their modelling study of the effect of
nitric acid on droplet growth and showed that the associated broadening of the drop
size spectrum could also have implications for the radiative properties of clouds.
Overall, cloud model studies have shown that the effects of nitric acid and other
soluble trace gases on droplet activation depend heavily on the kinetics of cloud formation and cannot be explained solely with the Köhler theory. The HNO3 effect is
more important at lower updraft velocities (Nenes et al., 2002) since the activated fraction decreases with decreasing updraught, so the trace gas causes a relatively larger
enhancement in the activated fraction. Additionally, at low updraghts, the amount of
HNO3 consumed per droplet is larger and the activation time of the cloud is longer,
permitting more time for trace gas diffusion to the droplets.
Another important feature of the nitric acid effect is that it becomes much stronger
at low temperatures (Laaksonen et al., 1997). This is due to the depression of the
HNO3 vapour pressure as a function of decreasing temperature, allowing its uptake
to the solution droplets already at relative humidities below 100%. Also, the absolute
amount of water vapour in the air is low at cold conditions, slowing down water vapour
diffusion and increasing cloud activation times. Thus, at low temperatures, nitric acid
condensation starts earlier and occurs for a longer period before activation takes place,
allowing for a larger fraction of the total nitric acid to be partitioned to the droplets.
As shown by Kulmala et al. (1998), the effects of nitric and hydrochloric acids on
enhancement of droplet activation can be strongly boosted by co-condensation of ammonia. Furthermore, Hegg (2000) showed that the influence of ammonia becomes
stronger with increasing aerosol acidity. However, judgement of the true role of ammonia in the activation process has proved to be difficult because in cloud model calculations, the assumption made concerning initial equilibrium or nonequilibrium of the
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trace gases strongly affects the results (Kokkola et al., 2003; Romakkaniemi et al.,
2005). When nitric acid and ammonia exist in the air simultaneously, they can partition to the aqueous phase already at RH of 90–95%, depending on temperature. It is
customary to equilibrate the aerosol e.g. at 95% RH with water vapour prior to a cloud
model run. If the aerosol is also equilibrated with HNO3 and NH3 , a large part of the
gases may be partitioned to the largest droplets which will in any case be activated,
and the effect of the gases on the activation can remain small. On the other hand, if it is
assumed that the acid and the ammonia are completely in the gas phase at the start of
the simulation, they will be transferred kinetically to the droplets during the cloud model
run, and will condense more effectively to smaller droplets having a larger surface-tovolume ratio. In such a case the gases may have a very large effect on the activation.
In the atmosphere, it depends on the history of the airmass which assumption is closer
to the truth, and therefore, assessment of the impact of ammonia on cloud activation
may be more difficult than assessment of the impact of nitric acid alone.
Taken together, environmental factors have a large impact on the effect of condensable trace gases on cloud drop activation and cloud properties. Nitric acid can have a
large impact on activation especially in weak updrafts and at low temperatures. One
factor limiting the effect of nitric acid is that the effect on cloud activation is largest when
the gas phase nitric acid concentration is large and the aerosol concentration is small,
yielding the most nitric acid per growing droplet. But the areas downwind of urban
areas with high nitric acid concentrations often have large particle concentrations as
well. Middle clouds such as altocumulus and altostratus may be especially susceptible
to the effect of HNO3 . However, for a given cloud liquid water content, whether the
cloud albedo is affected also depends on the CCN concentration: in polluted regions,
cloud albedos may already be so high due to the first aerosol indirect effect that further
brightening caused by the trace gases is minimal. Regional and global assessments
of the importance of the nitric acid effect have become possible with a recent parameterisation (Romakkaniemi et al., 2005); however, the role of ammonia needs to be
clarified.
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It is possible to utilise the form of the Köhler equation presented in Eq. (1) if the water
activity can be directly evaluated. There are two classes of treatment which can allow
this, evaluation of water activity based on laboratory measurements of derived properties and coupled thermodynamic treatments which predict the water activity based
on fundamental properties of the components. In addition to being useful in their own
right, predictions of activation behaviour using these techniques can be used to test
the assumptions made in deriving the more simple forms of the Köhler equation.
4.4.1 Determination of aw by osmolality measurement of atmospheric aerosol components
This first form of prediction is heavily constrained by laboratory measurements and
has several advantages. If the form of the Köhler Eq. (1) is used, the required information about the composition is limited to the water activity, partial molecular volume
of water and surface tension of the growing droplet. If these properties are accessible
to experimental determination as a function of droplet size, then the equilibrium behaviour of the growing droplet can be predicted. Kiss and Hansson (2004) suggested
a simple approach to give reliable estimates of the Raoult term of the Köhler equation when calculating critical supersaturation (Sc ) for real atmospheric samples. Using
laboratory measurement of the osmolality of simple electrolytes and sucrose, it was
demonstrated that activation curves in accord with Köhler theory could be constructed.
This technique is therefore possible for real atmospheric mixtures. Small errors are
introduced into the Kelvin term by assuming the partial molar volume of water is equal
to the molar mass of water divided by water density and, for non-surface active components, the surface tension may be assumed equal to that of water. For surface active
components, this will be less true. If the laboratory determination of surface tension of
multicomponent aerosol extracts may be reliably measured or estimated as a function
of size (accounting for any surface excess due to the surface activity) this technique
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shows great promise.
4.4.2 Prediction of multicomponent activation behaviour using a coupled model
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Models have recently been developed to predict the equilibrium composition of organic
and inorganic multicomponent particles accounting for the effects of curvature on composition (Ming and Russell, 2002, 2004; Topping et al., 2005a,b). These models minimise the Gibbs free energy of the system including all solid and liquid components by
expressing the Gibbs free energy in terms of the component chemical potentials, which
in turn are expressed in terms of their activities.
X
G=
ni µi , µi = µ0i + RT ln(γi )
(16)
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µi (T, p) = µ∗ (T, p)

(17)

where G is the total Gibbs energy of the system, n is the number of moles of component
i , µ is the chemical potential and γ is the activity. The activities are evaluated using
a number of possible models. In the model of Topping et al. (2005a,b), the inorganic
component activities are calculated using the mole fraction based Pitzer-SimonsenClegg ionic interaction model (Clegg et al., 1998) and the organic activities using the
UNIFAC group contribution technique (Fredenslund and Prausnitz, 1975) with a variety
of modified group interaction parameters. The energies of formation of all solids and an
adjusted energy of formation of water is used to calculate the equilibrium phase state.
A variety of minimisation algorithms can be applied which may require additional constraint. For example, the constrained minimisation algorithm of Topping et al. (2005a,b)
uses gradient information from the Gibbs-Duhem relation for convergence:
δG
= µi
δni

(18)
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To account for curvature, it is necessary to evaluate the multicomponent density
using appropriate mixing rules to evaluate the partial molar volume of water in Eq. (1):


xs dρsol
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where xs is the solute mole fraction and ρsol is the solution density. In addition, the
multicomponent surface tension must be evaluated.
For many organic species neither the pure component nor binary aqueous surface
tension data are available. It is therefore frequently necessary to predict these quantities from fundamental molecular information. A number of surface tension mixing
rules exist to combine these predicted data. The reader is referred to Topping et al.
(2005b) for a discussion of the available techniques. Such surface tension predictions,
though internally consistent within the model framework (some requiring the same activity predictions), remain to be validated against real atmospheric data. Section 4.1
details many of the pitfalls which may be encountered if inappropriate components are
chosen.
The use of such models has thus far only been reported for sub-saturated conditions, but they are capable of explicitly evaluating the equilibrium size and composition
at any saturation ratio according to the primitive form of the Köhler Eq. (1). The numerical solver in the Aerosol Diameter Dependent Equilibrium Model (ADDEM) of Topping
et al. (2005b) has been modified slightly to extend its range of operation to include
saturation ratios greater than unity. In sub-saturated application, the algorithm equates
the RH and water activity before iterating the composition within the Kelvin term loop.
The initial solution would become unstable when attempting supersaturated solution.
Therefore, the energy of formation of water is initially nudged and relaxed throughout the optimisation to keep the water activity below unity. Additional constraints are
constructed to ensure solution either side of the critical radius.
Since the model explicitly considers non-ideal effects, it can predict the equilibrium
composition across a wider range of humidity than most other particle equilibrium calculations. Figure 13(a) shows the Köhler curve prediction for simple one and two elec8569

trolyte particles accounting for all non-ideal interactions and multicomponent density
and surface tension. In this case, using the surface tension mixing rule presented by
Chen (1994), the model can be successfully used down to low RH, showing the increased deliquescence RH with decreasing size, the stepped deliquescence of mixed
salt particles and the increased water content of the mixed salt particle in both sub- and
supersaturated regimes with respect to (NH4 )2 SO4 particles. Panel b) shows the predicted behaviour of a mixed (NH4 )2 SO4 /glutaric acid particle accounting for non-ideality
and, multicomponent density and surface tension. In this case, the surface tension is
taken from the parameterisation of Gaman et al. (2004) based on experimental data,
eliminating sensitivity to inaccuracies in surface tension prediction methods.
However, care will still need to be taken when comparing with laboratory CCN measurements since attaining equilibrium water content of glutaric acid has been shown
to take several hours. Panel b also highlights an interesting distinction. If all particles
at a given dry size contain both ammonium sulphate and glutaric acid, but at one end
of the composition range the ratio was 1:4 and at the other end was 4:1, it is evident
that the particles must be considered to be quasi-internally mixed. That is, although
each component is present in all particles, the variable component mass fractions lead
to significant variation in the derived property of interest (in this case CCN activity).
Significant error in predicted behaviour would be introduced using either an internal or
external mixture.
In principle, such models can implicitly account for the response of the particle to
the gaseous saturation ratio of all semi-volatile organic and inorganic species including
water. This requires the simultaneous solution of the Köhler equation for the saturation
ratio of each species as conducted for HNO3 by Kokkola et al. (2003). In addition,
the dissolution of slightly soluble compounds is explicitly resolved by the consideration
of solid equilibration. These models, though numerically expensive, may therefore
be useful developments to investigate the effects of aerosol composition on droplet
activation.
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The contribution of inorganic and organic aerosol compounds to the hygroscopic
growth of ambient particles has been investigated in so-called hygroscopicity closure
studies comparing HTDMA measurements of particle water uptake to predicted water
uptake inferred from chemical composition measurements and corresponding theoretical growth factors of the ingredient mixture. Most studies model only the water uptake
of the inorganic aerosol fraction, as the water-uptake of the organic aerosol fraction
is generally not known, and attribute the difference between measured and predicted
water uptake to the aerosol organic fraction. Studies by Saxena et al. (1995) and Berg
et al. (1998) in urban or near-urban locations show that inorganic salts may account
for the entire measured water-uptake indicating that primary organic compounds do
not contribute significantly to hygroscopic growth. In aged polluted environments on
the other hand, organics compounds were found to significantly contribute to the total
water uptake of aerosol particles (Saxena et al., 1995; Dick et al., 2000; Gysel et al.,
2004; Weingartner et al., 2004), except for a study by Swietlicki et al. (1999), where a
significant contribution was only found during a photochemically active period. McFiggans et al. (2005) used a combination of impactor and AMS measurements to describe
the composition distributions in polluted continental air masses and used a model incorporating the primitive form of the Köhler equation to predict HTDMA measured GFD .
It was found that the variability in GFD was largely dominated by the inorganic:organic
mass ratio at any given size and that the water associated with the organic fraction
was modest and relatively invariant between functional representations of the organic
component at two comparable locations.
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5.2 Aerosol – CCN and aerosol – droplet closure studies
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As introduced in Sect. 3.2.2, CCN measurements are often used to evaluate consistency among measured and derived estimations of a single-supersaturation CCN concentration, among measured and derived estimations of a CCN activation spectrum,
and among measured and derived values of the cloud droplet number concentration.
The former two comparisons will be referred to as aerosol-to-CCN closures, and the
latter as an aerosol-to-droplet closure.
Numerous field studies have been conducted with emphasis on evaluating aerosolto-CCN consistency. With few exceptions these demonstrate that predicted CCN concentrations exceed those measured, but in all cases the uncertainties are comparable
to the departures of the predicted-to-observed CCN ratios from unity, shown in the fifth
column of Table 6. However, since even a 10% departure of the predicted-to-observed
ratio from unity could manifest as a substantial error in model predictions of aerosol indirect effect, emphasis remains focused on improving both the precision and absolute
accuracy of the measurements.
Further confounding aerosol-to-CCN closure is the unknown CCN activity of the organic aerosol fraction. For example, Dusek et al. (2003) analyzed data collected in
southern Portugal and showed that the water-soluble organic carbon constitutes less
than 10% of the total particulate mass. In recognition of this, Dusek et al. (2003) ignored contributions of the organic carbon to CCN activation. Similarly, Roberts et al.
(2002) ignored the CCN activity of the organic fraction in their examination of Amazonia wet season aerosol where the total organic carbon mass fraction exceeds 50%.
An increase of the predicted-to-observed ratios to values larger than that presented
in Table 6 was demonstrated by both Dusek et al. (2003) and Roberts et al. (2002)
in sensitivity studies which considered surface tension reduction by hypothesized organic aerosol components (Facchini et al., 1999b). Enhancements of the predicted
CCN activity could also occur if the two assumptions often made in the interpretation
of HTDMA data are found to be incorrect: 1) solute dissolution is complete when par8572
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ticles are sized at elevated RH in an HDTMA and 2) dried aerosols in an HDTMA are
desiccated, compact and spherical.
Another confounding issue is the possible influence of film-forming (amphiphilic)
compounds (see Sect. 4.1). Bigg (1986) reported unexplained delays in activation
in a CCN chamber that could be attributed to film-forming compounds. During the Indian Ocean Experiment, Cantrell et al. (2001) showed poor aerosol-to-CCN closure on
days characterized by high (∼25%) organic fraction but were able to improve closure
−4
if a mass accommodation coefficient of 10 was assumed (c.f. the inferred values of
−5
10 of Chuang, 2003). As noted in Sect. 4.1 factors other than the mass accommodation coefficient might also be responsible for poor aerosol-to-CCN closure but to the
extent that kinetic effects are important, they do shift the predicted-to-observed ratios
closer to unity.
In contrast to the supersaturation imposed within a CCN chamber, supersaturation
in an ascending cloud parcel is sensitive to the competition between vapour depletion,
due to droplet growth, and the rate with which vapour is made available via adiabatic
expansion (Sect. 3.1.1). As a consequence, closure studies examining the aerosol-tocloud transition require an updraft velocity, in addition to a CCN activation spectrum.
The aerosol-to-droplet closure studies also require droplet concentrations sampled
from cloud regions unaltered by either entrainment mixing or scavenging by precipitation. Table 7 shows that three of four aerosol-to-droplet closure studies report reasonable consistency between prediction and observation, while the earliest of these
reported substantial overprediction. A factor which complicated the interpretation of
the ACE-1, ACE-2 and CFACE aerosol-to-droplet studies was the logistical problem of
using one aircraft to make both sub-cloud aerosol and in-cloud droplet concentration
measurements. Furthermore, both the airborne- and the ground-based studies (i.e.
Hallberg et al., 1997) were fraught with the challenges of obtaining unbiased measurements of cloud droplet concentration (Burnet and Brenguier, 2002) and updraft velocity
(Guibert et al., 2003).
Summarising, with few exceptions, the aerosol-to-CCN closure studies show that
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predicted CCN exceed direct CCN measurements. This pattern of overprediction is
repeated in the aerosol-to-droplet closures, but here our limited understanding of the
mass accommodation coefficient has more direct consequences because it affects the
rate of supersaturation depletion in a cloud parcel. Secondary effects may also arise
from model formulations of the particle size-dependence of the mass accommodation
(Hallberg et al., 1997; Feingold and Chuang, 2002). For any one field experiment, the
overprediction generally does not exceed error bounds associated with the predictedto-observed ratios, but the predominance of ratios greater than unity is indicative of
a bias in the measurements (aerosol, CCN, or droplets) or in the application of the
Köhler or cloud parcel theories. This apparent bias is amplified by several percent by
the parameterisation of surface tension Facchini et al. (1999b) and by the relaxation of
assumptions often made in the analysis of HTDMA data. Of course, if other effects of
organic components were to cancel out or overwhelm the surface tension reduction,
closure would be improved.
6

The effect of aerosol properties on droplet formation in a range of locations

6.1 Offline composition analyses from a variety of locations
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25

This section presents size-segregated chemical composition of different types of
aerosol collected in several locations worldwide, in a form which can be used for
cloud modelling purposes. Sampling has been carried out by multi-stage cascade
impactors with a common analytical protocol, aimed at mass closure and providing
total mass, water soluble inorganic ions (WS INORG), total carbon, elemental carbon, water-soluble organic carbon (WSOC). WSOC has been characterised by functional group analysis based on liquid chromatography and nuclear magnetic resonance
(1 HNMR) and its composition has been reduced to a set of model compounds following the procedure described by Fuzzi et al. (2001). Insoluble mass fraction (INS) is
calculated as the difference between total mass (obtained by weighting the filters) and
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total soluble mass. The details of sampling and analysis are reported in the papers
referenced below. In general, in the sub-micron size range, INS mainly comprises
insoluble organic species; while in the coarse size fractions, INS is mainly inorganic
crustal components.
Figure 14 shows a high degree of variability between locations and size fractions
in the chemical composition of organic and inorganic water soluble components, the
insoluble fraction and total aerosol mass. Despite the differences, all aerosol types are
characterised by a high content of organic matter in the sub-micron fraction (in this size
range organic matter comprises the WSOC and almost the entire INS fraction). The
higher organic content in the sub-micron fraction observed in the urban site (Bologna,
Italy) in winter can be explained by enhanced combustion sources and, during the dry
summer, the coarse fraction is richer in insoluble crustal components. The hygroscopic
fraction in the accumulation mode is mainly dominated by inorganic salts while WSOC
represents the major component in the size range below 0.14 µm. In the aerosol from
the boreal forest, the fine mode, including particles smaller than 0.42 µm, is composed
in almost equal parts of water-soluble organic and inorganic species. With increasing
size, the contribution of water-soluble organic carbon decreases in favour of the inorganic species and water-insoluble components. At the pasture site, Brazil, the aerosol
collected during the biomass burning (dry) season has a similar percent composition
as the aerosol collected during the wet season, but the total aerosol load differs by one
order of magnitude. WSOC is the major soluble component, also in the accumulation
mode, while the soluble inorganic ions represent from a few percent up to 15% of the
total aerosol mass. The sub-micron marine aerosol chemical composition is dominated
by organic fraction (mainly insoluble) during summer while during the winter period the
main chemical component of the sub-micron fraction is sea salt. As expected, the
coarse fraction is dominated by soluble sea salt components in both seasons.
It can be seen that the smallest size fraction exhibits significant variability between
the locations in the ratios between insoluble, water soluble inorganic and water soluble
organic components. This is the fraction where the activation threshold dry size will
8575

most likely be found and hence the composition will impact greatly on droplet activation.
6.2 Marine Boundary Layer (MBL)
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Since the oceans impart a low albedo to vast areas of the planet, influences of marine aerosol may account for a large component of the global radiative budget. The
marine aerosol – cloud system has frequently been assumed one the simplest to describe. In the marine boundary layer, the number of particles large enough to act as
cloud condensation nuclei is set by several factors, including entrainment from the free
troposphere and emission of sea salt droplets from the ocean surface.
A number of studies have pointed to entrainment from the free troposphere as the
major source (by number) of mixed sulfate-organic particles in the marine boundary
layer (e.g. Bigg et al., 1984; Van Dingenen et al.; 1999, Liu et al., 2001). Indeed, anthropogenic and other continental sources of sulfate can be important far from land
(Heintzenberg et al., 2000; Patris et al., 2000; Putaud et al., 2000). Downward mixing
is important and frontal passages and other meteorology are very important in determining the number of sulfate particles available (Bates et al., 2000). Single particle
data indicate that these entrained particles from the free troposphere contain organics
internally mixed with sulfate (see Fig. 8 and De Bock et al., 2000).
Sea salt particles contribute a significant minority of the number of cloud condensation nuclei in the marine boundary layer. The contribution is strongly dependent on wind
−3
−1
speed, with for example about 70 sea salt particles cm for 17 ms winds (O’dowd
et al., 1997; Mason, 2001). This is a change from the view that sea salt particles are
present at only about 1 cm−3 , as expressed in influential papers (Charlson et al., 1987).
Instead, measurements of the dependence of the number of particles on wind speed
have shown that many of the submicron particles must be sea salt (O’Dowd et al.,
1999). Single particle analysis using both electron microscopy and mass spectrometry at Cape Grim showed that most particles larger than 130 nm at that location were
sea salt (Murphy et al., 1998). Ionic analysis of size selected samples has led to the
conclusion that sea salt dominates the light scattering by submicron particles across
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wide areas of the ocean (Quinn et al., 2000). Volatility and electron microscope analysis have both shown sea salt particles down to well below 100 nm (e.g. Clarke et al.,
2003). These sea salt particles also contain an estimated 5 to 50% organic matter
(Middlebrook et al., 1998; Bigg and Leck, 2001; Putaud et al., 2000; O’Dowd et al.,
2004; Lohmann and Feichter, 2005). At least some of the organic material is at the
surface of the particles (Tervahattu et al., 2005). As is detailed above, the effects of
organic components on both the mass of soluble material in, and the surface tension
of, an activating aerosol particle may be significant. The surfactant properties of the
organic layer on the ocean surface may also influence the number of wind-generated
particles (MacIntyre, 1974 Slauenwhite and Johnson, 1999).
Despite these general conclusions, there are only a few quantitative measurements
of the relative contributions of sea salt to cloud condensation nuclei. An assessment
of the relationship of CCN to wind speed found that a 10% increase in wind speed
would increase the number of CCN in the marine atmosphere by less than 5% (Bigg
et al., 1995). At Macquarie Island (54◦ S), volatility analysis showed about half the
CCN were sea salt (Kreidenweis et al., 1998; Murphy et al., 1998). This is a region of
high wind speeds and very low anthropogenic influence, so the global contribution of
sea salt will be less. Tandem humidity measurements have consistently found a much
smaller fraction of sea salt. For example, particles with humidity-dependent growth
characteristic of sea salt were found at about 150 µm only 13, 35, and 16% of the
time on cruises through the Pacific, Southern, and Arctic Oceans, respectively (Berg
et al., 1998; Zhou et al., 2001). Even when present, sea salt particles were usually a
minority so the inferred overall abundance of sea salt particles was only a few percent
by number. These humidity-dependent data may represent a lower limit because the
organic material present in the sea salt particles can reduce their hygroscopic growth
to something nearer to sulfate particles (Randles et al., 2004).
Section 3.1.4 has demonstrated the complex dependence of activation behaviour
on the interacting aerosol size, composition and updraught in the marine environment.
The presence of organic components in seasalt particles will only increase the com8577

plexity of such dependencies. It is unclear whether the generally reasonable agreement
in marine CCN and droplet closure studies (Sect. 5.2) using relatively simple interpretive treatment is indicative of relative insensitivity to compositional complexity as may
be illustrated by the analysis in Sect. 3.1.3.
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6.3 Free Troposphere (FT)
Cloud processes in the free troposphere often involve the ice phase, through cirrus
clouds, or in mixed phase frontal or convective systems. Aerosol-cloud interactions in
such cloud types are beyond the scope of this review. However, supercooled water
clouds are often involved in the formation of such clouds before freezing takes place
and are often key to understanding the processes governing the transportation of material from the boundary layer to the free troposphere. There are few studies on warm
cloud activation in such systems, though measuring sites located on mountain tops are
often suitable for their study.
Aerosol size distributions at locations such as the Jungfraujoch (Swiss Alps, 3580 m
above sea level), show that the shape of the Aitken and accumulation aerosol size
distributions are relatively invariant throughout the year (Fig. 15), though the absolute magnitude of the two modes vary independently by an order of magnitude (Weingartner et al., 1999). The seasonal variation in number concentration is due to enhanced thermal convection in the summer months, as analyzed in detail by Lugauer
et al. (2000). Valley venting thus results in substantially higher number concentrations
than during free troposphere conditions, while the normalized size distribution is virtually unchanged.
Compositional analysis using an AMS has shown the presence of an internally mixed
mode of sulphate, nitrate and organic material, the relative fractions are variable and
have a seasonal dependence such that the organic fraction is smaller in winter-time.
As can be seen in Fig. 16 there is evidence of an increased organic mass fraction in
particles below 150 nm in size, though the differences in the average component mass
distributions arise from the intermittent presence of an enhanced Aitken mode com8578
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prised of organic material. These events will have a significant impact on the activation
process as the composition change occurs in the size range where the activation cut
off is to be expected (see below).
However, for much of the time, HTDMA measurements show that a single growth
mode is dominant at any given dry particle size whose relative component mass controls the hygroscopic properties of the particles as shown in Fig. 17 (Weingartner et al.,
2002). This growth factor is higher in winter than in summer, which can be explained by
the greater fraction of organic material as shown by the AMS measurements (Fig. 16),
with organic material having a lower growth factor than inorganic material. At any given
time, the measured growth factors in the size range D=50–250 nm experience a monotonic 7–17% increase with increasing particle size, indicating that there is a change in
the composition in this size range (Weingartner et al., 2002, 2004). At present subtle
changes in the composition of particles in the region where the activation cut off for particles is likely to be critical for predicting the indirect effect in aged continental aerosol
have not been possible. Whilst knowledge of these subtleties is not required for accurate prediction of the direct effect, the cloud droplet number and hence indirect effect
may well be very sensitive to these subtle changes in relative number of Aitken and
accumulation mode aerosol and their compositions at sizes equivalent to the typical
critical radii of the smallest aerosol particles involved in activation.
Using the individual GFD for the pure inorganic compounds and assuming GFD values at 85% RH of 1.0 and 1.1 for black carbon and organic carbon, respectively, the
measured growth factors were well reproduced by the Zdanovskii-Stokes-Robinson
(ZSR) model (Chen et al., 2003) which assumes an ideal mixing behaviour of the
chemical species in the aerosol particle. As a consequence of this internal mixing,
particles do not show efflorescence but rather a continuous increase of GFD with increasing RH (Weingartner et al., 2004), from which it may be inferred that at the JFJ
the particles are present as liquid droplets over a broad RH range, consistent with the
thermodynamically stable liquid phase of multicomponent organic mixtures (Marcolli
et al., 2004).
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An analysis of measured number size distributions of interstitial particles and cloud
droplet residuals showed that in warm clouds the activated fraction is strongly size dependent. The values with 50% activation are centred around D=100 nm, (Henning
et al., 2002) showing a sharp transition from unactivated to activated particles pointing towards the internal mixing of the sub-µm aerosol. AMS measurements behind
the different inlets also show that the organic fraction is scavenged effectively by the
cloud. The ratio of cloud droplet number and accumulation mode aerosol number is
near unity during clean conditions, and, during more polluted periods the cloud droplet
number is considerably less than the accumulation mode number concentration. The
mass scavenging ratio of the organic material was shown to be similar to the equivalent
inorganic component ratios for any given cloud event. However, variable scavenging
ratios of between 0.3 and 1 were observed throughout the experiment, providing an
average scavenging ratio of organic material of around 0.5, generally decreasing with
increasing concentrations in given cloud events. Individual case studies also showed
that when the organic to inorganic ratio was small the scavenging ratio was larger.
Though this may indicate that the organic can inhibit activation, it may be that the ratio
reduces with age in the atmosphere and the number scavenging ratio increases on
similar timescales. In cases where there was a strong indication of internal mixing,
identified by similar mass size modes of the components, the scavenging ratio of the
organic material increased substantially. For predominantly warm clouds it was found
that black carbon (BC) is scavenged in a very similar way as the total sub-µm aerosol
volume, indicating that BC is to a great extent internally mixed. The correlation between the scavenged BC fraction (SFBC ) and the activated volume fraction (AFV ) was
SFBC =0.92×AFV with R 2 =0.68.
Such case studies are not, in themselves, evidence for composition-dependent
aerosol effects on cloud activation. The microphysics of the cap clouds at the Jungfraujoch may be dominated by the updraught velocities at cloud base from one event to the
next rather than by changes in the aerosol properties. Extended investigations of this
type may, however, offer some key insights into the incorporation of organic material
8580

and black carbon into cloud.
6.4 Aerosols in the tropical atmosphere: from natural biogenic to biomass burning
particles
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Aerosol particles in tropical rain forests such as Amazonia and tropical Africa plays
a key role in the regional biogeochemical cycles (Davidson and Artaxo, 2004), in the
radiation balance (Procopio et al., 2003, 2004) and in cloud processes (Andreae et al.,
2001, 2002, 2004; Roberts et al., 2002; Silva Dias et al., 2002), There is important interactions between the biosphere and the atmosphere in Amazonia with strong coupling
between regional climate, land use, aerosol particles and cloud structure (Silva Dias
et al., 2002, 2004). The aerosol in the Amazon basin is dominated throughout the year
by organic matter, for both fine and coarse mode, and the particles are mostly soluble in water. The aerosol concentration and composition in Amazonia exhibits strong
seasonality, with two very different situations. During the wet season, natural biogenic
particles dominate the aerosol population (Artaxo and Hansson, 1995), and in the dry
season, biomass burning particles shows very high aerosol loading (Artaxo et al., 1998,
2002).
Aerosol mass concentrations in the wet season is around 10 µg/m3 , while the number concentration averages about 300 particles/cc. For example, during the clean part
of the LB-CLAIRE experiment, particle number concentrations were around 350 particles/cc and CCN concentrations at 1% supersaturation were at 267±132 particles/cc
with CCN/CN value was 0.50 at 0.6% supersaturation, rising to 0.71 at 1.0% supersaturation (Roberts et al., 2000, 2001). The sub-µm aerosol particle size distribution was
bimodal (Aitken and accumulation mode with geometric mean around 65 nm and 120
nm respectively) for most of the time. A low diameter growth factor of 1.3 taken from
dry to 90% RH was measured for 100 nm particles (Rissler et al., 2004). Around 80%
of the biogenic aerosol mass is in the coarse mode. In the fine mode, the particles
are dominated by organic aerosols from gas-to particle conversion of biogenic VOCs
emitted by the vegetation. Organic compounds are responsible for 70% of the aerosol
8581

mass, with very low sulphate and nitrate concentration (Graham et al., 2003a,b). Soil
dust is a minor component (about 10–20% in mass, with sporadic impact from long
range transport of Sahara dust aerosols in Amazonia (Formenti et al., 2001; Artaxo
et al., 1998). Recently, Claeys et al. (2004) have demonstrated the possibility that
oxidation products of isoprene could make a fraction of natural wet season aerosol
particles in considerable amounts. Roberts et al. (2002) analyzed the effect of sulfur
compounds from decaying organic matter deposited on pre-existing particles, enhancing their capacity to become CCN, showing that the amount of sulfate on the particle
was directly related to the activation fraction of the aerosol for a given supersaturation.
In the dry season, biomass burning aerosol particles dominates the atmosphere, with
3
PM2.5 as high as 600 µg/m , and particle number concentrations of around 30 000
particles/cc (Artaxo et al., 1998, 2002; Andreae et al., 2002). Fine mode aerosol comprises 90% of the aerosol mass, and organic compounds are responsible for around
70% of the aerosol mass (Mayol-Bracero et al., 2002; Graham et al., 2003a). The Large
Scale Biosphere-Atmosphere Experiment in Amazonia – Smoke, Aerosols, Clouds,
Rainfall and Climate (LBA-SMOCC) experiment was conducted in the Amazon Basin,
with the principal purpose of investigating how and to what extent aerosol particles
produced by biomass burning alter cloud formation. Andreae et al. (2004) showed
the large impact of pyrogenic particles in cloud properties during the biomass burning season, with large changes in cloud microphysics from natural conditions to heavy
biomass burning impacts. Heavy smoke from forest fires in the Amazon was observed
to reduce cloud droplet size and so delay the onset of precipitation from 1.5 km above
cloud base in pristine clouds to more than 5 km in polluted clouds and more than 7 km
in pyro-clouds. The average cloud depth required for the onset of warm rain increased
by ∼350 m for each additional 100 CCN/cc at a super-saturation of 0.5% (Freud et al.,
2005). Using remote sensing techniques, Koren et al. (2004) demonstrated that no
low clouds were observed in areas with enough biomass burning smoke to create an
aerosol optical thickness above 1.5 at 500 nm. This result serves as a reminder that,
although they are beyond the scope of this review, dynamical responses to aerosol
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light scattering and absorption can lead very important effects on clouds. Modelling of
this system by Feingold et al. (2005) using large eddy simulations suggests that the
primary reason for reduction in cloud fraction is the suppression of surface fluxes by
the smoke.
It is becoming clear that larger aerosol loadings in the atmosphere cause changes
in cloud microphysics, with both in situ and satellite measurements indicating smaller
droplet sizes with increasing aerosol loading and changes in cloud dynamics. However,
the final effect on the precipitation rate and amount is still unclear. For example, delays
in the onset of precipitation do not necessarily translate into less precipitation over
the lifetime of a storm. Several researchers have looked at possible changes in the
precipitation rate with large temporal or spatial changes in aerosols, but there is no
clear signal on this critical issue. This area needs attention due to possible changes
in precipitation rates and amounts. Additionally, the quantitative aspects of the aerosol
indirect effects, as well as the semi-indirect effect, is still in its infancy, with potentially
significant changes in the global and regional atmospheric radiation balance (Silva Dias
et al., 2004).
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Climate model representation of aerosol effects on cloud activation

GCMs are being used to examine the influence of aerosols and clouds on global climate. This is a priori an enormous challenge given the need for GCMs to integrate
myriad atmospheric, land, and ocean processes on a broad range of temporal and
spatial scales. It may be argued that GCMs need to at least represent the collocation
of aerosol and clouds in a statistically representative manner if they are to be relied
upon to assess the aerosol indirect effect. As discussed earlier, convection and cloud
formation are poorly resolved in these models. GCMs have grid spacings on the order
of 100 km and clouds often fill only a small fraction of the grid-cell area. Cloud scale
updraughts, which drive cloud supersaturations and the fraction of activated particles,
are also poorly resolved. GCM-grid resolved vertical velocities are very small (order
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1 cm s−1 ) and do not represent the cloud-scale vertical velocities (order 1 ms−1 ). Detailed treatment of aerosol-cloud interactions in GCMs thus relies heavily on the GCM
subgrid parameterizations of convection and cloud-scale updraughts, growth of drops
(and ice particles), and precipitation. Thus detailed representation of the aerosol size
distribution and composition of the kind described in this paper is a necessary, but not
sufficient condition for assessments of aerosol indirect effects using GCMs. This being
said, GCMs are an essential climate prediction tool and introduction of physically-based
treatments of aerosol, clouds, and precipitation is crucial given our current limited understanding of the potential effects on climate change.
7.1 Current approaches to represent aerosols in global climate models
Since the pioneering study by Langner and Rodhe (1991), who used a coarse horizontal resolution chemical transport model based on climatological meteorology for
the simulation of the sulphur cycle, there have been steady advances in the treatment
of the complexity of the aerosol precursor chemistry, transport processes, parameterisation of particle dry deposition, and wet removal. Recently, attempts have been
undertaken to calculate not just the aerosol mass, but also the particle number concentration by parameterising aerosol formation and dynamical processes. Two kinds
of aerosol dynamics models have been developed: modal schemes and bin schemes.
Modal schemes have been applied for mineral dust (Schulz et al., 1998) and for sulphuric acid, soot and seasalt (Wilson et al., 2001). Bin schemes have been applied
for sulphate (Adams and Seinfeld, 2002), for mineral dust studies (Tegen and Fung,
1994), for sea salt aerosols (Gong et al., 1997) and for sulphate and seasalt (Gong
and Barrie, 2003; Spracklen et al., 2005).
Most of the earlier studies concerned with the effect of aerosol particles on the
climate system have taken sulphate particles as a surrogate for all anthropogenic
aerosols (Boucher and Lohmann, 1995; Jones et al., 1994). Lately most major GCMs
also include carbonaceous aerosols, dust and sea salt (for state of model development
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see: AEROCOM model intercomparison: http://nansen.ipsl.jussieu.fr/AEROCOM/ and
Kinne et al., 2003). Simulating nitrate aerosols is more difficult, because of their semivolatile nature (Adams et al., 2001). Aside from physical and microphysical processes
the lack of time-resolved and accurate emission inventories introduces large uncertainties (Bond et al., 2004). In particular, biogenic sources and emissions from biomass
burning are highly uncertain. Both biogenic and biomass burning emissions depend on
environmental conditions (e.g. weather) and exhibit high interannual variability, which
has not been taken into account by climate studies. Probably the largest uncertainty
is associated with organic aerosols because current measurement techniques cannot
identify all organic species (Kanakidou et al., 2005).
There is increasing evidence that aerosol particles are predominantly a conglomerate of different internally mixed chemical substances (see Sects. 3.1 and 3.2). In
contrast most GCMs still treat aerosols as external mixtures in terms of their optical
properties (e.g. Feichter et al., 1997) because internal mixtures have more degrees of
freedom, are more complex, and require an added computational burden. Advanced
aerosol modules in GCMs have been expanded to include aerosol mixtures and to predict aerosol number as well as mass, so that processes that influence aerosol mass
only do not affect aerosol number, and processes that influence aerosol number only
do not affect aerosol mass for each mode (Ghan et al., 2001; Zhang et al., 2002; Stier
et al., 2004).
7.2 Current approaches to represent aerosol-cloud interactions in global climate models
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Activation of aerosol particles to form cloud droplets is one of the weakest links in
estimates of the indirect aerosol effects. In order to treat cloud droplet formation accurately, the aerosol number concentration, its chemical composition and the vertical
velocity on the cloud scale need to be known. Abdul-Razzak and Ghan (2000) developed a parameterisation based on Köhler theory that can describe cloud droplet
formation for a multi-modal aerosol. This approach has been extended by Nenes et al.
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(2001b) to include kinetic effects, such that the largest aerosols do not have time to
grow to their equilibrium size. Also, the competition between different aerosol species,
such as sulphate and sea salt, (Ghan et al., 1998; O’Dowd et al., 1999) has recently
been considered (Ghan et al., 2001).
As discussed in Sect. 4, chemical effects of the same order as the indirect effect
were pointed out by Nenes et al. (2002) and as large as unresolved cloud dynamics by
Lance et al. (2004). Thus, they need to be included in GCMs as well. While the effect of
surface-active organics and slightly soluble organics has recently been included in the
parameterisation of cloud droplet formation by Abdul-Razzak and Ghan (2004, 2005),
other effects of organics, such as their film-forming ability are not considered yet.
In order to apply one of these parameterisations, the updraught velocity relevant
for cloud formation needs to be known. Some GCMs apply a Gaussian distribution
(Chuang et al., 1997) or use the turbulent kinetic energy as a surrogate for it (Lohmann
et al., 1999). Other GCMs avoid this issue completely and use empirical relationships
between aerosol mass and cloud droplet number concentration instead (Menon et al.,
2002). This method is limited because of a scarcity of observational data. At present,
relationships can only be derived between sulphate aerosols, sea salt, organic carbon
and cloud droplet number, but no concurrent data for dust or black carbon and cloud
droplet number are available yet.

20

7.3 What is the extent of predicted aerosol effect?

25

Some attempts have been made to estimate the total radiative forcing since preindustrial times including all quantitative radiative forcing estimates and uncertainties
included in the IPCC 2001 bar chart (Boucher and Haywood, 2001). The resulting total radiative forcing (well-mixed greenhouse gases, solar activity, ozone, direct aerosol
effects and Twomey effect) has a 75–97% probability of being positive. Note that the
Twomey effect is the only aerosol effect that can be considered a forcing because it
can be calculated from two radiative transfer calculations where the only difference is
the aerosol-induced increase in cloud droplet number for a constant liquid water path.
8586

5

10

15

These estimates neglect the cloud lifetime effect and aerosol effects on mixed-phase
and ice clouds because our knowledge of these effects is not yet sufficient to predict
their magnitudes and because all other aerosol effects include feedbacks and interactions within the climate system. Probability ranges, however, can be estimated from
inverse simulations or thermodynamic considerations (Anderson et al., 2003; Crutzen
and Ramanathan, 2003). They limit the sum of all indirect aerosol effect to between 0
−2
and −2 Wm . Given that the GCM estimates for the Twomey effect alone amount to
−2
−0.5 to −1.9 Wm (Fig. 18 and Lohmann and Feichter, 2005), either all other aerosol
indirect effects cancel each other or the Twomey effect is smaller than current climate
models predict.
Thus uncertainties in aerosol forcing must be reduced at least three-fold for uncertainties in climate sensitivities to be meaningfully reduced and bounded (Schwartz,
2004). One major problem for assessing the aerosol indirect effect is its large regional variability (Ramanathan, 2001; Chameides et al., 2002). Thus, it is questionable
whether the global mean top-of-the atmosphere forcing is sufficient to characterize the
radiative impact of aerosols and the aerosol effects on the hydrological cycle.
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Conclusions, future directions and suggestions

Atmospheric aerosol size distributions are highly variable and both the number of particles in a given size range and the gradient of the distribution in certain critical size
ranges will determine activation behaviour moving into supersaturation. Size distribution characteristics strongly interact with the dynamics to determine the number of
activated droplets and these interactions are dependent on the composition distribution. The sensitivities of cloud droplet size and number to the aerosol size, composition
and updraught are not equal and are interdependent, though in all cases the aerosol
number appears important.
Inorganic electrolyte components of atmospheric aerosols are readily hygroscopic
and evidence suggests that organic components contribute to growth of aged particles,
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but only with a moderate growth factor of ∼1.15 at 90% RH. The accumulation mode
particles are generally more hygroscopic than Aitken mode particles. With the exception of urban areas, most environments are dominated by particles which readily take
up at least a moderate amount of water. There is some trend of increasing fraction of
readily hygroscopic particles, increasing growth factors and decreasing growth spread
from anthropogenically influenced to remote areas. External mixtures of particle modes
with respect to water uptake and growth spread within modes (quasi-internally mixed)
are nearly ubiquitous.
Accumulation mode particles are generally more hygroscopic than Aitken mode particles. This is an important issue because the minimum size of particles activated to
form cloud droplets is often near the border between these two particle modes.
8.1 Measurement requirements
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A range of offline and online techniques are available to measure size segregated
aerosol composition. No single technique is capable of providing all required information to enable prediction of cloud activation; though a combination of techniques can
deliver useful highly time and spatially-resolved chemical composition and mixing state
information which may be used as input to cloud parcel models. Impactor sampling
and offline analysis may be used to derive model compounds to represent the organic
aerosol components by mass. Higher size and time resolution of component mass
loading down to activable sizes may be provided by AMS ensemble distributions; but
with little organic component discrimination. Single particle instruments can provide
component mixing state and broad composition by number down to near the activation
threshold dry size. The actual measurement requirement for estimation of the aerosol
effect on droplet activation is size-resolved chemical and physical property data for
particles in the 40 to 200 nm diameter range.
Given the complexity of organic components, it is unlikely that a detailed understanding of their effects on surface tension, uptake kinetics and equilibrium water content will
be readily and reliably predictable from composition measurements alone; hence direct
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measurements of physical properties are also required at the sizes near the cloud activation threshold. Two such useful derived properties are the hygroscopic growth factor
and the CCN activation spectra. Direct surface tension measurements are also useful.
A comparison of activation spectra between those measured in CCN instruments
and those derived from other measured properties such as composition may provide
reliable data sets for cloud model initialisation and reveal limitations of the measurements. The duration of particle exposure to the maximum supersaturation in such
measurements should mimic that which occurs during activation in an updraft. Laboratory experiments conducted with flow-through cloud simulators (Stratmann et al.,
2004) together with field-deployable aerosol and CCN instrumentation should be encouraged. The proposed studies could provide important guidance on several of the
outstanding issues addressed here, including the effects of humidity preconditioning on
aerosol activation, the reliability of field-deployable CCN instrumentation and effects of
complex aerosol composition on activation.
8.2 Effect clarification
In Sect. 4 we considered the possible effects of component properties on cloud activation. Several concrete recommendations follow from this consideration:
i) The effect of limited component solubility alone is shown to be of limited relevance
to real multicomponent atmospheric aerosol activation,
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ii) The degree to which a surfactant partitions between the bulk and the surface of
the droplet is dependent on the nature of the dominant surface active components
and surfactant partitioning may need to be considered in cloud modelling studies.
Simply accounting for surface tension reduction by calculating the surfactant concentration from its total mass in the droplet will lead to underestimation of the
critical supersaturation in some cases. It should be noted that solely reducing
the surface tension would worsen the overprediction of CCN and droplet numbers
commonly found in closure studies (Sect. 5),
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iii) If surfactant films are present, they are probably more likely to be in the expanded
than condensed state and are unlikely to influence hygroscopic or CCN properties
greatly by mass transfer limitation,
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iv) It is therefore critically important to clarify whether ordered organic films truly do
exist on growing cloud droplets, whether surface partitioning effects are significant or whether surface tension suppression predominantly results from WSOC.
Surrogates for representing atmospheric aerosol should therefore be chosen with
caution,
v) Cloud model studies have shown that the effects of nitric acid and other soluble
trace gases on droplet activation depend heavily on the kinetics of cloud formation
and cannot be explained with Köhler theory alone (see dynamical considerations,
below),
vi) Use of the primitive form of the Köhler equation can circumvent requirement
for unknown composition related parameters, but require either laboratorydetermined or predicted water activities, and surface tensions. Approaches using
such techniques may prove valuable for multicomponent droplet activation prediction.
8.3 Dynamical considerations
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The complexity of aerosol composition suggests potential effects on cloud droplet activation that are very large based on Köhler theory, and yet these very large differences
are not realised when considering the dynamical system of a population of aerosol
growing and competing for water vapour (Phinney et al., 2003; Ming and Russell, 2004;
Ervens et al., 2005). Composition effects are significantly reduced by feedbacks in the
dynamical system, particularly under low aerosol loadings. The potential for composition effects to be realised is greatest under polluted conditions with low water vapour
supply (Nenes et al., 2002; Lance et al., 2004). The effects of kinetic limitation on
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droplet activation are significant, all else being equal: smaller uptake resulting in larger
activated fractions. The natural variability in aerosol size distributions can generate
conditions under which increases in aerosol do not necessarily translate to increases
in drop concentration. A case in point is the role of large or giant aerosol in limiting
cloud supersaturation, thus wielding influence beyond that expected by their numbers
on the activation of small particles (Ghan et al., 1998; O’Dowd et al., 1999; Feingold,
2001). Coupled growth models are required to assess these effects and greatest deviation of such predictions from equilibrium tend to be strongest for the small particles
where composition effects are most important.
8.4 Synthesising system complexity
It was shown in Sect. 6 that the complexity of aerosol behaviour varies significantly between locations; how cloud activation behaviour is affected by this complexity must be
established to enable such considerations to be captured in large-scale models. Section 7 provided a discussion of the current descriptions of aerosol and aerosol-cloud
interactions in global models, a discussion of the difficulties in such approaches and a
summary of the range of predicted radiative forcing based on these treatments. In spite
of our very best efforts at explaining the relationship between aerosol size/composition
and drop size distributions, we are inherently limited in our current climate predictive
capabilities by the difficulty of resolving convection and clouds in GCMs. Marine boundary layer clouds, such as stratocumulus, present a challenge because they are not well
resolved in GCMs, and their contrast with the dark underlying ocean represents a significant climate forcing.
Whilst it is evident that there is significant complexity in ambient aerosol composition
and behaviour, it is crucial to evaluate the extent to which details of aerosol-cloud
interactions are important for the overall understanding of their impact on the climate
system. Useful questions that should be posed include:
i) is detailed aerosol size distribution and composition always required or are there
8591

adequate proxy that are easier to perform or representations that are easier to
use? For example, how closely can the effects of composition be described simply with a hygroscopic growth factor or insoluble fraction in addition to the size
distributions?
5

ii) How many of the complex interactions in a particular system are important, and
at what spatial/temporal scales?
iii) Can we synthesise our understanding of the complexity into physically-based parameterisations that capture the essence of the process under consideration?
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iv) Will such parameterisations represent adequately the underlying physics when
included in global scale models?
8.5 Addressing temporal/spatial scales
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An important issue for both observations and models is the question of scale. Current
climate models do not incorporate the small temporal/spatial scales needed for adequate resolution of many processes; aerosol-microphysics-chemistry processes are a
case in point. Predicting the impact of the aerosol indirect effect is an enormous challenge because it requires that models correctly predict the collocation and timing of
aerosol and cloud events, as well as the interactions between aerosol and clouds at
small scales.
Observations and modeling should, as a first step, be performed at the scale appropriate to the process or interaction under investigation. Observations and model output
need to be compared at similar scales, starting from the smallest scales pertinent to
the process, and ranging up to the regional and global scales. A methodology for consistent transfer of understanding and representation of processes from the smallest
to largest scales needs to be developed. This could consist of embedding detailed
models in climate models based on the principles of synthesis and parameterisation
8592

outlined above, or increasing the spatial and temporal resolution of the climate models
to resolve the processes themselves.
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Table 1. Table of S(Xi )=∂l nNd /∂l nXi where Xi is one of Na , rg , σg , w, ε. “Clean” indicates
Na <1000 cm−3 and “Polluted” indicates Na >1000 cm−3 .

Na
rg
σ
w
ε

All

Clean

Polluted

0.88
0.32
−0.39
0.29
0.11

0.92
0.28
−0.31
0.18
0.09

0.73
0.39
−0.53
0.47
0.13

8621

Table 2. Hygroscopic growth factors of various “pure” substances.
GF at 90% RH
Substance

80 nm

Flat surface

(NH4 )2 SO4
NH4 HSO4
H2 SO4
NH4 NO3
NaCl

1.68
1
1.72
1.661
1.77
2.34

1.74
1
1.77
1.701
1.85
2.41

fresh mineral dust

<1.05

–

Vlasenko et al. (2005)

fresh diesel engine exhaust
(soot)

<1.05

–

Weingartner et al. (1997)

fresh petrol engine exhaust
dominated by volatile
organic compounds

<1.05

–

Weingartner et al. (1995)

up to 1.65

–

Pagels et al. (2003)

1.07–1.14
(at 85% RH)

–

Saathof et al. (2003)
Virkkula et al. (1999)
Baltensberger et al. (2005)
Cocker III et al. (2001a)

humic-like substances

1.08–1.20

–

Chan and Chan (2003)
Gysel et al. (2004)
Brooks et al. (2004)

organic acids

1.00-1.70

3

–

Wise et al. (2003) and
references therein

biomass burner exhaust
secondary organic aerosol
(reaction chamber experiments)

1

2

References
Topping et al. (2004)

Divided by GFD =1.22 for H2 SO4 and 1.03 for NH4 HSO4 . at RH=10%.

2

Exhaust from large (1 to 6 MW) high efficiency grate burners leave particles composed of the inorganic residue only.
Particles from open or smouldering flames with significant amounts of organic and elemental carbon are expected to
have smaller GFD values.
3
GFD similar to inorganic salts are reported for multifunctional organic acids and organic salts, whereas monoacids
are generally not or only slightly hygroscopic.
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Table 3. Hygroscopic behaviour of Aitken mode particles in various environments.

upper Aitken mode size range (∼50–80 nm)
dominant mode
GFD (90%)

Urban

1.15–1.43

frequency
of
occurrence

up to
100%

second mode
fraction

GFD (90%)

11–90%

1.00–1.12

1.05–1.15

frequency
of
occurrence

up to
100%

10–90%

fraction

10–89%

3–72%

References
McMurry and Stolzenburg (1989);
Cocker III et al. (2001);
Zhang et al. (1993);
Baltensberger et al. (2002);
Chen et al. (2003);
Ferron et al., 2005)
Svenningson et al. (1992);
Zhang et al. (1993);
Pitchford et al. (1994);
Svenningson et al. (1994);
Svenningson et al. (1997);
Swietlicki et al. (1999, 2000);
Hämeri et al. (2001);
Busch et al. (2002);
Boy et al. (2004);
Ferron et al. (2005)

Continental
Polluted

1.32–1.53

90–100%

28–97%

Free
Troposphere

1.40–1.55

100%

75–90%

bimodal growth (GFD ∼1.4-1.6)
observed at Izana, Tenerife, 2357 m
asl in 47% of clean cases

Swietlicki (2000);
Weingartner (2002)

Biogenically
dominated

1.15–1.20

>97%

87–95%

∼1.07

15–35%

<12%

Zhou et al. (2002);
Rissler et al. (2004)

Remote
Marine

1.42–1.75

100%

>75%

2.05-2.13

3–7%

<7%

Berg et al. (1998b);
Swietlicki et al. (2000);
Zhou et al. (2001)
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Table 4. Hygroscopic behaviour of accumulation mode particles in various environments.

lower accumulation mode size range (∼100–150 nm)
dominant mode

Urban

second mode

GFD (90%)

frequency
of
occurrence

fraction

GFD (90%)

1.23–1.50

100%

16–90%

1.00–1.14

frequency
of
occurrence

up to
100%

fraction

10–84%

References
McMurry and Stolzenburg (1989);
Cocker III et al. (2001);
Zhang et al. (1993);
Baltensberger et al. (2002);
Chen et al. (2003);
Santarpia et al. (2004);
Ferron et al. (2005)

Continental
Polluted

1.41–1.64

100%

37–100%

1.03–1.18

10–90%

2–63%

Svenningson et al. (1992);
Covert et al. (1993);
Zhang et al. (1993);
Pitchford et al. (1994);
Svenningson et al. (1994);
Svenningson et al. (1997);
Swietlicki et al. (1999, 2000);
Hämeri et al. (2001);
Busch et al. (2002);
Boy et al. (2004);
Ferron et al. (2005)

Free
Troposphere

1.62

100%

∼85%

<1.3

–

∼15%

Weingartner (2002)

Biogenically
dominated

1.20–1.25

>93%

90–96%

∼1.08

∼25%

<7%

Zhou et al. (2002);
Rissler et al. (2004)

Remote
Marine

1.47–1.78

100%

>80%

2.06–2.14

13–40%

<15%

Berg et al. (1998b);
Swietlicki et al. (2000);
Zhou et al. (2001)
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Table 5. Parameters for Eq. (14) (Syszkowski-Langmuir equation) that describes surface tension behaviour of fog, cloud and aerosol water extract samples from different environments. The
fourth and fifth columns show the percent changes in critical supersaturation (Sc ) and critical
diameter (Dc ) calculated using the parameterizations of surface tension for each environment
((sST , DST ) and surface tension of pure water (sH2 O , DH2 O )). The calculations were made for an
aerosol particle of 0.05 m dry diameter and the chemical composition was considered constant
for the different cases (70% soluble: 40% inorganic salts and 30% organic species) Note that
σ0 is the surface tension of pure water at the temperature at which the measurements were
performed and parameters b and a were fitted to the experimental data.

Po Valley fog
Tenerife cloud
Mace Head aerosol
Biomass burning aerosol
ACE Asia cloud
SDS

σ0 (mNm−1 )

b(mNm−1 K−1 )

a(lmole−1)

(SST − −SH2 O )/
SH2 O (%)

(DST − −DH2 O )/
DH2 O (%)

72.8
72.8
72
72
72
73

0.0187
0.0200
0.1700
0.0400
0.0540
0.1280

628.14
99.01
11.86
39.21
293.08
153.60

−37.73
−25.33
−40.10
−30.49
−59.69
−66.44

36.08
25.99
71.45
36.08
116.01
193.95
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Table 6. Recent aerosol-to-CCN closure studies.
Investigator

Aerosol Chemical
Speciation

Campaign

CCN activity
of organics

Predicted-toobserved Ratio

Covert et al. (1998)
Dusek et al. (2003)
Chuang et al. (2000)
Zhou et al. (2001)
Cantrell et al. (2001)
Snider et al. (2003)
Roberts et al. (2002)
VanReken et al. (2003)
Rissler et al. (2004)

HTDMA and impactor
HTDMA and impactor
Impactor
HTDMA
Impactor
HTDMA and Impactor
HTDMA and impactor
AS assumed
HTDMA

ACE-1
ACE-2
ACE-2
AOE-96
INDOEX
ACE-2
CLAIRE-98
CFACE
CLAIRE-01

Examined
Examined
Assumed inactive
Assumed inactive
Assumed inactive
Examined
Examined
Assumed Active
Examined

1.2
1.3
1 to 4
1.3
1.0
1.3
1.0
1.1
1.1
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Table 7. Recent aerosol-to-drop number closure studies.
Investigator

Campaign

CCN activity
of organics

Mass
Accommodation
Coefficient

Predicted-toobserved Ratio

Hallberg et al. (1997)
Yum et al. (1998)

GCE-EUROTRAC
ACE-1

0.04
1.00

2 to 20
1.2

Yum et al. (1998)

ACE-1

0.04

1.6

Snider and Brenguier (2000)

ACE-2

1.00

0.9

Snider et al. (2003)
Conant et al. (2004)

ACE-2
CFACE

Examined
Not Applicable
(used measured CCN)
Not Applicable
(used measured CCN)
Not Applicable
(used measured CCN)
Examined
Examined

0.10
0.06

1.2
0.9
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Supersaturation % = 100 x (S−1)

0.06

Sc

Kelvin term
Raoult term
Total

0.04

0.02

0

−0.02

rc

−0.04
−1

10

0

10

1

10
wet droplet radius, r, µm

2

10

Fig. 1. The Köhler equation can be envisaged as the competition between the curvature
(Kelvin) and solute (Raoult) terms.
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Fig. 2. Critical supersaturation as a function of dry size for NaCl and (NH4 )2 SO4 particles.
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Fig. 3. Activation curves for a range of dry diameter of salt ((NH4 )2 SO4 – solid, NaCl – dashed)
particles (red, green and blue curves) and for 200 nm particles containing 50% by mass insoluble core (magenta).
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Fig. 4. Simulation showing the change in droplet radius with height in a simulation initialised
with an ammonium sulphate aerosol with a geometric mean diameter of 140 nm, a geometric
standard deviation, σg of 1.7 and aerosol number concentration of 300 cm−3 (corresponding to
a total mass loading of 0.76 µgm−3 ). The simulation was started at an RH of 95% at 1000 m.
Solid lines represent selected aerosol size classes. The dashed line is the saturation ratio.
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Fig. 5. Cloud droplet concentration as a function of sub-cloud aerosol where the sub-cloud
aerosol comprises an external mix of sulphate and sea-salt CCN.
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Fig. 6. Median particle number size distributions during summer, during morning hours (black
dashed line), afternoon (grey full line) and night (black full line). From Van Dingenen et al.
(2004); van Dingenen et al. (2004).
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Fig. 7. AMS component mass distributions in a range of locations (after McFiggans et al.,
2005). The primary difference between the distributions measured close to strong sources (left
panels) and more remote distributions (right panels) is the presence in the polluted cases of a
significant mass loading in an externally-mixed mode dominated by organic compounds around
the threshold dry size for cloud activation. This mode corresponds to the less hygroscopic mode
observed in urban and polluted continental air (see Sect. 3.2.1, Table 3) and dominates when
translated into number space.
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Fraction of mass spectra

Fig. 8. The fraction of single particle mass spectra containing signals from sulfate and organic
compounds. Most of the measured particles were between 0.2 and 0.9 µm diameter. The
stratosphere is the only place where most of the particles give no organic signal. Many of the
particles below 3 km with no sulfate signal were nitrate particles, so they also were organicinorganic mixtures. Negative ion spectra are very sensitive to sulfate and positive ion spectra
are sensitive to organics, so particles with as little as 1% sulfates or organics may contribute
5% of the ions.
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Fig. 9. CCN Activation diameter of particles at 0.6% as a function of their adipic acid dry mole
fraction. Note that a very high proportion of the particle must comprise the organic component
before the activation diameter is significantly increased.
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Fig. 10. Critical supersaturation plotted against dry particle radius for 30/70% (by mass) NaClSDS particles.
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Fig. 11. Köhler curves calculated using Eq. (2) with surface tension reduction calculated using the π−A isotherm for stearic acid with 30% mass fraction solute stearic acid and 70%
(NH4 )2 SO4 . Solid curves include surfactant, dashed are pure (NH4 )2 SO4 .
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Fig. 12. Surface tension as a function of dissolved organic carbon concentration (c) for fog,
cloud and aerosol water extract samples from different environments. The curves were calculated with Eq. (14) (Syszkowski-Langmuir equation) and the data shown in Table 5 from data
on real samples (cloud or fog droplets and aerosol water extracts.
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Fig. 13. (a) Equilibrium behaviour of ammonium sulphate and 1:1 mole ratio ammonium sulphate/ammonium nitrate particles of different initial dry sizes, (b) Activation curves of pure ammonium sulphate (AS) and glutaric acid (Glut) particles of different sizes and of various molar
ratios of mixed particles.
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Fig. 14. Mass size distribution (right axis) and size-segregated chemical composition (left axis)
of aerosol at different locations. (a) Bologna, summer, (b) Bologna, winter, (c) Jeju Island,
Korea (d) Monte Cimone, dust event (e) Hyytiälä, nucleation event., (f) Hyytiälä, no nucleation
event.
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Ireland summer; (j) Mace Head, Ireland winter. WSOC = water-soluble organic matter, WSINORG = water-soluble inorganic matter and INS = insoluble fraction.
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Fig. 15. Number size distributions for the high Alpine site JFJ (3580 m a.s.l.). Averages for the
four seasons, spring 1998, summer 1997, autumn 1997, and winter 1997/1998 are shown. The
spectra are well parameterised with the sum of two lognormal size distributions having modal
diameters and standard deviations that are surprisingly constant throughout the year. The
seasonality is due to variations in the number concentrations in the Aitken and Accumulation
mode. Adapted from Weingartner et al. (1999).
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Fig. 16. Mass distributions for summer 2002 (top) and winter 2004 (bottom) as obtained with
an Aerodyne AMS (unpublished data).
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G. McFiggans: Aerosol Effects on Warm Cloud Activation
(a)

(b)

stant liquid water path. These estimates neglect the cloud

top-of-the atmosphere forcing is suffi

clouds because our knowledge of these effects is not yet
sufficient to predict their magnitudes and because all other
aerosol effects include feedbacks and interactions within the
climate system. Probability ranges, however, can be estimated from inverse simulations or thermodynamic considerations (Anderson et al., 2003; Crutzen and Ramanathan,
2003). They limit the sum of all indirect aerosol effect to
between 0 and -2 Wm−2 . Given that the GCM estimates
for the Twomey effect alone 8645
amount to -0.5 to -1.9 Wm−2
(Figure Lohmann 1 and Lohmann and Feichter (2005)), either all other aerosol indirect effects cancel each other or the
Twomey effect is smaller than current climate models predict.

drological cycle.

Fig. 17. Hygroscopic growth factors GFD for 100 nm particles at the Jungfraujoch in summer
lifetime
effect and aerosol effects on mixed-phase and ice
radiative impact of aerosols and the a
(left) and in winter
(right).
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Conclusions, Future Directions
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