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Abstract. We present a parameterisation of aerosol activa-
tion, including co-condensation of semi-volatile organics, for
warm clouds that has applications in large-scale numerical
models. The scheme is based on previously developed pa-
rameterisations that are in the literature, but has two main
modifications. The first is that the total aerosol mass is mod-
ified by the condensation of organic vapours entering cloud
base, whereas the second is that this addition of mass acts
to modify the median diameter and the geometric standard
deviation of the aerosol size distribution. It is found that the
scheme is consistent with parcel model calculations of co-
condensation under different regimes. Such a parameterisa-
tion may find use in evaluating important feedbacks in cli-
mate models.

1 Introduction

The mean global radiative forcing associated with the indi-
rect effect of aerosols on clouds is currently the most uncer-
tain of those assessed by the Intergovernmental Panel on Cli-
mate Change (IPCC) (Solomon et al., 2007), having an un-
certainty that is approximately the size of the total net anthro-
pogenic radiative forcing. Increasing aerosol concentrations,
possibly by anthropogenic activity, affect the radiative prop-
erties of stratocumulus (Sc) clouds by increasing the num-
ber of cloud drops in them, which increases the scattering of
short-wave radiation (Twomey, 1977) and extends the life-
time of the cloud (Albrecht, 1989). This is thought to result
in a cooling effect of approximately−0.7 W m−2 globally.

Topping and McFiggans(2012) showed through calcula-
tion of the equilibrium between organic vapours and wa-

ter vapour on pre-existing non-volatile aerosol that the or-
ganic vapour may act to significantly alter the non-volatile
aerosol’s ability to act as cloud condensation nuclei (CCN).
Topping et al.(2013) confirmed this effect and quantified it
under different aerosol and updraft regimes by performing
detailed parcel model calculations of the diffusion of organic
and water vapours to an aerosol population and assessed the
effect this has on the activation of aerosol into cloud drops.

Kulmala et al.(2004) explain that such an effect may man-
ifest as an important climate feedback mechanism, similar to
that proposed byCharlson et al.(1987); however, the full
“bin-microphysics” treatment used byTopping et al.(2013)
is too computationally expensive for use within general cir-
culation models (GCMs), which are the main tools used to
calculate radiative forcing and climate feedbacks. The com-
putational expense is also true for other large-scale atmo-
spheric models. Hence, so that the effect proposed byKul-
mala et al.(2004) may be assessed, our aim for this paper
was to derive and test a parameterisation that captures the ef-
fect of semi-volatile co-condensation of organic vapours on
the resulting number of cloud droplets. A parameterisation
methodology was developed byRomakkaniemi et al.(2005)
to represent the effect of co-condensation of nitric acid on
cloud droplet activation. However, their approach is distinct
from the approach described in this paper in that they empir-
ically fitted multi-variate functions that describe activation.
Our approach is to modify the framework of existingphysi-
cally basedparameterisations to take into account the effect
of co-condensation.

Various physically based parameterisation schemes
that determine the number of cloud droplets in warm
clouds, and which do not take into account semi-volatile
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co-condensation, have been developed and used in GCMs.
Two similar schemes are those proposed byAbdul-Razzak
et al. (1998) and also byFountoukis and Nenes(2005),
which have been developed further since the original papers
to include additional effects. These schemes have been
shown to perform well (Ghan et al., 2011), and since they
are physically based, there is the opportunity to develop
them further to include the process that is the focus of this
paper.

2 Description of methodology

The methodology that has been adopted in this paper is based
on cloud activation schemes currently in the scientific litera-
ture – namely the schemes byAbdul-Razzak et al.(1998) and
the later scheme byFountoukis and Nenes(2005). A brief
overview of both of these schemes is given here to provide
the backdrop for the additions that we have made to include
the effect of semi-volatile co-condensation.

2.1 Basic scheme without co-condensation

In formulating the scheme for activation, the assumption of
an adiabatic parcel rising through an atmosphere in hydro-
static balance is made.

Central to both the above schemes is the assumption that
the aerosol size distribution is distributed lognormally with
respect to size:
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whereSc,m is the critical supersaturation of an aerosol with
diameter equal todm andScrit is the critical supersaturation
of an aerosol, diameterdap.
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For the second term on the right of Eq. (3) we make use of
the Clausius–Clapyeron equation (desat,l
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The rate of change of temperature can be expressed in
terms of the rate of change of pressure and and phase of water
via the first law of thermodynamics (time derivative):
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Therefore we substitute Eq. (6) into Eq. (5) and substitute
the result and Eq. (4) into Eq. (3), resulting in
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Noting that Eq. (7) depends on the rate of change of pres-
sure we take the time derivative of the hydrostatic relation for
the parcel

dP
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= −
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w, (8)

(wherew is the vertical wind speed) and substitute Eq. (8)
into Eq. (7):
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where we have also used the fact that total water in the parcel
is conserved and have neglected the ice phase:
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+
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= 0.

For cloud droplet activation, it is the peak inSl that is im-
portant in determining how many aerosols are activated into
cloud drops. The peak in supersaturation is the stationary
point of Eq. (9), which is located atdSl

dt
= 0:
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The quantity dwl
dt

is dependent on the supersaturation and
how it varies in time up to the supersaturation peak. The rea-
son for this is that the supersaturation time history determines
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the size of the droplets, which requires an integral to be eval-
uated, and the size of the droplets determines the instanta-
neous rate of change of supersaturation. BothAbdul-Razzak
et al.(1998) andFountoukis and Nenes(2005) schemes de-
fine different forms of the integral to be evaluated; however,
both depend on the peak in supersaturation and the properties
of the aerosol particle size distribution.

The mass growth rate of drops is described by a growth
equation first derived by Maxwell:

dm

dt
∼= 2πdGρwSl, (11)

whered is the diameter of a drop andG is a thermodynamic
factor.

Diameter growth rates follow a quadratic law found by
making the change of variablem =

π
6 d3ρw to Eq. (11) and

integrating
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whereτ is the time at which the critical supersaturation is
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Eq. (13) is substituted into Eq. (11), which is multiplied by
Eq. (2) and integrated between 0 andSmax. This yields
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The difference between theAbdul-Razzak et al.(1998) and
theFountoukis and Nenes(2005) schemes are in the estima-
tion of Eq. (14). Abdul-Razzak et al.(1998) use an approxi-
mation for the second term byTwomey(1959) to formulate
an analytical expression, which is dependent onSmax. This is
then substituted into Eq. (10) and rearranged forSmax. Foun-
toukis and Nenes(2005) assume that the aerosol size distri-
bution consist of two populations, one of swollen aerosol and
one of activated aerosol. They also approximate the integral,
but in such a way thatSmax cannot be isolated when substi-
tuted into Eq. (10), and henceSmax is found by iteration. For
details the reader is directed to the respective papers.

2.2 Inclusion of co-condensation in the
parameterisation

A simple modification that can be made to either of the
above schemes to take account of condensed semi-volatile
vapours during activation is to alter the Köhler curve pa-
rameters (such as the aerosol density, van’t Hoff factors and

molecular masses) and the size distribution parameters (Nap,
lnσ anddm) so that the total aerosol mass is equal to the sum
of the non-volatile aerosol mass and the mass of condensed
organics. Total aerosol particle number concentration is un-
affected by condensation, so parameters of the aerosol size
distribution that may be changed are the geometric standard
deviation and the median diameter of the distribution. Once
these parameters have been found, either of the two schemes
can be adoptedas isto calculate the activated fraction.

2.2.1 Determining the amount of condensed organic
vapour

Results presented byTopping et al.(2013) (their Fig. 2)
showed that, under certain situations, the majority of semi-
volatile organic vapour at cloud base is in the condensed
phase. Their Fig. 2 was for an aerosol median diameter
equal to 150 nm and particle concentrations in the range of
∼ 500 cm−3. Using the same model asTopping et al.(2013)
we have extended these computations for different updraft
speeds and aerosol size distributions and present a summary
of the findings in Fig.1. Figure1 shows that not all semi-
volatile organic mass is condensed at cloud base for low
aerosol particle concentrations and for low aerosol parti-
cle median diameters. To overcome this difficulty we have
implemented an RH- and size-dependent, molar-based par-
titioning model for secondary organic aerosol (McFiggans
et al., 2010) to enable the calculation of the condensed semi-
volatile mass at cloud base.

However, Fig.1 also shows that, at high updraft speeds,
we cannot assume that the semi-volatile vapours are in equi-
librium at cloud base: the rate of diffusion of the organic
vapours to the particles is too low. Hence, this paper will test
the impact of the assumption of equilibrium for the parti-
tioning of semi-volatiles on the calculation of the activated
fraction entering clouds.

2.2.2 Two methods of initialisation

We performed two distinct methods of initialisation for the
aerosol size/composition distribution. Thefirst methodini-
tialised a “core” aerosol particle size distribution with the
specified lognormal distribution parameters (total number
concentration,Nap; median diameter,dm; and geometric
standard deviation, lnσ ) onto which the semi-volatiles con-
dense. This method is assumed to be the most appropriate
initialisation in a model that does not explicitly solve growth
equations for the condensation of semi-volatile organics onto
the aerosol particles. During the activation of cloud drops,
the semi-volatiles were then assumed to condensed onto the
aerosol particle distribution and thus shift the median diame-
ter and geometric standard deviation (see Sect.2.2.3).

We performed model runs setting the geometric standard
deviation, lnσ , and the median diameter,dm, were set to
0.5 and 60 nm respectively, while four different simulations
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Fig. 1. Top panels show the concentration of: total semi-volatiles; that condensed at 0% RH an

equilibrium and dynamic calculation for the condense semi-volatile content at cloud base for a slow

updraft and the dynamical calculation of the condensed semi-volatile content for a faster updraft

speed (dm = 60 nm). Left is for low aerosol concentrations; whereas right is for higher aerosol

concentrations. Bottom panels show the same as the top, but for the aerosol size distribution with

dm = 120 nm.

geometric standard deviation (see Section 2.2.3).

We performed model runs setting the geometric standard deviation,lnσ, and the median120

diameter,dm, were set to0.5 and60 nm respectively, while four different simulations were

performed for different total aerosol number concentrations,Nap = [10 , 100 , 500 , 1000 ]cm−3

and a total semi-volatile content of1.89 µg m−3.

The results show that, for updraft speeds that are lower than those typically found in

trade-wind cumulus (Cu) clouds (see Section 3.3), the assumption that most of the organic125

vapour condenses at cloud base is a reasonable approximation for aerosol concentrations

higher than∼ 100 cm−3 as we now elaborate on. Figure 2a shows the amount of organic

vapour in the simulation as a function of temperature for a constant updraftspeed of0.1 m

s−1. Here, cloud base is situated around292.1 K and it can be seen thatalmostall of

the organic vapour condenses onto the aerosol size distribution as it enters cloud. Figure 2b130

shows the same except for an updraft speed of2.0 m s−1. In this plot it is seen that the lower

7

Fig. 1. Top panels show the concentration of total semi-volatiles and those that condensed at 0 % RH, as well as equilibrium and dynamical
calculations for the condensed semi-volatile content at cloud base for a slow updraft and the dynamical calculation of the condensed semi-
volatile content for a faster updraft speed (dm = 60 nm). The left column is for low aerosol concentrations, whereas the right is for higher
aerosol concentrations. Bottom panels show the same as the top, but for the aerosol size distribution withdm = 120 nm.

were performed for different total aerosol number concen-
trations,Nap = [10,100,500,1000] cm−3 and a total semi-
volatile content of 1.89 µg m−3.

The results show that, for updraft speeds that are lower
than those typically found in trade-wind cumulus (Cu) clouds
(see Section3.3), the assumption that most of the organic
vapour condenses at cloud base is a reasonable approxima-
tion for aerosol concentrations higher than∼ 100 cm−3, as
we now elaborate on. Figure2a shows the amount of organic
vapour in the simulation as a function of temperature for a
constant updraft speed of 0.1 m s−1. Here, cloud base is sit-
uated around 292.1 K and it can be seen thatalmostall of
the organic vapour condenses onto the aerosol size distribu-
tion as it enters cloud. Figure2b shows the same except for
an updraft speed of 2.0 m s−1. In this plot it is seen that the
lower aerosol concentrations result in less condensation by
virtue of there being less competition for the organic vapours,
as well as the finite time required for vapour diffusion. For
aerosol concentrations higher than 500 cm−3, at cloud base,
∼ 15 % of the organic vapours are still to condense, and this
fraction increases as the aerosol particle concentration de-
creases. For example, for aerosol particle concentrations of
100 cm−3, 70 % of the vapours are still to condense, and for
particle concentrations of 10 cm−3 this results in 95 % still
to condense. Thus, at high updraft speeds and low aerosol
concentrations it appears that the organic vapours are not in
equilibrium. However, at these high updraft speeds and low
aerosol concentrations, nearly all of the aerosol will act as
CCN in any case, even without the full condensation of semi-

volatiles; hence, the validity of assuming equilibrium of the
semi-volatiles at cloud base needs to be evaluated with re-
spect to the predicted droplet number concentration. This is
done in Sect.3.2.2.

The second methodwas to specify the mass-weighted
composition of the aerosol at the start of the simulation such
that, at the start of the simulation, the aerosols are in equilib-
rium with the semi-volatile organics and the resulting dis-
tribution has the specified lognormal distribution parame-
ters. This required the total concentration in each volatil-
ity bin to be scaled (up or down) so that the desired mass-
weighted composition was achieved (as described byTop-
ping et al., 2013). We then allow the semi-volatile organics
to condense onto the aerosol particles during their ascent to
cloud base. This type of initialisation implies smaller aerosol
particles at cloud base than the first initialisation because the
specified lognormal parameters refer to particles that already
have a fraction of the semi-volatiles condensed onto them.
For the second type of initialisation we specified an initial
mass-weighted composition of condensed semi-volatiles to
be 90 %. We show the condensed fraction in the highest 3
volatility bins, at cloud base, in Fig.3. The results show
that the assumption that the condensed fraction is equal to
the equilibrium value does not hold in general. At low up-
draft speeds the assumption of equilibrium holds reason-
ably well, but is also a function of the number concentra-
tion of aerosol particles. Low concentrations result in sig-
nificant deviations from equilibrium. Hence, we evaluate the
impact of assuming equilibrium of the semi-volatile organics
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on the activated fraction for the second type of initialisation
in Sect.3.2.2.

2.2.3 Altering the lognormal distribution

The addition of organic material to the aerosol size distri-
bution adds mass to the total aerosol burden, but does not
alter the number of aerosol particles. This has the effect of
increasing the median diameter,dm, and altering the geomet-
ric standard deviation, lnσ . The constraint of total aerosol
mass (a single constraint) is insufficient to determine both
dm and lnσ (two parameters), so a method to close the pa-
rameterisation was sought. To investigate ways of doing this
we first used the parcel model described byTopping et al.
(2013) to investigate how the geometric standard deviation
changed following co-condensation of organic vapour.

Both the non-volatile aerosol distribution and the aerosol
size distribution following co-condensation at cloud base
(note this is the effective aerosol distribution without the as-
sociated water) are shown in Fig.4, which shows that the
geometric standard deviation decreases substantially follow-
ing the condensation of organic vapours. The green dashed
lines on the plot show the original non-volatile aerosol par-
ticle distribution but shifted to the right by a constant fac-
tor. This shows that there is good agreement between the
shape of a non-volatile aerosol particle distribution, which
is shifted by a constant along the diameter axis, and the fi-
nal distribution onto which the vapours have condensed. This
therefore implies that the arithmetic standard deviation of
the aerosol particle distribution is approximately invariant
before and after condensation of the organic vapours. This
is demonstrated in Fig.5, where the same aerosol distribu-
tions are plotted on a linear diameter axis. The appendix pro-
vides arguments as to why the arithmetic standard deviation
of the “dry” aerosol distribution does not change following
co-condensation. Note that this finding is also true for the
60 nm median diameter particles (not shown).

In order to determine how the geometric standard devia-
tion changed, we used the definition of the arithmetic stan-
dard deviation, SD, of a lognormal distribution (seehttp:
//en.wikipedia.org/wiki/Log-normal_distribution):

SD = exp

(
lndm +

1

2
ln2σ

)√
exp

(
ln2σ

)
− 1. (15)

Equation (15), with the assumption that SD stays the same
before and after co-condensation, allows us to calculate the
geometric standard deviation after co-condensation; we do
this in the following way. Firstly we compute the arithmetic
standard deviation for the initial aerosol particle distribution,
which becomes the constraint for the distribution after co-
condensation towards cloud base. Secondly we compute the
new total aerosol mass,mtot, by adding the additional semi-
volatile mass at cloud base (determined by molar-based par-
titioning) to the initial aerosol distribution. The density of the
aerosol,ρap, is assumed to be constant over the whole distri-

bution and is calculated using an appropriate mixing rule:
mtot

ρap
= 6i

mi

ρi
. (16)

A root-finding method is used to alter thedm of the aerosol
distribution following condensation of the organic vapour,
from which the corresponding geometric standard deviation
is calculated by root-finding Eq. (15), with SD set to the
arithmetic standard deviation of the initial aerosol distribu-
tion. This is done until the total mass in the aerosol size dis-
tribution, found using an expression for the third moment of
a lognormal distribution, is equal tomtot. It should be noted
that changing the geometric standard deviation in this way is
a crucial step in the scheme (see Section3.2).

3 Performance of scheme

3.1 Framework to test scheme

An adiabatic framework was used to test the scheme. This
framework is given an initial RH = 0.95, T = 293.15 and
P = 950hPa, as well as organic vapour concentrations (taken
from Cappa and Jimenez, 2010), we derived the values of
T andP at cloud base and applied the parameterisation for
those conditions. The calculation of cloud baseT andP was
as follows. Firstly, the temperature of cloud base was de-
termined by root-finding the temperature at which the ini-
tial water vapour pressure is equal to the saturation vapour
pressure. Secondly, the cloud-base pressure was determined
by conserving dry potential temperature. Although strictly
one should take in to account the effects of moist air on the
gas constant and the heat capacity of the air, neglecting this
results in very little difference to the calculated cloud-base
pressure.

In order to assess the performance of the scheme we com-
pare it against a parcel model with bin microphysics, which is
described byTopping et al.(2013). The parcel model was run
for for aerosol lognormal parameters lnσ = 0.5,dm = 60 nm
and for Nap = [10,100,500,1000]cm−3 and run for eight
different updraft velocities: 0.01,0.1,0.5,1.0,2.0,5.0,8.0
and 10.0 m s−1. This was done for both with and without co-
condensation of organic vapours. As described in Sect.2.2.2,
there were two types of initial condition: (i) initialisation
with a “core” mode of ammonium sulfate aerosol of spec-
ified median and geometric standard deviation upon which
condensation of semi-volatile organic vapours having a to-
tal mass loading of 1.89 µg m−3 with a distribution specified
by Cappa and Jimenez(2010) was allowed to occur, and (ii)
initialisation with an aerosol that has a composition of 90 %
semi-volatile by mass at a relative humidity of 0 %, which ne-
cessitated scaling the total mass loading of semi-volatiles by
a factor of between∼ 0.05 and∼ 7, depending on the con-
centration of aerosol particles and the median diameter. For
the latter runs we also investigated the effect of separately in-
creasing the median diameter to 120 nm and increasing lnσ

www.atmos-chem-phys.net/14/2289/2014/ Atmos. Chem. Phys., 14, 2289–2302, 2014
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(b) is as for (a), but for an updraft velocity of2.0 m s−1

the median diameter,dm, and altering the geometric standard deviation,lnσ. The constraint

of total aerosol mass (a single constraint) is insufficient to determine bothdm and lnσ165
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ways of doing this we first used the parcel model described by Topping et al. (2013) to

investigate how the geometric standard deviation changed following co-condensation of

organic vapour.

Both the non-volatile aerosol distribution and the aerosol size distribution following co-170

condensation at cloud base (note this is the effective aerosol distributionwithout the as-

sociated water) are shown in Figure 4, which shows that the geometric standard deviation

decreases substantially following the condensation of organic vapours.The green dashed

lines on the plot show the original non-volatile aerosol particle distribution, but shifted to

the right by a constant factor. This shows that there is good agreement between the shape175

of a non-volatile aerosol particle distribution, that is shifted by a constant along the diam-

eter axis, and the final distribution onto which the vapours have condensed. This therefore

9

Fig. 2. (a)shows the organic vapour content in the parcel plotted against temperature (coloured lines) for parcel model simulations assuming
an updraft speed of 0.1 m s−1. The different coloured lines correspond to parcel model simulations that contain different total aerosol number
concentrations (as in the legend). The black line is the humidity for the simulation with 1000 cm−3 aerosol particles.(b) is the same as for
(a) but for an updraft velocity of 2.0 m s−1
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Fig. 3. Shows the fraction of condensed semi-volatiles in 1≤ C∗
≤ 1000 µg m−3 bins for the size distribution with parameters logσ = 0.5

anddm = 60 nm. Top left is forNap= 10 cm−3, top right is forNap= 100 cm−3, bottom left is forNap= 500 cm−3 bottom right is for
Nap= 1000 cm−3

from 0.5 to 0.6. This gave a set of 64 parcel model runs for
the first initialisation. There were a further 64× 3 runs for
the second initialisation (i.e. 64 runs each fordm = 60 nm,

dm = 120 nm and lnσ = 0.6 runs). Thus, there are 256 par-
cel model simulations presented in total.
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Fig. 4. Particle size distributions before and after co-condensation just below cloud base. Top left is for total aerosol concentration of10 cm−3; top right

is for 100 cm−3; bottom left is for500 cm−3 and bottom right for1000 cm−3. The green solid line is the aerosol particle distribution with a semi-volatile

content equal to the 0% RH equilibrium value, whereas the redsolid line is the aerosol particle distribution after further co-condensation of semi-volatiles

(this excludes the liquid water so is only the effective ‘dry’ aerosol size). The green dashed line is the original aerosol size distribution that has been shifted

in diameter space by a constant factor. These aerosol size distributions are plotted on a logarithmic scale for the diameter.

12

Fig. 4.Particle size distributions before and after co-condensation just below cloud base. Top left is for total aerosol concentration of 10 cm−3,
top right is for 100 cm−3, bottom left is for 500 cm−3 and bottom right for 1000 cm−3. The green solid line is the aerosol particle distribution
with a semi-volatile content equal to the 0 % RH equilibrium value, whereas the red solid line is the aerosol particle distribution after further
co-condensation of semi-volatiles (this excludes the liquid water, so is only the effective “dry” aerosol size). The green dashed line is the
original aerosol size distribution that has been shifted in diameter space by a constant factor. These aerosol size distributions are plotted on a
logarithmic scale for the diameter.
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Fig. 5. Same as Figure 4 but plotted on a linear scale for the diameter.
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Fig. 5.Same as Fig.4 but plotted on a linear scale for the diameter.

3.2 Comparison for different aerosol distributions

To compare the schemes with the parcel model, we varied the
aerosol particle concentration in the initial aerosol size distri-
bution, looking at total number concentrations ranging from
10 to 1000 cm−3 as described above. We performed calcula-

tions using the parameterisation for a range of updraft veloc-
ities from 0.01 to 10 m s−1 both with and without the effect
of co-condensation of organic vapour.
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Fig. 6. Comparisons using the ‘first’ type of initialisation (see Section 2.2.2): (i) the parcel model with the Abdul-Razzak et al. (1998) implementation for

both with and without semi-volatile co-condensation (red and green solid lines); (ii) the same, but for the Fountoukis and Nenes (2005) implementation
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model results and lines are the parameterisation. Green lines for without semi-volatile condensation and red (and blue) with.
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Fig. 6. Comparisons using the “first” type of initialisation (see Section2.2.2): red and green solid lines show the parcel model with the
Abdul-Razzak et al.(1998) implementation for both with and without semi-volatile co-condensation; red and green dashed lines show the
same, but for theFountoukis and Nenes(2005) implementation; and the blue lines are for theFountoukis and Nenes(2005) implementation,
but without the maintenance of arithmetic standard deviation. Top left is for 10 cm−3 total aerosol, top right is for 100 cm−3, bottom left is
500 cm−3 and bottom right is for 1000 cm−3. Crosses are the parcel model results and lines are the parameterisation. Green lines for without
semi-volatile condensation and red (and blue) with.

3.2.1 First type of initialisation

For the first type of initialisation (see Sect.2.2.2), Fig. 6
(solid lines) shows the comparison between the parcel model
and the parameterisation implemented via theAbdul-Razzak
et al.(1998) scheme. It shows that, while the addition of the
co-condensation parameterisation improves the agreement at
higher updraft speeds (w >∼ 0.5 m s−1), it does not perform
very well at lower updraft speeds (w <∼ 0.5 m s−1). In fact,
the parcel model shows that semi-volatile co-condensation
serves to enhance droplet number concentrations across the
range of updraft speeds for all choices ofN , whereas the pa-
rameterisation using theAbdul-Razzak et al.(1998) scheme
shows that this is reversed at low updraft speeds.

Figure6 (dashed green and red lines) shows the results of
the parameterisation implemented using theFountoukis and
Nenes(2005) scheme. This shows that there is no dramatic
“crossover” (where the co-condensation-activated fraction
goes from being higher to lower than the standard scheme) in
the activated fraction for with and without semi-volatile co-
condensation. For example, this crossover effect occurs in the
Abdul-Razzak et al.(1998) scheme at a vertical winds ofw =

0.03,0.2 and 0.4 m s−1 in the 100,500 and 1000 cm−3 sim-
ulations respectively. Therefore theFountoukis and Nenes
(2005) implementation of the parameterisation is more con-
sistent with the parcel model. Although it is not a perfect
comparison – for example, it still underestimates the acti-

vated fraction at low updraft speeds – it does show good gen-
eral agreement over a range of conditions.

In order to demonstrate how important the shifting of
the geometric standard deviation is, we have compared the
parameterisation scheme using theFountoukis and Nenes
(2005) scheme, but without shifting the geometric standard
deviation (as described in Sect.2.2.3); hence, we kept the
lnσ the same in the parameterisation after equilibration of
semi-volatile organics at cloud base. This comparison is
shown in Fig.6 (blue dashed lines to compare to red crosses)
and demonstrates that the reduction in lnσ is a main factor in
enhancing the activated fraction in this particular case. It is
evident that not reducing lnσ results in an underestimation of
the activated fraction (compare Fig.6 blue lines to red dashed
lines and crosses) for all updraft speeds, and this is especially
evident when aerosol number concentrations are high.

3.2.2 Second type of initialisation

We now show results from the “second” type of initialisa-
tion (described in Sect.2.2.2). Since we established that the
Abdul-Razzak et al.(1998) scheme underestimates at low up-
draft speeds, we now only show comparisons for theFoun-
toukis and Nenes(2005) scheme.

Figure7 shows the results for an aerosol size distribution
with initial parameters equal todm = 60 nm and lnσ = 0.5.
It is shown that the scheme does a good job for aerosol
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Fig. 7. Same as for the dashed lines in Figure 6 but with the ‘core’ aerosol size distribution composition set to 90% semi-volatile : total (by mass).
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Fig. 7. Same as for the dashed lines in Fig.6 but with the “core” aerosol size distribution composition set to 90 % semi-volatile: total (by
mass).

particle concentrations equal to 500 and 1000 cm−3, but
that for lower concentrations, the parameterisation with co-
condensation tends to overestimate the activated fraction (for
low to high updrafts). The reason for this is evident from
Fig. 3, which shows that the fraction condensed, at cloud
base, in the highest volatility bins moves to values lower
than that at equilibrium as the updraft speed increases. Fur-
thermore, in general the lower the aerosol concentration the
lower the condensed fraction of semi-volatile organics. It
should also be noted from Fig.3 that, even in the runs with
higher aerosol particle concentrations, the condensed frac-
tion decreases as the updraft speed increases; however, at
these high updraft speeds the activated fraction approaches
unity and so the impact on the activated fraction is marginal.

In order to test the parameterisation over a wider range of
conditions we increased the value of lnσ from 0.5 to 0.6.
These simulations are shown in Fig.8. Specifying a broader
initial aerosol distribution has the result that the runs with-
out co-condensation show a slightly lower activated fraction
for a given updraft speed. This is because the larger aerosol
particles take up more water and so impact on the peak
super-saturation during the formation of cloud. Interestingly,
the runs with co-condensation show that a broader distribu-
tion leads to higher activated fractions (the opposite effect).
The reason for this is because we specify a 90 % by mass
semi-volatile content in the initial aerosol. This specification
means that the total semi-volatile mass loading is higher in
the runs with the broader mode, which results in a larger
increase in the size of the aerosol particles at cloud base
(compared to the narrower-mode runs with co-condensation).

Both of these effects are reproduced to some extent with
the parameterisation. It should be recognised that this spec-
ification of 90 % by weight of semi-volatile organics in the
aerosol is the reason we observe an increase in the activated
fraction, for the runs with a broader distribution compared to
the narrow distribution, in runs with co-condensation.

We also performed a set of runs withdm = 120 nm, as
shown in Fig.9. As expected, the activated fraction is higher
than for the 60 nm median diameter runs and the agreement
between parcel model and parameterisation is arguably better
than for the smaller median diameter runs. The reason for this
is that the larger particle median diameters results in a higher
fraction of semi-volatiles being condensed at cloud base that
is also closer to the equilibrium mass loading (see Fig.3).
The agreement is not as good at low updraft speeds, with the
parameterisation tending to underestimate the activated frac-
tion. These discrepancies may be due to deficiencies in the
original activation scheme.

3.3 Application to model-derived updraft PDFs

The purpose of this section is to show how the schemes
behave for distributions of updraft velocities that are atmo-
spherically relevant. In order to achieve this, a probability
density function (PDF) of the updraft velocity at cloud base
for idealised trade wind Cu based on data from the Rain
In Cumulus over the Oceans (RICO) experiment (vanZanten
et al., 2011).

The case in question is a shallow, marine Cu case in the
trades over the western Atlantic. The domain size extends
over a 256× 256 horizontal grid with a resolution of 100 m.
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Fig. 8. Same as Figure 7 but for a broader distribution (lnσ changed from0.5 to 0.6).
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Fig. 8.Same as Fig.7 but for a broader distribution (lnσ changed from 0.5 to 0.6).
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Fig. 9. Same as Figure 7 but for a larger median diameter.
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Fig. 9.Same as Fig.7 but for a larger median diameter.

The vertical grid consists of 100 layers on a stretched grid
and uses a spacing of 40 m in the boundary layer, increasing
to 100 m in the mid-troposphere up to 7 km. It is then further
reduced in resolution to 200 m towards to top of the domain,
which is at 10 km. The vertical velocity at grid points en-
tering the cloud base were sampled from the model and are
shown in Fig.10. This shows a mode updraft speed at cloud
base of∼ 0.3 m s−1, which is negatively skewed, with peak
updrafts extending up to around∼1.5–2.0 m s−1.

We generated a histogram of activated fractions for the
PDF of updrafts shown in Fig.10by randomly samplingwcb
base on its probability of occurrence, using a sample size of
100 000. The activated fraction was calculated using the pa-
rameterisation scheme based on the second type of initial-
isation (see Sect.2.2.2) using the schemes of eitherAbdul-
Razzak et al.(1998) or Fountoukis and Nenes(2005) for both
with and without semi-volatile co-condensation. The non-
volatile aerosol size distribution assumed in this comparison
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Fig. 10.The PDF of updraft velocities derived from RICO. This is presented as a probability density,

where
∫

∞

0
Pdwcb = 1.

Figure 11 shows cumulative frequencies (n = 105) of the activated fraction for the parcel315

model runs; the Fountoukis and Nenes implementation of the scheme and the Abdul-Razzak

et al. implementation. The figure shows that addition of semi-volatile co-condensation

broadens the range of activated fractions and importantly leads to a much higher frequency

at higher activated fractions (as noted by the fact that the cumulative frequency is close to

unity at lower activated fractions).320

Relative to the parcel model it is also evident that both parameterisation schemes have

higher frequencies at low activated fractions, which is due to them underestimating the

activated fractions at low updraft speeds (see Figures 6, 7, 8 and 9 especially). It is evident

that the Abdul-Razzak et al. implementation of the scheme has much higher frequencies

than the parcel model at activated fractions less than∼ 0.1, which is due to the scheme325

underestimating the activated fraction at low updraft speeds (e.g. Figure6, solid lines) and

partially due to the rather sharp ‘cross-over’ at low updraft speeds (Figure 6, solid lines),

where switching on semi-volatile co-condensation results in less droplets activating in the

Abdul-Razzak et al. scheme, but not in the parcel model. This effect is much less evident in

the Fountoukis and Nenes implementation of the scheme (Figure 11, centre plot)and both330

the mean and standard deviation are much closer to those from the parcel model.

The over estimation of low activated fractions in the Abdul-Razzak et al. scheme re-
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Fig. 10.The PDF of updraft velocities derived from RICO. This is
presented as a probability density, where

∫
∞

0 Pdwcb = 1.

was lognormal withNap = 1000 cm−3, lnσ = 0.5 anddm =

60nm.
Figure 11 shows cumulative frequencies (n = 105) of

the activated fraction for the parcel model runs: theFoun-
toukis and Nenes(2005) implementation of the scheme and
the Abdul-Razzak et al.(1998) implementation. The figure
shows that addition of semi-volatile co-condensation broad-
ens the range of activated fractions and, importantly, leads
to a much higher frequency at higher activated fractions (as
noted by the fact that the cumulative frequency is close to
unity at lower activated fractions).

Relative to the parcel model it is also evident that both
parameterisation schemes have higher frequencies at low ac-
tivated fractions, which is due to them underestimating the
activated fractions at low updraft speeds (see Figs.6, 7, 8
and9 especially). It is evident that theAbdul-Razzak et al.
(1998) implementation of the scheme has much higher fre-
quencies than the parcel model at activated fractions less than
∼ 0.1, which is due to the scheme underestimating the acti-
vated fraction at low updraft speeds (e.g. Fig.6, solid lines)
and partially due to the rather sharp crossover at low up-
draft speeds (Fig.6, solid lines), where switching on semi-
volatile co-condensation results in less droplets activating in
theAbdul-Razzak et al.(1998) scheme, but not in the parcel
model. This effect is much less evident in theFountoukis and
Nenes(2005) implementation of the scheme (Fig.11, cen-
tre plot) and both the mean and standard deviation are much
closer to those from the parcel model.

The over estimation of low activated fractions in the
Abdul-Razzak et al.(1998) scheme results in a significant
underestimation of the mean activated fraction when semi-
volatile co-condensation is switched on (by almost a factor
of 2), whereas theFountoukis and Nenes(2005) implemen-
tation is much closer to the parcel model.

4 Discussion

In the development of a parameterisation for activation of
aerosols that includes the effect of condensation of organ-

ics, we had to make assumptions for how much of the semi-
volatile condenses onto the aerosol at cloud base; follow-
ing which we used this constraint as a basis for an “equiv-
alent dry” aerosol size distribution to be input into the exist-
ing activation schemes. It was found by running a detailed
parcel model that, at low updraft speed, high aerosol parti-
cle concentrations and large median diameters, diffusion of
the organic vapour to the aerosol was fast enough to stay
close to equilibrium. At higher updraft speeds and low total
aerosol number concentrations diffusion was too slow and re-
sulted in significant concentrations of organic vapour above
cloud base. Hence, we cannot strictly assume that the organic
vapour content is in equilibrium at cloud base. However, be-
cause high updraft speeds and low aerosol numbers tend to
result in high activated fractions, the reduced condensed or-
ganic mass loading appears to not factor significantly. This is
because, even without the addition of organic material, nearly
all of the aerosol activate at such high updraft speeds.

It is evident that theFountoukis and Nenes(2005) scheme
performs better in this comparison; however, at low updraft
speeds it still underestimates the activated fraction when
compared to the parcel model. This effect happens more
readily for high aerosol number concentrations. The reason
for this is that at the point of activation the aerosol size dis-
tribution splits into those that remain interstitial and those
that become activated into cloud drops. The large difference
in size means that organic vapours will condense preferen-
tially onto the largest particles in the size distribution rather
than be distributed equally over the whole size distribution,
as we have assumed for the parameterisation. At present it is
difficult to devise a way of overcoming this problem.

Xu and Penner(2012, Sect. 5.2) describe a method for re-
distributing the mass of nitric acid to the fine-mode aerosol
such that theAbdul-Razzak et al.(1998) scheme can be used
to calculate the activated fraction. Our method is similar,
but goes a step further in redistributing the mass of con-
densed semi-volatile organics in such a way that is consistent
with parcel model simulations. The parcel model simulations
showed that the effect of condensation of organic vapours
onto the aerosol size distribution served to increase the “dry”
diameter of all particles by an approximately constant fac-
tor. This resulted in the arithmetic standard deviation remain-
ing relatively constant and hence a reduction in the geomet-
ric standard deviation (as the geometric diameter increased).
The physical basis for all sizes being increased by an approx-
imately constant factor following co-condensation is that the
true particle sizes are all quite similar as they consist mainly
of water. This results in a constant diameter growth (see Ap-
pendix). Taking into account the fact that the arithmetic stan-
dard deviation did not change appreciably was crucial to ac-
curately predicting the activated fraction (Sect.2.2.3).

It is recognised that there may be other important fac-
tors to consider in such a parameterisation, including mass
accommodation coefficients, entrainment rates and multiple
aerosol modes (as was considered byGhan et al., 2011).
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Fig. 11. Cumulative frequency of activated fraction for: (i) parcelmodel simulations (left); Fountoukis and Nenes (2005) implementation (centre); Abdul-

Razzak et al. (1998) implementation (right). Blue is without semi-volatile co-condensation; red is with.
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Fig. 11. Cumulative frequency of activated fraction for (i) parcel model simulations (left),Fountoukis and Nenes(2005) implementation
(centre) andAbdul-Razzak et al.(1998) implementation (right). Blue is without semi-volatile co-condensation; red is with.

Nevertheless, owing to the fact that the parameterisations
used are physically based, such factors can be taken into ac-
count in both representations. The additions derived herein
that take in to account the effect of semi-volatiles do not pre-
vent the inclusion of these effects.

5 Conclusions

A parameterisation for aerosol activation including semi-
volatile co-condensation has been developed for use in large-
scale models that carry representations of organic vapour
concentrations of different volatilities. It is based on the
schemes described byAbdul-Razzak et al.(1998) andFoun-
toukis and Nenes(2005). The main addition is in the shifting
of both the median diameter and the standard deviation of the
non-volatile aerosol lognormal distribution. Although this
paper presented calculations for a single lognormal mode,
this can be extended to multiple lognormal modes, as has
been shown previously. One difficulty to overcome is how to
partition the organic mass to each mode. In order to be con-
sistent with the ideas presented in this paper, the inclusion
of multi-modal aerosol in the co-condensation parameterisa-
tion would require that the median diameter of each mode
be shifted by the same amount and that the arithmetic stan-
dard deviation of each mode remain constant. It is possible to
readily implement such a scheme; however, this idea needs
to be tested in further work.

The conclusions drawn from the study are as follows:

– Both the geometric diameter and the geometric stan-
dard deviation of the “effective dry” aerosol dis-
tribution shift during the co-condensation process.
The reduction in geometric standard deviation is the
main reason why activated fraction increases (see
Sect.2.2.3).

– For the updrafts tested, the inclusion of co-
condensation results in a broadening of the distribu-
tion of activated fractions. It is evident that theAbdul-
Razzak et al.(1998) implementation of the scheme sig-
nificantly underestimates the mean activated fraction
when compared to the parcel model andFountoukis
and Nenes(2005) scheme, especially when the effect
of semi-volatiles is included.

– However, theAbdul-Razzak et al.(1998) scheme also
seems to overestimate the frequency of low activated
fractions even without the inclusion of semi-volatiles
(Fig. 11, green lines).

– It appears, at least for the conditions tested herein, that
the Fountoukis and Nenes(2005) scheme performs
better than theAbdul-Razzak et al.(1998) scheme
when compared to the parcel model approach. This is
especially evident at low updraft speeds (Fig.6).

– When initialising so that the initial aerosol size distri-
bution has the specified lognormal parameters, it is ev-
ident that the parameterisation over estimates the acti-
vated fraction for low aerosol particle number concen-
trations. The reason is that the more volatile organic
vapours do not have time to condense before reaching
cloud base.
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Appendix A

Why does the aerosol distribution not narrow with
condensing organics?

To answer this question, we assume the growth from the or-
ganic vapour of an aerosol particle that is an internal mixture
of an involatile component andN semi-volatile components.

The well-known Maxwellian growth theory shows that
such a particle will increase in diameter at a rate inversely
proportional to its diameter:

dd

dt
∝

1

d
, (A1)

whered is the diameter of the particle.
In the case of co-condensing organics it should be noted

that, at the high humidities relevant for cloud formation, the
particle consists mostly of water. Condensing water onto the
particles results in a narrowing of the ratio of droplet di-
ameters in a distribution (as predicted by both Maxwellian
growth, dd

dt
∝

1
d

, and sub-saturated aerosol growth,dd
dt

∝

constant); thus near cloud base, the droplet size distribution
consists of a narrow ratio of droplet diameters.

The narrow distribution means we can approximate the
term 1

d
on the right-hand side of Eq. (A1) to be a constant.

Note that this is only the case for the condensing organics,
not condensing water vapour. In this situation we arrive at
the result that, regardless of the initial particle size, the dif-
ference in particle size after co-condensation of organics is
proportional tot . Therefore, if all particles experience the
same growth time, their change in size will be a constant:

d2 − d1 ∝ t, (A2)

whered1 andd2 are the initial and final particle diameters
respectively.

However, it should be noted that the diameters considered
in Eqs. (A1) and (A2) are the true physical diameters of the
drop, whereas for the parameterisation outlined in this paper
we require the “dry” particle size. We now show, to a first
approximation, that at cloud base the “dry” particle size is
directly related to the wet particle size.

Firstly we assume that, to a first approximation, the phys-
ical diameter is proportional to the cubed root of the sum of
the number of moles of each component (strictly, it is actu-
ally the volume of the sum of each component). Therefore
we can rewrite Eq. (A2) as(
nc + nw,2 +

∑
ni,2

)1/3
−

(
nc + nw,1 +

∑
ni,1

)1/3
∝ t, (A3)

whereni is the number of moles of componenti in the con-
densed phase,nc is the number of moles of the involatile
component (e.g. ammonium sulfate) andnw is the number of
moles of water.

Raoult’s law for water vapour in equilibrium at relative
humidity, RHeq, with an aerosol particle is

RHeq =
nw

nc + nw +
∑

ni

, (A4)

which can be rearranged to makenw the subject:

nw =
RHeq

1− RHeq

(
nc +

∑
ni

)
. (A5)

Hence, at equilibrium, the number of moles of water is pro-
portional to the number of moles of all other components.
Equation (A5) can then be substituted into Eq. (A3) with the
result that the change in particle “dry” diameter is approxi-
mately constant for all sizes in the distribution.
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