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ABSTRACT

A parameterization for giant cloud condensation nuclei (GCCN), suitable for use in bulk microphysical
models, has been developed that uses precise representations of the condensational growth of aerosol
particles in the subcloud layer. The formulation employs an observationally based GCCN distribution
function and directly observable parameters of GCCN, such as concentration and the shape of the aerosol
spectra. The parameterization couples naturally to parameterizations of sea salt flux from the ocean surface.
The behavior of the GCCN parameterization in a large eddy simulation (LES) framework is consistent with
simulations employing explicit, size-resolving microphysical methods. The parameterization properly rep-
resents the sensitivity of cloud, drizzle, turbulence, and radiative properties to changes in GCCN concen-
tration for polluted and clean background CCN environments.

1. Introduction

Previous studies have suggested that precipitation by
stratocumulus in the marine boundary layer (MBL) can
significantly affect boundary layer thermodynamics
and energetics, leading to profound changes in cloud
amount and internal cloud properties (Paluch and
Lenschow 1991; Stevens et al. 1998). Accurately repre-
senting the sensitivity of cloud and radiative properties
to microphysical processes involving precipitation is im-
portant for assessing aerosol indirect effects in large-
scale models and for correctly forecasting MBL cloud
systems on shorter time scales.

The classical model of precipitation formation and
growth proceeds through the nucleation of cloud drop-
lets on cloud condensation nuclei (CCN), growth by
condensation, and growth by coalescence (Beard and
Ochs 1993). The long time scale required for conden-
sational growth of droplets large enough for collection
efficiencies to become significant has been a subject of

ongoing investigation for many years. In short, this
simple model of nucleation, condensation, and coales-
cence—the warm rain process—is insufficient to ex-
plain the rapid growth of precipitation-sized droplets in
observations. The bottleneck in the classical theory is
the development of sufficient droplets in the �20–25-
�m range.

Giant CCN (GCCN; 1 � r � 10 �m) have been
suggested as one mechanism that may serve to “short
circuit” the coalescence bottleneck. More precisely,
GCCN may be responsible for the development of
drizzle embryos over this size range, which could initi-
ate the development of precipitation (Johnson 1982).
Studies have shown that sea salt nuclei are often
present in concentrations similar to those of drizzle
drops, implying they play an important role in drizzle
production (O’Dowd et al. 1997). Furthermore, al-
though high CCN concentrations are typically associ-
ated with the suppression of precipitation (Albrecht
1989), the presence of GCCN may in fact encourage the
precipitation process in such an environment (Johnson
1982).

Because of their high solubility and large size, sea salt
GCCN deliquesce at subsaturated relative humidity
(RH) into droplets many times their dry size. However,
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only the smallest of the deliquesced nuclei reach their
equilibrium (Kohler) size at 100% RH in a short time
(i.e., on the order of seconds). Because of the slowness
of condensational growth, upon entering the cloud base
the size of the larger particles is typically less than equi-
librium size. Mordy (1959) assumed that particles
smaller than 0.12 �m at the cloud base deliquesced to
equilibrium radii at 100% RH, while particles larger
than 1.2 �m deliquesced to a size corresponding to
equilibrium at 90% RH. Thus, the larger deliquesced
GCCN are not “activated” in a Kohler sense yet nev-
ertheless may be of sufficient size to serve as drizzle
(coalescence) nuclei when ingested into the cloud layer
(Johnson 1982). For example, a 3.5-�m sodium chloride
(NaCl) nucleus at an equilibrium RH of 90% deli-
quesces to a “wet” nucleus of 20.2 �m [see Table 1 in
Kogan (1991)], in the range of drop sizes that can ini-
tiate coalescence.

Bulk microphysical parameterizations rely on a pro-
cess termed autoconversion to represent the formation
of embryonic drizzle drops by the coalescence of cloud
drops. Various formulations of the autoconversion
term exist, for example, based on simple ad hoc as-
sumptions (Kessler 1969; Tripoli and Cotton 1980),
large eddy simulation (LES) with size-resolving micro-
physical processes (Khairoutdinov and Kogan 2000,
hereafter KK2000) or kinetic potential barrier theory
(Liu et al. 2004). Each approach attempts to represent
that component of the classical warm rain process as-
sociated with the coalescence bottleneck.

Parameterizing the effects of GCCN in bulk micro-
physical models has largely been neglected. In one re-
cent study, however, Saleeby and Cotton (2004) em-
phasized the importance of a large cloud droplet mode,
which they assumed to have nucleated on GCCN. Here
we present a new parameterization of giant CCN suit-
able for use in bulk microphysical models alongside any
of these commonly employed autoconversion param-
eterizations. Employing a large eddy simulation frame-
work, we demonstrate that the GCCN parameteriza-
tion compares favorably to an explicit, size-resolving
microphysical representation. The parameterization is
able to capture the sensitivity of cloud physical and
radiative properties to changes in GCCN concentration
for both polluted and clean background CCN environ-
ments.

2. Formulation of the GCCN parameterization

The GCCN parameterization is based on first prin-
ciples and uses an accurate representation of the con-
densational growth of aerosol particles (CCN wetting)
in the subcloud layer. The liquid water content of the
deliquesced GCCN is

qg � 4�3��l�
r0

�

r*3n�r*� dr*, �1�

where r* is the deliquesced GCCN radius, n(r*)dr* is
the number of GCCN in the interval between r* and
r* � �r*, and 	l is the density of liquid water. Based on
detailed calculations of nucleation in the subcloud layer
performed by Ivanova et al. (1977), the size of the deli-
quesced nuclei exceed the size of the dry nuclei by a
factor of k:

r* � krd, �2�

where

k�rd� � aw
0.12 rd
0.214, �3�

and a is 5.8 (m s
1)0.12 �m
0.214, w is vertical velocity
(m s
1), and rd is GCCN dry radius (�m). For a char-
acteristic stratocumulus vertical velocity of 0.6 m s
1

and GCCN radii from 1 to 10 �m, the factor k ranges
from 6.2 to 3.8. Incorporating Eq. (2) into Eq. (1) gives

qg � 4�3��l�
r0

�

rd
3k�rd�3n�rd� drd. �4�

According to numerous observations by Junge (1972)
and others, the aerosol size distribution for r � 0.1 �m
can be expressed as a power law of the form

n�rd� � Crd

���1�, �5�

where � typically varies between 3 and 4, and the con-
stant C depends on geographical and meteorological
conditions. By integrating (5) from a GCCN lower
bound of r0 up to 
, C can be expressed as a function of
the total concentration of giant nuclei (Ng) and the
shape parameter �:

C � Ng�r0
�. �6�

Here Ng and � constitute specification of the GCCN
properties.

Bulk microphysical parameterizations traditionally
partition the total liquid water into two categories,
cloud and rainwater, based on a threshold radius of
20–25 �m. The most important effect of GCCN is
through their impact on precipitation initiation by pro-
viding a source of drizzle embryos, which in the bulk
framework falls into the rainwater category.

Although the lower bound of the classical definition
of GCCN is 1 �m, this number is in fact rather arbi-
trary. In a bulk microphysical framework, the GCCN
lower bound should be physically consistent with the
threshold between cloud and raindrops. Such a physi-
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cally based lower bound corresponds to dry GCCN par-
ticles with radii of 3 �m or larger. These particles deli-
quesce to about 20 �m in the subcloud layer and are
best able to serve immediately as drizzle embryos once
they experience further growth passing through the su-
persaturated cloud-base region. Droplets nucleated on
smaller GCCN require a longer residence time in cloud
to grow above the critical 20-�m coalescence threshold.
The 3-�m GCCN lower bound is also consistent with
the tendency in other studies to emphasize the impor-
tance of the middle and upper parts of the GCCN range
(in addition to the much larger nuclei of the ultragiant
category) to the precipitation process (Johnson 1982;
Cooper et al. 1997; Feingold et al. 1999; Blyth et al.
2003).

Substituting Eqs. (3), (5), and (6) into Eq. (4), and
integrating from a lower bound of rl rather than r0 gives

qg �
4
3

��l�
rl

�

rd
3�aw
0.12rd


0.214�3
Ng�r0

�

rd
��1 drd, �7�

which reduces to

qg � ANgr0
�

�

� 
 2.358
r l

2.358
�, �8�

where A � 4/3�	la
3w0


0.36. The physical significance of
rl � r0 is such that only GCCN with r � rl become
embryonic drizzle droplets.

Differentiating Eq. (8) with respect to time gives

dqg

dt
� Ar0

�
�

� 
 2.358
r l

2.358
�
dNg

dt
, �9�

where dqg/dt is in g cm
3 s
1. Dividing by the density of
air (	a) transforms the GCCN water content source rate
in Eq. (9) into a mixing ratio (g g
1 s
1):

drg

dt
�

Ar0
�

�a

�

� 
 2.358
r l

2.358
�
dNg

dt
. �10�

Assuming r0 � 1 �m, rl � 3 �m, � � 3, and an air
density of 10
3 g cm
3, the mixing ratio expression be-
comes

drg

dt
� 2.267 � 10
6

dNg

dt
. �11�

When grid-mean saturation occurs, it is assumed that
all GCCN in that grid become drizzle embryos instan-
taneously.

3. Comparison to the bin microphysical approach

We implemented the GCCN parameterization into
the bulk version of the Cooperative Institute for Me-
soscale Meteorological Studies (CIMMS) LES and

tested it by comparing it with the LES employing ex-
plicit, size-resolving microphysics. In the LES frame-
work, the bulk microphysical parameterization of
KK2000 was demonstrated to have an accuracy of bet-
ter than 20% for the major dynamical and microphysi-
cal parameters (see Figs. 7–12 in KK2000). This uncer-
tainty must be taken into account when comparing the
differences between the bulk GCCN parameterization
and results based on the explicit formulation.

The conservation equation for precipitable water,
combining source terms from both KK2000 and the
new GCCN parameterization, is

�qr

�t
� 


�uiqr

�xi
�

Vqrqr

�z
� Fqr � Scond � Sauto

� Saccr � Sgccn. �12�

The first three terms on the right-hand side correspond
to advection, sedimentation, and the subgrid-scale con-
tribution. The next three terms comprise the micro-
physical processes of condensation/evaporation, auto-
conversion, and accretion, defined as in Eq. (8) of
KK2000. The GCCN source term Sgccn is defined most
generally by our Eq. (10).

Relative to explicit microphysical methods, the
KK2000 parameterization tends to overestimate small
magnitudes of autoconversion (see Fig. 4a in Wood
2005). To alleviate this tendency of the parameteriza-
tion to overestimate autoconversion predominantly un-
der situations when the background aerosol concentra-
tion is large, we incorporate the threshold function of
Liu and Daum (2004), as modified by Wood (2005).
This has little direct bearing on the fidelity of the
GCCN parameterization itself, but is important for es-
tablishing a reasonable, no-GCCN baseline simulation,
specifically ensuring that the simulation without GCCN
produces very little drizzle.

In the explicit simulation, bin microphysical pro-
cesses are formulated using prognostic equations for
CCN and liquid drops (19 and 25 bins, respectively),
with the method most completely described in Kogan
(1991). Initial conditions and large-scale forcings for
the LES are based on a case study from the Atlantic
Stratocumulus Transition Experiment (ASTEX; Al-
brecht et al. 1995; Duynkerke et al. 1995) case A209
[see Khairoutdinov and Kogan (1999) for details about
this case]. Simulations are three-dimensional (40 �
40 � 51), with horizontal and vertical grid spacings of
75 and 25 m, respectively, resulting in a domain size of
3 � 3 � 1.25 km. The background CCN concentration
is assumed to be 628 cm
3, with the value of k set to
0.49. We choose a large CCN concentration because the
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effect of adding GCCN is accentuated in environments
of high background CCN concentrations (Ghan et al.
1998; Feingold et al. 1999). For the explicit simulation,
the background aerosol spectrum is assumed to be log-
normal, with total concentration, geometric mean, and
geometric standard deviation of 628 cm
3, 1.5 �m, and
0.045 �m, respectively. These shape parameters are
chosen to match the mean droplet concentration of 260
cm
3 in the GCCN simulation. The precise value of the
background CCN concentration is not particularly im-
portant, so long as it captures the characteristics of a
polluted air mass. In section 4, we contrast the impact
of adding various amounts of GCCN to polluted and
clean background CCN environments.

The GCCN concentration Ng in Eq. (6) is assumed to
be 1360 L
1. This value corresponds to that of the
O’Dowd et al. (1997) sea spray “jet” mode observed at
the ocean surface in a wind of 10 m s
1. The addition of
GCCN is formulated as a boundary value problem,
with Ng � constant at the surface. This makes physical
sense, since the most likely source for marine GCCN is
the ocean surface. Holding the surface value fixed en-
ables the model’s resolved and subgrid-scale dynamics
to transport GCCN vertically into the cloud layer. Fur-
thermore, this approach avoids the unphysical “shock”
of precipitation when the GCCN is specified as an ini-
tial value problem (homogeneously over the entire do-
main at the initial time). In addition to physical sound-
ness, the boundary value problem avoids the rapid (and
we feel, unrealistic) removal of GCCN by cloud pro-
cessing. For example, when configured as an initial
value problem, the e-folding decay time for GCCN is 20

min, and after 150 min the GCCN falls to 1% of its
initial value. Because of the limited dynamical response
to increased drizzle after only 20 min, the e-folding time
scale of GCCN reduction is dictated by simple eddy
turnover arguments. The 1% value is dictated by feed-
back between drizzle-modulated dynamics and GCCN
transport. For the boundary value problem, on the
other hand, the subcloud GCCN profiles attain an ap-
proximate steady state after an hour of time, indicating
that cloud GCCN uptake and processing are in close
balance. More generally, of course, the GCCN surface
value would be interactively coupled with surface wind
speed via a parameterization like that of O’Dowd et al.
(1997); however, for simplicity we take the surface
GCCN magnitude to be a constant.

The LES is first run for a spinup time of 40 min in
order to establish boundary layer structure. During this
time, cloud properties are diagnosed using simple moist
saturation adjustment. After the spinup, droplet nucle-
ation proceeds according to Nact � CSk, where a value
of 0.49 for k equates to droplet concentrations of 285 at
0.2% supersaturation.

The GCCN parameterization captures the precipita-
tion process reasonably well, as indicated by the surface
drizzle rate and drizzle water path (Figs. 1a,b), although
the parameterization slightly overestimates these quan-
tities. By way of comparison, drizzle parameters in the
bin microphysics simulation without GCCN are much
smaller. In this particular case, drizzle acts predomi-
nantly as a sink of cloud water, so the stronger drizzle
production in the parameterization simulation results in
a smaller liquid water path (LWP) relative to the ex-

FIG. 1. Comparison of mean (4–6 h) quantities from parameterized GCCN and bin microphysics simulations: (a) surface drizzle rate,
(b) drizzle water path, (c) LWP, (d) mean droplet concentration over the cloud layer, and (e) vertical velocity variance averaged over
the boundary layer.
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plicit simulation (Fig. 1c). Sedimentation of drizzle act-
ing simply to reduce cloud liquid water is not a general
rule in stratocumulus but likely particular to the small
moisture jump at the cloud top (and hence, the lack of
cloud-top entrainment instability mechanisms) associ-
ated with the A209 case. Some of the differences in
parameters are undoubtedly due to the underlying un-
certainty in the KK2000 parameterization (i.e., our es-
timate of �20% uncertainty), in addition to differences
arising from the GCCN parameterization itself, but the
overall agreement between bulk and explicit models is
good. The parameterization is surprisingly good at cap-
turing the reduction in droplet concentration (Fig. 1d)
via coalescence processing, and also represents the im-
pact of drizzle on boundary layer dynamics, as evident
in the vertical velocity variance. The stable stratifica-
tion of the boundary layer by drizzle tends to reduce
the overall turbulent intensity and promote a more de-
coupled circulation (in the profile of w2, not shown).
Drizzle appears to exert little effect on the entrainment
rate; the fact that drizzle mostly acts as a simple sink of
liquid water (reducing the LWP) is a consequence of
this. Weaker turbulence nevertheless producing a simi-
lar magnitude of entrainment implies that drizzle pro-
cesses can influence the entrainment efficiency, which
has been suggested by Bretherton et al. (2007).

One caveat relevant to this scheme and bulk micro-
physical parameterizations in general should be men-
tioned. In cases of high background aerosol concentra-
tion, particularly of small, Aitken-size particles, the
presence of GCCN has been shown to suppress super-
saturation, leading to a reduction in nucleated droplets
(Ghan et al. 1998). Bulk microphysical parameteriza-
tions generally employ saturation adjustment methods
for condensation and evaporation, rather than explic-
itly allowing the supersaturated vapor field and the
droplets to evolve jointly via the condensational growth
equation. For this reason, bulk schemes (including this
one) will not fully capture the competing effects of sul-
fate and GCCN on droplet nucleation. However, the
reduction of activated droplets predominantly occurs
mostly for very weak updraft velocities (�0.2 m s
1) or
very large background sulfate concentrations (see Fig. 1
of Ghan et al. 1998), both of which are rather atypical
for active convection in the MBL.

4. Sensitivity to GCCN and ambient CCN
concentrations

a. Cloud, drizzle, and turbulence

Numerical simulations based on clean and polluted
background conditions are performed in order to evalu-
ate the sensitivity to different concentrations of GCCN.

CCN concentrations are assumed to be 628 (similar to
the control experiment discussed above) and 82 cm
3

for the polluted and clean cases, respectively, with the
value of k set to 0.49. For a supersaturation of 0.2%,
this equates to nucleated droplet concentrations of 285
and 37 cm
3. The precise values of the background
CCN concentrations are not so important, so long as
they provide a relative gauge of characteristic polluted
and clean environments.

As in the comparison with the bin microphysics rep-
resentation, GCCN are specified as a boundary value
problem. Simulations with surface concentrations of 30,
300, and 1360 L
1 are performed. These GCCN are
added to the polluted and clean background CCN
populations of 628 and 82 cm
3, respectively, and are
compared to control cases with no GCCN. As expected,
the polluted simulations show the greatest sensitivity to
the addition of GCCN (Figs. 2a–e). Successively in-
creasing amounts of GCCN added to the polluted back-
ground produces effects characteristic of enhanced pre-
cipitation formation: larger drizzle rate and drizzle wa-
ter path (Figs. 2a,b), depleted liquid water path and
droplet concentration associated with coalescence pro-
cessing (Figs. 2c,d), and suppressed boundary layer tur-
bulence (Fig. 2e) arising from drizzle stabilizing the
boundary layer. The percentage of liquid water con-
tained in drizzle drops rises from 1.2% to 4.5%, a result
both of increasing drizzle production and decreasing
liquid water content from drizzle sedimentation. Simi-
lar statistics from Feingold et al. (1999) exhibit a similar
trend, with drizzle water percentage ranging from 0%
to 7.9% over their range of specified GCCN concen-
trations, although direct comparisons are not particu-
larly insightful, since specific case details and experi-
mental configurations are very different between the
two cases.

When added to the clean background CCN, in con-
trast, GCCN added in any quantity (up to 1360 L
1) has
little effect, as the cloud is already drizzling significantly
(Fig. 2a). (The nonmonotonicity in drizzle rate for the
clean simulation series is an artifact of the limited do-
main size.) The drizzle water percentage is approxi-
mately 26% for all four cases, roughly in accord with
the range of 25%–32% found by Feingold et al. (1999).
Relative to the polluted background CCN simulations,
all of the clean simulations contain more drizzle, less
cloud liquid water, and have lower levels of turbulence.
This relative sensitivity of cloud and drizzle properties
to the addition of GCCN in clean versus background
CCN environments produced by the GCCN parameter-
ization is consistent with previous results employing ex-
plicit microphysics (Feingold et al. 1999).
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b. Cloud radiative properties

Our analysis of the influence of GCCN on cloud sys-
tem radiative properties follows Feingold et al. (1999).
Cloud system albedo is a function of optical depth �,

A �
�1 
 g��

2 � �1 
 g��
, �13�

where g is the asymmetry parameter (�0.84). Optical
depth is calculated by approximating the cloud droplet
spectra with a gamma distribution, constrained by the
bulk moments of the drop size distribution (qc and Nc).

Aerosol indirect effects are frequently formulated in
terms of a sensitivity, called “susceptibility,” of albedo
to a change in droplet number. Susceptibility (cm3) may
be approximated as

S �
A�1 
 A�

3N
. �14�

The effect on radiative properties of adding GCCN
to background clean and polluted cases is summarized
in Fig. 3. Just as for the cloud parameters in Fig. 2,
adding GCCN to the clean CCN background has little
effect on the magnitude of the cloud optical depth,

FIG. 2. Mean (4–6 h) boundary layer quantities as a func-
tion of GCCN concentration for polluted (squares) and
clean (diamonds) background CCN conditions: (a) surface
drizzle rate, (b) drizzle water path, (c) LWP, (d) mean
droplet concentration over the cloud layer, and (e) vertical
velocity variance averaged over the boundary layer.
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largely because the cloud LWP has already been re-
duced so much from drizzle. Adding GCCN, however,
tends to make them drizzle even more, and owing to the
reduced optical depth (10%) and further depleted
droplet concentration, GCCN leads to a modest (3%)
reduction in albedo. Adding GCCN to the polluted
background CCN results in a more noticeable reduc-
tion in optical depth (21%) and albedo (4%). Relative
to Feingold et al. (1999), our results appear to exhibit
less sensitivity to the addition of GCCN, though as
stated before differences between the two approaches
preclude a robust direct comparison. In all cases, the
reduction in optical depth and albedo arises from a
combination of lower cloud liquid water content (from
drizzle loss) and a decrease in droplet concentration
accompanying drizzle production (collection). Less liq-
uid water spread out over fewer drops decreases the
backscatter cross section and the optical depth.

Absolute susceptibility varies little with GCCN con-
centration but is smaller in the polluted background
CCN environment (Fig. 3c). Equivalent changes in N

produce more albedo response in the clean case (small
N) than in the polluted case (large N). Yet Figs. 2 and
3 plainly demonstrate that cloud properties in the pol-
luted environment are more sensitive to the addition of
GCCN. For this reason, susceptibility relative to the
control simulations (Fig. 3d) most aptly illustrates the
sensitivity of albedo to a change in droplet number. As
expected, the relative susceptibility of the polluted case
is much greater than that of the clean case and increases
with increasing GCCN. Although the experimental
configurations are quite different, the relative sensitiv-
ity of the cloud optical properties to different GCCN
concentrations in clean and polluted environments is
generally consistent with Feingold et al. (1999).

5. Summary

A new parameterization of giant CCN suitable for
use in bulk microphysical models is presented. The pa-
rameterization is based on an assumed GCCN size dis-
tribution and detailed calculations of aerosol wetting in

FIG. 3. Hourly mean calculations (3–4 h) of radiative quantities as a function of GCCN concentration for polluted
and clean background CCN conditions: (a) optical depth, (b) albedo, (c) susceptibility [A(1 
 A)/(3N )], and (d)
susceptibility relative to the control simulations without GCCN.
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the subcloud layer. GCCN properties are specified as a
concentration (Ng) and the shape parameter of the
Junge distribution (�). The parameterization can be
easily implemented alongside current bulk microphysi-
cal schemes and naturally couples with wind-dependent
parameterizations of sea salt flux from the ocean sur-
face (e.g., O’Dowd et al. 1997). When incorporated
alongside microphysics schemes that include the ice
phase, the parameterization will likely have little effect
upon mixed-phase clouds, since in those cases precipi-
tation is ultimately attributable to cold-cloud micro-
physical processes like vapor growth and accretion of
ice-phase particles.

The GCCN parameterization is compared in an LES
framework against a size-resolving representation of
microphysical processes. The parameterization pro-
duces reasonable behavior in cloud, drizzle, and turbu-
lence quantities relative to the bin microphysics method.

Employing the parameterization, cloud and radiative
properties exhibit the proper response to changes in
GCCN concentration for both polluted and clean back-
ground CCN environments. Microphysical and cloud
radiative properties exhibit the greatest sensitivity to
the addition of GCCN for a large background aerosol
concentration, while the addition of GCCN to a clean
background environment with preexisting active pre-
cipitation results in only a modest change in cloud prop-
erties.

The parameterization is best implemented as a
boundary value problem with either a constant GCCN
value or flux at the surface. This formulation is consis-
tent with the physical source for GCCN (sea spray) and
avoids the unphysical burst of precipitation and rapid
depletion of GCCN that occurs when configured as an
initial value problem. In the boundary value formula-
tion, with the only source of GCCN coming from the
surface, after a short time GCCN profiles over the sub-
cloud layer attain a steady state, indicating that GCCN
processing by the cloud is in approximate balance with
the surface source.
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