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Abstract
A new parameterization of the Wegener–Bergeron–Findeisen (WBF) process has been
developed, and implemented in the general circulation model CAM-Oslo. The new
parameterization scheme has important implications for the process of phase transition in
mixed-phase clouds. The new treatment of the WBF process replaces a previous formulation, in
which the onset of the WBF effect depended on a threshold value of the mixing ratio of cloud
ice. As no observational guidance for such a threshold value exists, the previous treatment
added uncertainty to estimates of aerosol effects on mixed-phase clouds. The new scheme takes
subgrid variability into account when simulating the WBF process, allowing for smoother phase
transitions in mixed-phase clouds compared to the previous approach. The new
parameterization yields a model state which gives reasonable agreement with observed
quantities, allowing for calculations of aerosol effects on mixed-phase clouds involving a
reduced number of tunable parameters. Furthermore, we find a significant sensitivity to
perturbations in ice nuclei concentrations with the new parameterization, which leads to a
reversal of the traditional cloud lifetime effect.
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1. Introduction

In recent years, aerosol–cloud interactions have been studied
extensively in laboratories, in models, in dedicated field
campaigns and using satellite data. As a result of this effort,
our understanding of aerosol–cloud interactions has increased,
and so has the number of hypotheses on how anthropogenic
aerosols can potentially influence clouds (Lohmann and
Feichter 2005). Some of these mechanisms are relatively well
understood and accepted by the scientific community, whereas
others are more uncertain.

Anthropogenic aerosols influence clouds differently
depending on the thermodynamic state of the cloud,
i.e. whether it consists of liquid only (warm clouds), both
ice crystals and cloud droplets (mixed-phase clouds) or ice

only (cirrus clouds). For warm clouds, anthropogenic aerosols
increase the cloud albedo by acting as cloud condensation
nuclei (CCN), thereby decreasing cloud droplet sizes (Twomey
1977). The level of scientific understanding of this process
was upgraded from ‘very low’ in the third assessment report
(TAR) by the Intergovernmental Panel for Climate Change
(IPCC) to ‘low’ in the fourth assessment report (AR4) by the
IPCC (Forster et al 2007). The anthropogenic decrease in
cloud droplet sizes can in some cases lead to less efficient
precipitation production, which in turn can lead to increased
cloud lifetimes (Albrecht 1989). This effect is still associated
with a ‘very low’ level of understanding (Denman et al 2007).
Clearly, there is still room for progress in the understanding
of aerosol effects on warm clouds. Aerosol effects on mixed-
phase clouds are less well understood, and it is still not clear
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if anthropogenic aerosols affect them. Ice formation in these
clouds always occurs by the aid of so-called ice nuclei (IN),
i.e. by heterogeneous freezing. The freezing mechanisms
most relevant in the context of this paper are contact freezing
(freezing of a supercooled droplet subsequent to an ice nucleus
coming into contact with it) and immersion freezing (freezing
of a supercooled droplet by an ice nucleus suspended in the
body of water). For an overview of the different heterogeneous
ice nucleation modes, see e.g. Vali (1985), and for in situ
measurements of heterogeneous freezing, see e.g. DeMott et al
(2003). IN are typically insoluble particles, sometimes with
crystalline structure, candidates being mineral dust, biological
particles and soot (Pruppacher and Klett 1997). Soot particles
are largely of anthropogenic origin, so if they are in fact
efficient IN, anthropogenic activity has introduced additional
IN into the atmosphere. Such an increase in IN would lead
to an anthropogenic increase in freezing and cloud glaciation.
This effect has been referred to as the cloud glaciation
effect (Lohmann 2002). Conversely, anthropogenic sulfur
coatings can potentially deactivate the IN (Girard et al 2004),
or alternatively make them less efficient in relatively warm
mixed-phase clouds (Storelvmo et al 2008, Hoose et al 2008).
This complete or partial deactivation will hereafter be referred
to as the deactivation effect. Additionally, as large droplets
freeze more readily than small droplets (Pruppacher and Klett
1997), the anthropogenic decrease in cloud droplet radius
would be expected to counteract freezing. This effect has been
termed the thermodynamic effect, and has been discussed by,
for example, Rosenfeld and Woodley (2000). All in all, it is
far from obvious what the net anthropogenic aerosol effect on
mixed-phase clouds is.

The formation of pure ice clouds (i.e. cirrus) by
homogeneous freezing of supercooled aerosols may occur
at temperatures below approximately −35 ◦C (Koop 2004).
However, the presence of IN may delay or entirely
prevent homogeneous freezing, as heterogeneous freezing
processes may deplete water vapor to the extent that the
high supersaturations (∼170%) required for the onset of
homogeneous freezing are never obtained (e.g. DeMott
et al 1997). This competition between homogeneous and
heterogeneous freezing processes is not yet fully understood
(e.g. Gierens 2003), and how the IN get transported to
sufficiently high altitudes and in high enough concentrations
to have an impact are also issues requiring further research.

In this paper we focus on the Wegener–Bergeron–
Findeisen process and its importance for aerosol indirect
effects associated with stratiform mixed-phase clouds. We
study these effects in the CAM-Oslo general circulation model
(GCM) with an extended mixed-phase cloud microphysics
scheme taking the three mechanisms mentioned above
(the glaciation, deactivation and thermodynamic effects)
into account. In this microphysics scheme, we recently
implemented a new parameterization of the Wegener–
Bergeron–Findeisen (WBF) process, based on a derivation
presented in Korolev (2007). The WBF process refers to the
rapid growth of ice crystals at the expense of cloud droplets
(at temperatures below 0 ◦C and above approximately −35 ◦C)
due to the difference in saturation vapor pressure over water

compared to that over ice. So far, this process has typically
not been accounted for in general circulation models (GCMs),
as various forms of interpolation have been used to specify
the liquid fraction of a cloud at temperatures below freezing
(Rasch and Kristjánsson 1998, Lohmann and Roeckner 1996).
In recent years, some GCM studies have accounted for the
WBF process in a simplistic manner, by assuming that when
a critical cloud ice mixing ratio is reached the entire cloud
glaciates (Lohmann and Diehl 2006, Storelvmo et al 2008).
Glaciation drastically changes cloud radiative properties and
precipitation release. There is currently no observational
support or guidance for such a critical ice mixing ratio
approach. Clearly, a process so crucial for cloud radiative
and microphysical properties calls for a less crude approach.
The purpose of the paper is to present a new parameterization
which attempts to treat the WBF process in a physically
more realistic manner, taking the subgrid variation in vertical
velocity and hence relative humidity into account. A simplified
subgrid treatment of the WBF process has previously been
employed by Rotstayn (1997). Based on a single-moment
cloud microphysics scheme and a triangular probability density
function for the total water mixing ratio, the fraction of
a cloud where ice and liquid can co-exist was calculated.
In this study, we advance the subgrid approach further by
explicitly accounting for heterogeneous freezing processes,
which are crucial for the onset and progress of the WBF
process. Furthermore, a double-moment cloud microphysics
scheme and a subgrid treatment of vertical velocity allows for
the use of the theoretically based treatment of the WBF process
presented in Korolev (2007) and Korolev and Mazin (2003).

In the following section, our modeling framework CAM-
Oslo will be described. Thereafter, we will give an overview
of the mixed-phase cloud microphysics scheme and the details
of the new WBF parameterization. The results from CAM-
Oslo with and without aerosol effects on mixed-phase clouds
(experiments AERMIX and AERLIQ, respectively), and with
the new WBF parameterization (experiment AERWBF) will be
presented in section 3. A discussion of the results, along
with conclusions and suggestions for future work, is given in
section 4.

2. Description of CAM-Oslo and the new WBF
parameterization

2.1. CAM-Oslo

The CAM-Oslo GCM is an extended version of the National
Center for Atmospheric Research (NCAR) Community
Atmosphere Model Version 3 (CAM3) (Collins et al 2006).
For this study the simulations were carried out with an Eulerian
dynamical core at T42 spectral truncation, which corresponds
to a horizontal gridspacing of 2.8◦ × 2.8◦ on a Gaussian grid.
There are 26 levels in the vertical, out of which approximately
half are located in the troposphere. The vertical layer thickness
ranges from a few hundred metres near the surface to more
than 1 km in the upper troposphere. The stratiform cloud
microphysics scheme used in CAM3 was developed by Rasch
and Kristjánsson (1998). To form CAM-Oslo, CAM3 has been
extended with a framework for calculations of aerosol direct
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and indirect effects on climate. The framework is developed
by the aerosol and cloud researchers at the University of Oslo
and the Norwegian Meteorological Institute, and consists of the
following components:

• An aerosol life cycle scheme treating the life cycle of
five aerosol components and two aerosol precursor gases
in the atmosphere. The components treated are: (i)
sea salt, (ii) mineral soil dust, (iii) black carbon (BC),
(iv) particulate organic matter, (v) particulate sulfate, (vi)
di-methyl-sulfide (DMS), and (vii) sulfur dioxide. The
preindustrial (PI) and present day (PD) emissions of these
components are taken from Dentener et al (2006) and
used in the AeroCom project. The scheme accounts for
sulfuric acid gas condensation onto preexisting particles,
coagulation in clear and cloudy air, wet phase chemical
processes in clouds, new particle formation, and dry and
wet deposition. For more detail, see Seland et al (2008).

• A scheme calculating aerosol size distribution and optical
properties treating internal and external aerosol mixing.
All primary particles are represented by a superposition of
multiple lognormal modes. This multimodal lognormal
size distribution is then modified by the processes
mentioned above and by hygroscopic growth, the
modifications being described by 44 logarithmically
spaced size-bins in the radius range 0.001–20 μm.
Aerosol direct radiative effects are calculated using
precalculated look-up tables to calculate aerosol optical
properties based on Mie theory (Seland et al 2008).

• A scheme calculating aerosol effects on warm clouds
based on a double-moment liquid cloud microphysics
scheme, i.e. it includes prognostic equations for both
the cloud liquid water mixing-ratio and cloud droplet
number concentration (based on Storelvmo et al 2006).
Cloud droplet activation is calculated based on a subgrid
distribution of vertical velocity and hence supersaturation,
employing the scheme of Abdul-Razzak and Ghan
(2000). The lowering of supersaturation at high
CCN concentrations (the so-called competition effect) is
accounted for.

• A scheme calculating aerosol effects on mixed-phase
clouds based on a double-moment ice microphysics
scheme (i.e. a prognostic treatment of both cloud ice
mixing ratio and ice crystal number concentration). The
scheme accounts for heterogeneous freezing via the
contact and immersion/condensation freezing modes, pre-
cipitation release through the ice phase, ice multiplication
processes, melting and sublimation. Mineral dust and
BC are the two ice nucleating aerosol species in the
model. Their zonally and annually averaged number
concentrations for present day emissions are shown in
figures 1(a) and (b), respectively. The BC number
concentrations are significantly higher than the mineral
dust number concentrations, but they initiate freezing at
substantially lower temperatures. Heterogeneous freezing
processes are calculated based on the parameterization
presented in Lohmann and Diehl (2006) and described in
detail in Storelvmo et al (2008).

(a)

(b)

Figure 1. Annually and zonally averaged number concentrations of
(a) mineral dust and (b) BC, simulated for present day emissions.

The formation of cirrus clouds, i.e. clouds forming at
temperatures below −35 ◦C, remains unchanged in this study;
hence it is treated as in NCAR CAM3 and is not influenced by
aerosols. We will discuss this issue further in section 4.

2.2. The mixed-phase cloud microphysics scheme with the new
treatment of the WBF process

In this section we present the novel treatment of the WBF
process in the model, which employs the equations presented
by Korolev and Mazin (2003). In Korolev (2007) it is pointed
out that the WBF process can only occur in a limited range
of conditions, and that one cannot automatically apply it to all
mixed-phase clouds, which is currently a common modeling
approach. The relationship between (i) the in-cloud vapor
pressure (e), (ii) the saturation vapor pressure over liquid
water (es), and (iii) the saturation vapor pressure over ice (ei)
determines the growth/evaporation of cloud droplets and ice
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crystals. For mixed-phase clouds, there are three possible
regimes:

• Regime 1—Both droplets and ice crystals grow simulta-
neously. For a given cloud or cloud fraction, this occurs
when the following is true:

e > es > ei. (1)

It was shown by Korolev and Mazin (2003) that this may
occur if the updraft velocity uz is higher than a critical
updraft velocity, u∗

z given by

u∗
z = es − ei

ei
Niriη (2)

where η is a coefficient dependent on temperature (T ) and
pressure (p), Ni is the ice crystal number concentration
and ri is the mean volume radius of the ice particles
(ri = ( 3I WC

4π Niρi
)

1
3 , where IWC is the cloud ice water content

and ρi is the density of ice.). For regime 1 conditions, the
mixed phase is maintained for an indefinite period, as long
as (1) holds.

• Regime 2—Ice crystals grow at the expense of cloud
droplets (WBF process). The WBF process takes place
if the following requirement is fulfilled:

es > e > ei. (3)

If (3) is true, cloud droplets will inevitably evaporate,
providing a source of water vapor for depositional growth
of ice crystals. A cloud or cloud fraction in regime 2
will eventually glaciate, the glaciation timescale being
dependent on the ice crystal number, ice water content
(IWC) and liquid water content (LWC), among others.
From Korolev and Mazin (2003), (3) is fulfilled if

u0
z < uz < u∗

z (4)

where u0
z is the negative vertical velocity below which ice

crystals will sublimate rather than grow:

u0
z = ei − es

es
Nwrwχ (5)

where χ is a coefficient dependent on p and T , and Nw

and rw are the cloud droplet number concentration and
cloud droplet mean volume radius, respectively (rw =
( 3LWC

4π Nwρw
)

1
3 , where ρw is the density of water).

• Regime 3—Both ice crystals and droplets evaporate
simultaneously. A cloud or cloud fraction falls in regime
3 in the case of

es > ei > e. (6)

According to Korolev and Mazin (2003), (6) is true in
downdrafts when uz < u0

z .

In CAM-Oslo, a subgrid distribution of vertical velocity
is already implemented for calculations of cloud droplet
activation. The same distribution is now used to determine
the fractions of a given cloud dominated by each of the
three regimes outlined above. The subgrid vertical velocity
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Figure 2. Illustration of the subgrid vertical velocity distribution,
with shadings indicating typical but fictive grid box fractions
dominated by regime 1 (blue shading), regime 2 (green shading) and
regime 3 (red shading), respectively.

distribution is described by a Gaussian normal distribution
centered around the mean grid box vertical velocity uz ,
following the parameterization of Ghan et al (1997). The width
of the distribution is given by the standard deviation (σuz ),
calculated as follows:

σuz =
√

2π K

�z
(7)

where K is the vertical eddy diffusivity and �z is the model
layer thickness. As the relatively coarse resolution of the
model may lead to an underestimation of σw, a lower limit
of 0.30 ms−1 is necessary. Figure 2 gives an illustration of
the subgrid vertical velocity distribution, indicating typical but
idealized grid box fractions dominated by regimes 1, 2 and 3,
respectively.

The rates of condensation, evaporation, deposition and
sublimation are determined in the model using a so-called
saturation adjustment approach. This implies that any
supersaturation is immediately removed by condensation
and/or deposition of the excess water vapor. Similarly,
subsaturations in the presence of cloud condensate will
immediately lead to evaporation and/or sublimation until
saturation is reached or all cloud condensate is depleted. In
regime 1, the saturation adjustment is calculated with respect
to liquid water, whereas in regimes 2 and 3 the adjustment is
carried out with respect to ice, as supported by Korolev and
Isaac (2008).

3. Experimental setup and results

In the following sections we present the results from three
model experiments. Each experiment is a twin simulation,
one with present day (PD) aerosol emissions and the other
with aerosol emissions corresponding to preindustrial (PI)
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conditions. All simulations use climatological sea surface
temperatures and are run for 5 years after a model spin-up
of 4 months. An overview and a short description of the
three experiments are given in table 1. Global and annual
averages of cloud radiative and microphysical properties for
the simulations are presented in table 2, and anthropogenic
changes in cloud and radiation variables (calculated by
subtracting the value from the PI simulation from that of the PD
simulation) are given in table 3. Aerosol optical properties are
as in the standard NCAR CAM3 model, and are the same for
all simulations. Hence, no direct aerosol effects are included in
the simulations.

3.1. Experiment AERLIQ

This simulation accounts for aerosol effects on liquid clouds
only, whereas ice clouds are not influenced by aerosols
other than indirectly through their interactions with liquid
clouds. The aerosol effect on liquid clouds is calculated
mainly as in Storelvmo et al (2006), employing a continuity
equation for cloud droplet number concentration. The source
term in this continuity equation is calculated using the
cloud droplet activation scheme developed by Abdul-Razzak
and Ghan (2000), and we account for microphysical cloud
droplet sinks like evaporation, freezing, precipitation and self-
collection. Important changes from Storelvmo et al (2006) are
as follows. (1) The aerosol scheme has changed drastically,
and now predicts mineral dust and sea salt mass and number
concentrations rather than prescribing them. The modal radius
for accumulation mode mineral dust is increased from 0.088 to
0.22 μm, which reduces the mineral dust number concentration
substantially, thereby reducing the amount of natural CCN and
IN in the model. For more detail, see Seland et al (2008).
(2) The host model in Storelvmo et al (2006) was NCAR
CAM version 2 (CAM2, http://www.ccsm.ucar.edu/models/
atm-cam/docs/cam2.0/), while the current version of CAM-
Oslo is based on NCAR CAM3 (Collins et al 2006). In
CAM3, cloud condensate is transported not only vertically (as
in CAM2), but also horizontally. Consequently, cloud droplets
are also transported horizontally for consistency. Additionally,
in CAM3, all cloud condensate remains liquid at temperatures
down to −10 ◦C, and thereafter the cloud ice fraction increases
linearly with decreasing temperatures and reaches unity at
−40 ◦C. In CAM2, the ice fraction starts to increase as soon as
temperatures drop below 0 ◦C, and reaches unity at −20 ◦C.

The new treatment of sea salt and mineral dust aerosols
has reduced the mass and number burdens of these natural
aerosols substantially. Menon et al (2002) found the aerosol
indirect effect (AIE) to be extremely sensitive to the PI aerosol
burden, and discussed how a decrease in the PI aerosol
burden can substantially strengthen the AIE. This was recently
supported by the findings of Kirkevåg et al (2008). As a
consequence of the reduced natural aerosol concentration, the
aerosol indirect effect is increased in this study as compared
to Storelvmo et al (2006). The globally averaged change
in the net cloud forcing (NCF) at the top of the atmosphere
(TOA) due to anthropogenic aerosols is −1.50 W m−2 here
(alternatively −1.93 W m−2 when calculated as a change in

Table 1. Sensitivity simulations.

Simulation Description

AERLIQ Simulation including aerosol effects on liquid
clouds only

AERMIX As AERLIQ, but also including aerosol effects on
mixed-phase clouds

AERWBF As AERMIX, but including the new
parameterization of the WBF process

the net radiative flux at the TOA), compared to the range
−0.13 to −0.72 W m−2 in Storelvmo et al (2006). Yet another
factor contributing to the increased aerosol indirect effect is the
low minimum value for cloud droplet number concentration
(CDNC) applied in this study (0.1 cm−3 compared to 10 cm−3

in Storelvmo et al (2006)). Such minimum CDNC values are
frequently used in studies of aerosol indirect effects in global
models, and act to artificially reduce the AIE.

3.2. Experiment AERMIX

In this experiment, heterogeneous freezing processes initiated
by soot and mineral dust are accounted for (in a similar
way as in experiment AIE mono in Storelvmo et al (2008)).
Mineral dust and soot particles act as immersion ice nuclei
(i.e. freezing cloud droplets from within) when internally
mixed or coated with soluble material, and as contact ice nuclei
(i.e. freezing cloud droplets upon contact) when externally
mixed or uncoated. Freezing efficiencies for soot and mineral
dust in the contact and immersion mode are taken from the
compilation by Diehl et al (2006), and the heterogeneous
freezing rates are calculated as in Lohmann and Diehl
(2006). The ice fraction of the cloud condensate is no longer
determined by temperature alone (as in AERLIQ), but rather
is a result of the freezing/melting processes taking place
in the model. Both in this experiment and in experiment
AERWBF, mineral dust particles are assigned the freezing
properties of montmorillonite, a relatively efficient ice nucleus.
This simplification is justified by a study by Hoose et al
(2008), where the assumption that all mineral dust consists of
montmorillonite gives similar results to simulating a realistic
dust mineralogy. The three mechanisms through which
aerosols can influence mixed-phase clouds (as described in
section 1), are all taken into account in this experiment.

As seen from table 2, the liquid water path (LWP) is
lower in this simulation compared to simulation AERLIQ,
because cloud liquid water may now freeze even at relatively
warm temperatures as long as IN are available. However,
as the WBF process glaciates the entire grid box as soon
as a critical ice mixing ratio (10−5 kg kg−1) is reached,
precipitation release becomes efficient and most of the frozen
cloud water is efficiently converted into precipitation rather
than remaining in the atmosphere as cloud ice. Hence,
the ice water path (IWP) is increased compared to AERLIQ,
but this increase is much smaller than the LWP decrease.
An increase in the stratiform precipitation rate compared to
AERLIQ supports the reasoning above, but is compensated
by a reduction in convective precipitation. As seen from
table 3, introducing heterogeneous freezing processes leads to
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Table 2. Modeled and observed annual global mean cloud microphysical and radiative properties. Total cloud cover observations are
obtained from surface observations (Hahn et al 1994), the International Satellite Cloud Climatology Project (ISCCP) (Rossow and Schiffer
1999) and MODIS data (King et al 2003). The LWP observations are from SSM/I (Ferraro et al 1996, Greenwald et al 1993, Weng and Grody
1994) and the ice water path (IWP) is derived from ISCCP data (Storelvmo et al 2008). The shortwave and longwave cloud forcing (SWCF
and LWCF) estimates are from Kiehl and Trenberth (1997), and the effective droplet radius observations are from Han et al (1994).

Simulation AERLIQ AERMIX AERWBF Observations

Cloud cover (%) 60.0 61.7 64.1 62–67
Liquid water path (g m−2) 131.3 86.3 99.2 50–84
Ice water path (g m−2) 17.0 25.9 32.9 29.4
SWCF, TOA (W m−2) −54.4 −43.8 −50.4 −50
LWCF, TOA (W m−2) 29.5 28.1 31.8 30
Effective droplet radius (μm) 13.7 13.9 14.0 11.4
Total precipitation (mm/day) 2.84 2.80 2.77 2.74
Convective precipitation (mm/day) 2.06 1.82 1.83 —
Stratiform precipitation (mm/day) 0.77 0.98 0.93 —

a smaller anthropogenic increase in the amount of shortwave
radiation reflected back to space compared to AERLIQ. This
is due to the smaller anthropogenic increase in LWP in this
experiment (reduced by about 30% compared to AERLIQ).
However, this LWP reduction also allows more longwave
radiation to be transmitted to space, leading to an aerosol
indirect effect (i.e. a reduction in net radiation at the TOA)
which is only slightly reduced compared to AERLIQ. As we
will demonstrate, this finding is very sensitive to the treatment
of the WBF process in this experiment.

3.3. Experiment AERWBF

In this experiment, the new parameterization of the WBF
process as described in section 2.2 is included. Rather than
imposing an abrupt cloud glaciation of the entire grid box,
the new approach mimics a subgrid scale process in which
the WBF process can be initiated in a small fraction of the
grid box, leading to fractional glaciation. Typically, the cloud
fraction in which the WBF process takes place (region 2 in
figure 2) will expand as ice particles form and grow. This
follows from equation (2), and the physical reasoning is that if
ice crystals are present in high concentrations, water vapor will
be efficiently depleted and the cloudy air will be subsaturated
with respect to liquid droplets.

Figures 3(a)–(c) show the zonally and annually averaged
cloud fractions dominated by the three regimes depicted in
figure 2. Values are only sampled for temperatures between
0 and −35 ◦C, and only when clouds are present in a grid
box. Figure 3(a) shows the fraction of the cloud where
updraft velocities are large enough to allow both ice crystals
and cloud droplets to grow simultaneously. As expected,
this fraction is large in relatively warm mixed-phase clouds
(i.e. at low latitudes and altitudes) where the ice crystal
production is relatively low. The few ice crystals formed are
not able to deplete the available water vapor, and droplets
may grow. This fraction of the cloud is also expected to
be large in regions associated with high vertical velocities
(e.g. in connection to the Hadley circulation in the tropics
or in connection to the polar frontal systems). Additionally,
the term es−ei

ei
in equation (2) becomes small in warm mixed-

phase clouds, i.e. at low altitudes/latitudes, which leads to an
increase in this cloud fraction. Based on the reasoning above,

Table 3. Annual global mean changes in cloud microphysical and
radiative properties from preindustrial to present day.

Simulation AERLIQ AERMIX AERWBF

Cloud cover (%) −0.21 −0.21 −0.25
Liquid water path (g m−2) 5.4 4.1 −6.9
Ice water path (g m−2) 0.17 −0.28 0.20
Shortwave radiation,
TOA (W m−2) −1.66 −1.11 1.13
Outgoing longwave
radiation (W m−2) −0.27 −0.38 −1.08
Net radiation, TOA (W m−2) −1.93 −1.49 0.05
Effective droplet radius (μm) −0.96 −1.01 −0.89
Precipitation (mm/day) −0.004 −0.026 0.011

the fraction of the cloud where the WBF process takes place
(i.e. where ice crystals grow at the expense of cloud droplets)
is larger in colder mixed-phase clouds, as shown in figure 3(b).
Finally, the fraction of the cloud where both ice crystals and
cloud droplets evaporate/sublimate (figure 3(c)) is significantly
smaller than those dominated by the other two regimes. It
reaches non-negligible values only in downdraft regions with
low droplet concentrations (i.e. at high latitudes and altitudes),
in agreement with equation (5). From the same equation, it
can be seen that when the term ei−es

es
becomes small (at warm

temperatures, i.e. at low altitudes and latitudes), this fraction of
the cloud becomes larger.

The cloud fraction in which the WBF process takes place
(i.e. where cloud glaciation occurs) is systematically larger
(by 3 to 10%) at all model levels in the PD simulation
compared to the PI case. The significantly higher number
concentrations of soot in the PD simulations lead to increased
heterogeneous freezing (mainly contact freezing) and higher
ice crystal number concentrations in the PD case. According to
equation (2), this ice crystal production leads to an expansion
of the glaciating fraction of the cloud, and hence an increase
in ice water content and reduction in liquid water content. As
a consequence, table 3 shows a strong anthropogenic decrease
in the LWP and an increase in the IWP for this experiment,
leading to a reversal of the traditional cloud lifetime effect.
As is evident from figure 4(a), the anthropogenic increase in
the IWP is mainly due to an increased ice water content in
relatively warm mixed-phase clouds, where contact freezing
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(a)

(b)

(c)

Figure 3. Simulated cloud fractions dominated by (a) regime 1
(i.e. simultaneous growth of droplets and ice crystals), (b) regime 2
(i.e. ice crystal growth at the expense of cloud droplets), and (c)
regime 3 (i.e. sublimation of ice crystals and evaporation of cloud
droplets).

is the dominant heterogeneous freezing process. Figure 4(b)
shows the corresponding anthropogenic reduction in the LWC
for mixed-phase clouds, while at levels dominated by liquid

(a)

(b)

Figure 4. Zonally averaged anthropogenic change in (a) ice water
content (kg kg−1) and (b) liquid water content (kg kg−1), both from
the simulation AERWBF, calculated by subtracting the PI values from
the PD values.

clouds the LWC is increased, as expected from the traditional
lifetime effect for liquid clouds. As a consequence of these
significant changes in cloud condensate, the radiation balance
is now significantly altered. The anthropogenic change in
shortwave radiation at the TOA is now positive, as the reversed
cloud lifetime effect leads to a reduction in the shortwave
radiation reflected back to space. Similarly, more longwave
radiation is now transmitted through the clouds, leading to a
negative change in the longwave radiation at the TOA. The
net change in radiation at the TOA amounts to 0.05 W m−2.
This result is intriguing, as the vast majority of global models
simulating the aerosol indirect effect find it to be negative.
It seems clear that a much stronger anthropogenic effect on
mixed-phase clouds is possible when the WBF process is
treated in a more physical manner, where a smoother transition
from liquid to ice phase allows for a larger difference between
cases with and without abundant IN concentrations. We will
discuss this somewhat surprising result further in the following
section.
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(a) (b)

(c) (d)

Figure 5. Ice water path (IWP) (g m−2) (a) as simulated with CAM-Oslo with new WBF scheme included, (b) simulated with CAM-Oslo
with old treatment of the WBF process, (c) from the ISCCP dataset (Rossow and Schiffer 1999), and (d) simulated with CAM-Oslo with new
WBF scheme and reduced threshold for onset of autoconversion in cold clouds.

With the previous treatment of the WBF process (as
in AERMIX), a cloud could remain mainly liquid at very
low temperatures as long as the critical ice mixing ratio for
initiation of the WBF process was not obtained. Here, as
soon as very small amounts of ice have formed, glaciation
can slowly begin. Consequently, the IWP is increased in this
experiment compared to AERMIX (see table 2). Figures 5(a)–
(c) show the IWP from this experiment compared to the IWP
from experiment AERMIX and to satellite observations from
the International Satellite Cloud Climatology Project (ISCCP).
The spatial distributions of the modeled IWPs are in good
agreement with satellite observations, whereas quantitatively
AERMIX underestimates the IWP while AERWBF overestimates
the IWP in the storm tracks in both hemispheres. While
the globally averaged shortwave cloud forcing (SWCF) of
experiment AERWBF is in excellent agreement with satellite
observations, the longwave cloud forcing (LWCF) is on the
high side, probably partly due to the overestimated IWP. There
are several possible explanations for this overestimation, which
will be discussed further in section 4.

4. Discussion and conclusion

A new treatment of the Wegener–Bergeron–Findeisen (WBF)
process has been implemented in the CAM-Oslo GCM,
providing a theoretically based treatment of cloud glaciation.
The new WBF treatment yields smoother transitions from
liquid to ice in clouds with cloud temperatures from −35
to 0 ◦C than the earlier treatment. Previously, glaciation
occurred abruptly when a critical ice mixing ratio was obtained
(Storelvmo et al 2008). Applying such a sudden glaciation
to a cloud extending horizontally over hundreds of square
kilometres is not physically realistic. Furthermore, as no
observational guidance exists as to what such a critical ice
mixing ratio should be, the previous approach added a free
parameter and therefore uncertainty to climate simulations.
We have shown that the new approach yields physically
sound results and allows for much stronger aerosol effects
on mixed-phase clouds, counteracting the aerosol effects on
warm clouds and yielding a change in net radiation at the
top of the atmosphere (i.e. a measure of the aerosol indirect
effect) of 0.05 W m−2 when aerosol effects on both liquid
and mixed-phase clouds are accounted for. As a reference,
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accounting only for aerosol effects on warm clouds gives a
change in net radiation at the TOA of −1.93 W m−2, while
the earlier treatment of WBF gives a change of −1.49 W m−2

(table 3). The results rely heavily on the heterogeneous
freezing efficiencies for various aerosol types given in Diehl
et al (2006), and could be quite different for other freezing
efficiencies. Similarly, a different aerosol scheme yielding
different BC and mineral dust concentrations could also lead to
different results. Hence, we hesitate to make firm conclusions
regarding the sign of the aerosol indirect effect based on the
somewhat surprising result in simulation AERWBF. However,
we can safely conclude that the new treatment of the WBF
process allows for much stronger responses to changes in IN
concentrations than found in most previous studies. A recent
study by Xie et al (2008) also found cloud properties in two
global models to be very sensitive to the treatment of the WBF
process, although aerosol indirect effects were not calculated.
One of these models was, as CAM-Oslo, based on the NCAR
CAM3 model, but with extensions to the cloud microphysics
described in Liu et al (2007).

With the new WBF treatment, annually averaged IWPs
observed by satellite are overall reproduced satisfactorily.
However, we note an overestimation of the IWP in the
midlatitude storm tracks. We suggest the following three
possible explanations for this overestimation. (1) The
precipitation release via the ice phase may not be efficient
enough. This would show up as an IWP overestimation
especially in the storm tracks, where precipitation formation
plays a major role. The autoconversion process for ice
is described in Rasch and Kristjánsson (1998) by a rate
term multiplied by a threshold term. When a temperature-
dependent threshold for the ice mixing ratio is exceeded, the
autoconversion of ice is initiated. As ice crystals in mixed-
phase clouds will almost invariably grow large enough to fall
out as precipitation, this threshold approach may not be a
realistic one. Figure 5(d) shows the IWP from a sensitivity
simulation identical to AERWBF (with PD emissions), but with
a slight reduction in the autoconversion threshold for mixed-
phase clouds. Evident is the pronounced IWP reduction in the
midlatitude storm tracks. Hence, improving the treatment of
autoconversion in the model and removing such unphysical
thresholds is likely to have a large effect on the IWP in
mid latitudes. A reformulation of the autoconversion process
for ice is beyond the scope of this paper, but will be the
subject of future studies. (2) An underestimation of the
entrainment and mixing with out-of-cloud dry air near cloud
boundaries could lead to simultaneous evaporation of ice
crystals and cloud droplets, although the downdraft velocity
is not below the critical value given by equation (5). The
generally poor treatment of such processes in GCMs has
been pointed out by, for example, Wood (2006), and could
in some cases lead to overestimations of cloud water and
ice content. (3) The normal distribution assumed for the
vertical velocity within a grid box may not represent the
real vertical velocity well, especially not for typical storm
track clouds. The literature suggests that different vertical
velocity distributions may be appropriate for different cloud
types. For instance, for cirrus clouds there is some support

in the literature for a normal distribution (Quante 2006),
while, for example, for orographic clouds it is suggested
that the distribution should be skewed towards higher updraft
velocities (supported by observations by, for example, the
Swiss Meteorological Office, at the High Altitude Research
Station Jungfraujoch, Switzerland). An interesting extension
of the work presented here could be a sensitivity study applying
other vertical velocity distributions.

Although we find that the subgrid treatment of the WBF
process presented in this paper represents a step towards more
realistic simulations of mixed-phase clouds in global models,
we are still forced to make assumptions and simplifications
that could influence our results. One example of such
an assumption is that, within each grid box, cloud liquid
and ice are homogeneously mixed, i.e. that clouds do not
consist of separate pockets of liquid and ice. Although
we subdivide clouds into three growth/evaporation regimes,
the cloud fractions dominated by each of these regimes are
determined from grid box cloud values. Several studies (e.g.
Korolev and Isaac (2006) and Chylek and Borel (2004)) have
shown that cloud phase inhomogeneities may occur, especially
on scales comparable to a GCM grid box. How to represent
such cloud features in global models is a challenge far beyond
the scope of this paper. CAM-Oslo is currently lacking a
treatment of aerosol effects on cirrus clouds, i.e. all clouds
formed at temperatures below −35 ◦C. These clouds are
currently treated as in the standard NCAR CAM3, applying a
saturation scheme that does not allow for the supersaturations
that we know to occur at these altitudes. Including such
a scheme for aerosol effects on cirrus in the future would
enable CAM-Oslo to simulate aerosol–cloud interactions at all
temperatures from the ground to the tropopause. Furthermore,
the modeling of heterogeneous freezing processes currently
suffers from large uncertainties in laboratory and in situ
measurements of IN efficiencies for different aerosol species in
the various heterogeneous freezing modes. This, and the large
uncertainties associated with emission and concentrations of
natural and anthropogenic IN, currently prevent modelers from
being completely confident about the realism of their results.
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