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1 ABSTRACT

At temperatures below 238 K cirrus clouds can
form by homogeneous and heterogeneous ice
nucleation mechanisms. A parameterization for
homogeneous freezing that includes the effects
of aerosol size (Kärcher and Lohmann, 2002)
was implemented in the ECHAM5 global cli-
mate model (Lohmann et al., 2007). We as-
sume that the soluble/mixed Aitken, accumula-
tion and coarse mode aerosols are available for
homogeneous freezing. For the heterogeneous
freezing simulations, we consider the immersed
dust particles to act as ice nuclei initiating freez-
ing at 130% relative humidity with respect to
ice. When changing the mass accommoda-
tion coefficient of water vapor on ice crystals
from 0.5 in the standard ECHAM5 simulation to
0.005 as suggested by previous laboratory ex-
periments, the number of ice crystals increases
by one order of magnitude caused by the de-
layed relaxation of supersaturation. As the ice
water path changes only by 20% in the global
annual mean, the ice crystals are much smaller
so that the shortwave and longwave cloud forc-
ing at the top-of-the atmosphere change by 12
and 16 W m−2, respectively. The impact of het-
erogeneous freezing instead of homogeneous
freezing is much weaker with changes in the
global annual shortwave and longwave cloud
forcing of 0.6 and 1.1 W m−2, respectively.

2 INTRODUCTION

Cirrus clouds can form by homogeneous and
heterogeneous ice nucleation mechanisms at
temperatures below 238 K. They cover on av-
erage 30% of the Earth surface and thus are
important modulators of the radiation budget.
Thin cirrus are semi-transparent in the solar ra-
diation spectrum, allowing the majority of the
solar radiation to be transmitted to the surface.
Because of their cold temperatures, they emit
the absorbed infrared radiation at much colder
temperatures than the Earth’s surface and thus
cause a warming of the Earth-atmosphere sys-
tem (Chen et al., 2000). Only for thick cirrus,
the reflected shortwave and emitted longwave
radiation are comparable in magnitude.

While homogeneous freezing of super-
cooled aqueous phase aerosol particles is
rather well understood, understanding of het-
erogeneous ice nucleation is still in its infancy.
A change in the number of ice crystals in cir-
rus clouds could exert a cloud albedo effect in
the same way that the cloud albedo effect acts
for water clouds. It refers to the change in the
radiative forcing at the top-of-the-atmosphere
caused by an enhancement in cloud albedo
from anthropogenic aerosols that lead to more
and smaller cloud droplets for a given cloud wa-
ter content. In addition, a change in the cloud
ice water content could exert a radiative ef-
fect in the infrared. The magnitude of these ef-
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fects in the global mean has not yet been fully
established, but the development of physically
based parametrization schemes of cirrus for-
mation for use in global models led to significant
progress in understanding underlying mecha-
nisms of aerosol-induced cloud modifications
(Kärcher and Lohmann, 2002; Liu and Penner,
2005; Kärcher et al., 2006; Liu et al., 2007).

A global climate model study concluded that
a cloud albedo effect based solely on ubiqui-
tous homogeneous freezing is small globally
(Lohmann and Kärcher, 2002). This is expected
to also hold in the presence of heterogeneous
IN that cause cloud droplets to freeze at relative
humidities over ice close to homogeneous val-
ues (above 130-140%) (Kärcher and Lohmann,
2003). Efficient heterogeneous IN, however,
would be expected to lower the relative humid-
ity over ice, so that the climate effect may be
larger (Liu and Penner, 2005). In situ measure-
ments reveal that organic-containing aerosols
are less abundant than sulphate aerosols in
ice cloud particles, suggesting that organics do
not freeze preferentially (Cziczo et al., 2004).
A model study explains this finding by the
disparate water uptake of organic aerosols,
and suggests that organics are unlikely to sig-
nificantly modify cirrus formation unless they
are present in very high concentrations (com-
pared with sulphate-rich particles) at low tem-
peratures (Kärcher and Koop, 2005). Recent
high-altitude aircraft measurements indicated
the presence of rather large, thin hexagonal
plate ice crystals near the tropical tropopause
in very low concentrations that are suggested
to result from ice nucleation on effective het-
erogeneous nuclei at low ice supersaturations
(Jensen et al., 2008).

Besides nucleation effects, ice growth
impedances were recently found to lead po-
tentially to high supersaturations within cirrus
clouds (Peter et al., 2006). The role of physico-
chemical processes affecting the accommo-
dation coefficient of water vapour on ice and
of water vapour on aerosols is presently un-
clear. These effects could be related to un-
known intrinsic properties of the ice substance
at the extreme temperatures at high tropical cir-

rus levels, or due to natural or anthropogenic
species on the ice surface (Wood et al., 2001).
Magee et al. (2006) suggested that assuming
accommodation coefficients between 0.0045
and 0.0075 was necessary to match labora-
tory data of ice crystal growth at temperatures
between -40 and -60◦C and variable supersat-
urations.

The properties and global distributions of ice
supersaturated regions (ISSRs) were discov-
ered during the last years, e.g., Spichtinger
et al. (2003); Gettelman et al. (2006). ISSRs
are potential formation regions of cirrus and
persistent contrails. They are rather ubiquitous
(Spichtinger et al., 2003) in the upper tropi-
cal troposphere, with frequencies of occurrence
even exceeding 50% of the time at 150 hPa.
Immler et al. (2008) evaluated lidar data over
Northern Germany and concluded that 50% of
the air at 11-12 km was supersaturated with re-
spect to ice.

In this paper, we discuss the impact of
heterogeneous freezing versus homogeneous
freezing and of variations in the deposition co-
efficient on cirrus cloud properties and ice su-
persaturation.

3 MODEL DESCRIPTION

We use the ECHAM5 general circulation model
(GCM) (Roeckner et al., 2003) to estimate
the importance of aerosol effects on convec-
tive clouds. The version of ECHAM5 used
in this study includes the double-moment
aerosol scheme ECHAM5-HAM that predicts
the aerosol mixing state in addition to the
aerosol mass and number concentrations (Stier
et al., 2005). The size-distribution is repre-
sented by a superposition of log-normal modes
including the major global aerosol compounds
sulfate, black carbon, organic carbon, sea salt
and mineral dust.

The stratiform cloud scheme consists of
prognostic equations for the water phases
(vapor, liquid, solid), bulk cloud microphysics
(Lohmann and Roeckner, 1996), and an em-
pirical cloud cover scheme (Sundqvist et al.,
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1989). The microphysics scheme includes
phase changes between the water components
and precipitation processes (autoconversion,
accretion, aggregation). Moreover, evaporation
of rain and melting of snow are considered, as
well as sedimentation of cloud ice. It also in-
cludes prognostic equations of the number con-
centrations of cloud droplets and ice crystals in
stratiform and convective clouds and has been
coupled to the aerosol scheme ECHAM5-HAM
(Lohmann, 2008). In the standard simulation
that assumes cirrus cloud formation solely by
homogeneous freezing, ECHAM5-hom (Table
1) an accommodation coefficient α for deposi-
tional growth of water vapor onto ice crystals of
0.5 is employed (Kärcher and Lohmann, 2002).

The version of the model used here in-
cludes a few changes. Ice crystals are now
regarded as plates as this is a more realis-
tic shape for ice crystals in clouds within the
mixed-phase regime between 0 and -35◦ C
than assuming spherical crystals (Pruppacher
and Klett, 1997). This affects the depositional
growth equation where the capacitance C now
becomes C = 2r/π instead of C = r, where r
is the equivalent crystal radius:

Qdep =
(

∂qi

∂t

)
dep

= 4πCαAT fRe(Si− 1)Ni (1)

Here qi is the ice water mixing ratio, fRe is the
ventilation factor as a function of the Reynolds
number, Si is the saturation ratio over ice at the
beginning of the time step, Ni is the ice crystal
number concentration, and AT is defined as:
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(

ρ
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Here T is the temperature, Ls is the latent heat
of sublimation, ka is the thermal conductivity of
air, Rv is the gas constant of water vapor, Dv

is the diffusivity of water vapor in air, and esi is
the saturation vapor pressure over a plane ice
surface.

Assuming ice crystals to be plates also
changes the calculation of the ice crystal effec-
tive radius ri, which is now given as described
in Pruppacher and Klett (1997) for a plate of

type P1a (in µm):

ri = 0.5 · 104
(

IWC

0.0376Ni

)0.302

(2)

where Ni is the ice crystal number concentra-
tion in m−3 and IWC is the ice water content in
g m−3.

The fall velocity of ice crystals has been
changed to one appropriate for monodisperse
crystals, that vary their shapes with increasing
size following Spichtinger and Gierens (2008).
Assuming monodisperse crystals is consistent
with the other formulations for microphysical
processes in the model and allows us to use
the same fall velocity for number and mass.

Also, the critical thickness necessary for the
onset of convective precipitation pc has been
changed. While it was set to 150 hPa over
oceans and 300 hPa over land in the sim-
ulations described in Lohmann (2008), here
we use an observed relationship between the
depth above cloud base at which precipitation
is initiated, pc in Pa, as a function of the cloud
droplet number concentration Nl in cm−3 based
on data obtained in the Amazon (Freud et al.,
2008) and Freud, pers. comm. 2007:

pc = (293 + 2.73Nl)gρ (3)

where g is the acceleration due to gravity and ρ
is the air density.

3.1 Set-up of the simulations

The ECHAM5 simulations have been carried
out in T42 horizontal resolution (2.8125◦ ×
2.8125◦) and 19 vertical levels with the model
top at 10 hPa and a timestep of 30 minutes.
All simulations used climatological sea surface
temperature (SST) and sea-ice extent. They
were simulated for 5 years after an initial spin-
up of 3 months using aerosol emissions for the
year 2000.

The reference simulation ECHAM5-hom is
conducted such that the global annual mean ra-
diation budget is balanced to within 1 W m−2 at
the top-of-the-atmosphere (TOA) and that the
values of the shortwave and longwave cloud
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Tab. 1: Sensitivity Simulations

Simulation Description
ECHAM5-hom Simulation with ECHAM5-HAM coupled to the double-moment cloud mi-

crophysics scheme for stratiform and convective clouds (Lohmann, 2008)
assuming that all cirrus cloud form by homogeneous freezing

ECHAM5-het As ECHAM5-hom, but assuming that all immersed dust particles are avail-
able as immersion freezing nuclei initiating freezing at 130% relative hu-
midity with respect to ice

ECHAM5-alpha As ECHAM5-hom, but decreasing the accommodation coefficient from 0.5
to 0.005

forcings are within the uncertainty of the radia-
tive flux measurements of ± 5 W m−2 as re-
ported by Kiehl and Trenberth (1997). This re-
quired changing the critical radius above which
aerosols could possible act as CCN from 35 nm
to 30 nm for stratiform clouds and from 25 nm
to 20 nm for convective clouds.

In the sensitivity experiment ECHAM5-het
(Table 1), homogeneous freezing of potentially
all supercooled soluble/mixed aerosol parti-
cles was replaced by heterogeneous immer-
sion freezing following Kärcher and Lohmann
(2003). As there is currently no consensus on
the freezing ability of black carbon, e.g. (Möhler
et al., 2005; Dymarska et al., 2006), we limit
the number of heterogeneous ice nuclei to the
number of immersion mode dust particles as
described by Hoose et al. (2008). In simula-
tion ECHAM5-alpha, the accommodation coef-
ficient of water vapor on ice crystals has been
decreased from 0.5 in simulations ECHAM5-
hom and ECHAM5-het to 0.005 as suggested
by laboratory experiment (Magee et al., 2006).

4 MODEL EVALUATION

Validation of the coupled aerosol-cloud micro-
physics scheme in stratiform clouds is de-
scribed in Lohmann et al. (2007). Here we focus
on the validation of ice supersaturated regions
(ISSR) and cirrus clouds.

An overview of the global-mean cloud proper-
ties is given in Table 2. The most striking differ-
ence between ECHAM5-alpha and ECHAM5-
hom is the tenfold increase in the number con-

centration in ice crystals in ECHAM5-alpha.
This results from the slower depositional growth
that cannot deplete the supersaturation effec-
tively. In fact, the water vapor has increased by
2.7 kg m−2 in the global mean. As a result of the
slower depletion of supersaturation, more ice
crystals are nucleated. These ice crystals do
not grow as large thus slowing down the precipi-
tation formation rate and increasing the amount
of cloud ice that remains within the atmosphere
(cf. Table 2). This reduces the global mean pre-
cipitation by 0.39 mm/d in ECHAM5-alpha as
compared to ECHAM5-hom. The more numer-
ous and smaller ice crystal scatter more radi-
ation back to space, thus enhancing the short-
wave cloud forcing by 11.6 W m−2 to -62.7 W
m−2. At the same time, more longwave radia-
tion is trapped in the Earth atmosphere system,
increasing the longwave cloud forcing by 16.1
W m−2 to 41.1 W m−2. Changes in liquid water
clouds are much smaller and thus not shown.

The differences between ECHAM5-hom and
ECHAM5-het are more modest. Here the ice
crystal number concentration decreases by
16%, which reduces the shortwave and long-
wave cloud forcing by 0.6 and 1.1 W m−2, re-
spectively. The changes are smaller than in
the previous version of the ECHAM4 GCM
(Lohmann et al., 2004), because there are
fewer aerosols in the upper troposphere in
ECHAM4 (Lohmann et al., 2007). Thus, lim-
iting heterogeneous freezing by the smaller
amount of dust particles in ECHAM4 reduces
the ice crystal number concentration more than
in ECHAM5-het.

Annual zonal means of the vertically inte-
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Tab. 2: Annual global mean cloud properties. Ice water path (IWP) has been derived from ISCCP data
(Storelvmo et al., 2008). Water vapor mass (WVM) data stem from MODIS. Ni refers to the vertically in-
tegrated ice crystal number concentration. Total precipitation (Ptot) is taken from the Global Precipitation
Climatology Project (Adler et al., 2003). Total cloud cover (TCC) is obtained from surface observations
(Hahn et al., 1994), ISCCP (Rossow and Schiffer, 1999) and MODIS data (King et al., 2003). The short-
wave (SCF), longwave (LCF) and net cloud forcing (CF) estimates are taken from Kiehl and Trenberth
(1997). In addition estimates of LCF from TOVS retrievals (Susskind et al., 1997; Scott et al., 1999) and
SCF retrievals from CERES (Kim and Ramanathan, 2008) are included.

Simulation ECHAM5-hom ECHAM5-het ECHAM5-alpha OBS
IWP, g m−2 9.4 9.3 11.2 29
Ni, 1010 m−2 0.38 0.32 4.2
WVM, kg m−2 26.1 25.7 28.8 25.1
TCC, % 68.6 66.4 72.5 62-67
Ptot, mm d−1 2.95 2.99 2.56 2.74
SCF, W m−2 -51.1 -50.5 -62.7 -46.5 to -50
LCF, W m−2 25.0 23.9 41.1 22-30
CF, W m−2 26.1 26.6 21.6 -19 to -27

Fig. 1: Annual zonal means of ice water path, vertically integrated ice crystal number concentration, and of
the shortwave and longwave cloud forcing from the different model simulations described in Table 1 and
from observations described in Table 2. Dotted black lines refer to ISCCP data for IWP (Storelvmo et al.,
2008) and to ERBE for the shortwave and longwave cloud forcing. The dashed line refers to TOVS data
(Susskind et al., 1997; Scott et al., 1999).
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Fig. 2: Frequency of occurrence of relative humidity with respect to ice in the Northern Hemisphere (30◦N-
90◦N) [left panel] and in the tropics (30◦S-30◦N) [right panel] in two different levels from MOZAIC aircraft
data, MLS satellite data and from the simulations ECHAM5-hom, ECHAM5-het and ECHAM5-alpha.

grated ice crystal number concentration, ice
water path, shortwave and longwave cloud forc-
ing are shown in figure 1. Most noticeable is the
smaller ice water path than observed and than
simulated with the previous version of ECHAM5
(Lohmann et al., 2007). This is due to the
changes to the model mentioned above. How-
ever, one has to bear in mind that the retrieval
of the ice water path is very uncertain at this
point. The shortwave and longwave cloud forc-
ing of ECHAM5-hom and ECHAM5-het agree
well with the observations, except that the long-
wave cloud forcing is underestimated in the top-
ics. This suggests that the cirrus clouds are ei-
ther not high enough or not thick enough. Given
that the agreement was better in the previous
version of ECHAM5 (Lohmann et al., 2007)
where the ice water path was higher, the re-
duced ice water path is the likely cause for this
discrepancy. Unfortunately there are no obser-
vations of the ice crystal number concentration,
thus no conclusions about the right order of
magnitude can be drawn.

The frequency of occurrence of different su-

persaturations with respect to ice in cloud-free
regions has been obtained from MOZAIC air-
craft data (Helten et al., 1998; Spichtinger et al.,
2004) and MLS satellite data (Read et al., 2001;
Spichtinger et al., 2003) (Figure 2). Both obser-
vational data suggest an exponential decrease
for relative humidities with respect to ice (RHi)
for RHi above 100%. They differ in the slope,
with the MLS slope being less steep.

In the simulations, we obtained RHi by re-
stricting the analysis to grid boxes with less
than 0.1 mg/kg condensate. In the Northern
Hemisphere, the exponential decrease of RHi

in simulation ECHAM5-hom is not as pro-
nounced as suggested in the observations, es-
pecially as derived from MOZAIC data. The
exponential decrease it better matched in the
tropics, where it lies between the observa-
tional estimates. In simulation ECHAM5-alpha,
the agreement with observations is better for
RHi below 145% in the tropics and generally
better than in simulation ECHAM5-hom in the
Northern Hemisphere. This could suggest that
the ice crystals in ECHAM5-hom sediment out
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too rapidly so that RHi cannot be sufficiently
depleted. Simulation ECHAM5.5-het does not
agree well with observations at RHi exceed-
ing 130% because by design it depletes higher
RHi, while they are observed rather frequently
in observations (Figure 2 and Peter et al.
(2006)).

One difference between the MLS and
MOZAIC observations is the cloud screen-
ing. While MLS is restricted to clear-skies
(Spichtinger et al., 2003), MOZAIC detects su-
persaturation in cirrus clouds as well. Vary-
ing the threshold of cloud condensate in the
model simulations does not affect the exponen-
tial slope significantly (not shown).

5 CONCLUSIONS

The homogeneous freezing scheme for cir-
rus clouds that was developed and tested in
ECHAM4 has been incorporated into ECHAM5
(Lohmann et al., 2007). Here we tested its sen-
sitivity with respect to the accommodation coef-
ficient and with respect to heterogeneous ver-
sus homogeneous freezing.

The main findings are:

• If α is decreased from 0.5 to 0.005, then
the ice crystal number concentration in-
creases by one order of magnitude, while
the impact on ice water content and cloud
cover is much smaller.

• This changes the global annual mean
shortwave and longwave cloud forcing by
12 and 16 W m−2, respectively.

• The impact of heterogeneous freezing
versus homogeneous freezing is much
weaker with global annual mean changes
of the shortwave and longwave cloud forc-
ing by 0.6 and 1.1 W m−2.
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