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Abstract

In order to study aerosol-cloud interactions in cirrus clouds we apply a new multiple-
mode ice microphysical scheme to the general circulation model ECHAM5-HAM. The
multiple-mode ice microphysical scheme allows to analyse the competition between
homogeneous freezing of solution droplets, deposition nucleation of pure dust parti-
cles, immersion freezing of coated dust particles and pre-existing ice. We base the
freezing efficiencies of coated and pure dust particles on most recent laboratory data.
The effect of pre-existing ice, which was neglected in previous ice nucleation param-
eterizations, is to deplete water vapour by depositional growth and thus prevent ho-
mogeneous and heterogeneous freezing from occurring. In a first step, we extensively
tested the model and validated the results against in-situ measurements from vari-
ous aircraft campaigns. The results compare well with observations; properties like ice
crystal size and number concentration as well as supersaturation are predicted within
the observational spread.

We find that heterogeneous nucleation on mineral dust particles and the considera-
tion of pre-existing ice in the nucleation process may lead to significant effects: globally,
ice crystal number and mass are reduced by 10 % and 5 %, whereas the ice crystals
size is increased by 3 %. The reductions in ice crystal number are most pronounced
in the tropics and mid-latitudes on the Northern Hemisphere. While changes in the mi-
crophysical and radiative properties of cirrus clouds in the tropics are mostly driven by
considering pre-existing ice, changes in the northern hemispheric mid-latitudes mainly
result from heterogeneous nucleation. The so called negative Twomey-effect in cirrus
clouds is represented in ECHAM5-HAM. The net change in the radiation budget is
—0.94Wm'2, implying that both, heterogeneous nucleation on dust and pre-existing
ice have the potential to modulate cirrus properties in climate simulations and thus
should be considered in future studies.
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1 Introduction

Cirrus clouds cover approximately 30 % of the Earth’s surface and play an important
role in modulating the climate system (Wylie and Menzel, 1999). As all other clouds
they scatter solar radiation back to space (albedo effect) and on the other hand absorb
and re-emit terrestrial radiation (greenhouse effect). Cirrus clouds exert a positive net
cloud forcing to the Earth-atmosphere system contrary to other clouds (Chen et al.,
2000). This, however applies only for moderate to thin cirrus clouds and it is assumed
that thick cirrus clouds exert a negative net cloud forcing (Chen et al., 2000). Fusina
et al. (2007) showed that the transition of positive to negative net cloud forcing for
mid-latitudinal cirrus depends on the ice crystal number concentration and thus on
the cooling rate and formation mechanism (Haag and Karcher, 2004; Spichtinger and
Gierens, 2009).

Cirrus clouds can form via two different ice nucleation mechanisms: Homogeneous
freezing of supercooled solution droplets (Koop et al., 2000) and heterogeneous nu-
cleation of solid or crystalline aerosol particles which are termed ice nuclei (IN) (Vali,
1985). Whereas homogeneous freezing requires high supersaturations (RH; ~ 150—
170 %) the surface of an IN lowers the energy barrier for ice nucleation in case of
heterogeneous nucleation and ice crystals can form at lower supersaturations respec-
tively at warmer temperatures as compared to homogeneous freezing (Pruppacher
and Klett, 1998). The knowledge about heterogeneous nucleation in the upper tropo-
sphere is poor and direct measurements in cirrus clouds remain challenging (DeMott
et al., 2011; Cantrell and Heymsfield, 2005). DeMott et al. (2003) measured the IN
composition of mid-latitudinal free tropospheric air and found that mineral dust, fly ash
and metallic particles are most abundant IN. Several laboratory based studies have
consistently shown that mineral dust might act as good IN at T < 238K (Zuberi et al.,
2002; Archuleta et al., 2005; Mohler et al., 2006; Field et al., 2006b; Welti et al., 2009;
Koehler et al., 2010). However, the ice nucleation ability of mineral dust is most likely
dampened when the dust aerosol gets coated with soluble material, such as organics
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and sulphuric acid (Méhler et al., 2008; Koehler et al., 2010; Cziczo et al., 2009) (see
also the review paper about heterogeneous ice nucleation by Hoose and Moéhler, 2012).

In recent years field observations have reported persistent high supersaturations
above the homogeneous freezing threshold outside of cirrus and thus questioned our
traditional understanding of cirrus cloud formation (Jensen et al., 2005; Peter et al.,
2006). Also in-situ measurements in cold cirrus clouds found surprisingly low ice crystal
number concentrations (ICNC) which cannot be explained by homogeneous freezing
alone (Kramer et al., 2009). A possible explanation for low ICNC is the suppression of
homogeneous freezing through heterogeneous ice nucleation. Karcher and Lohmann
(2003) have shown that even low IN concentration can prevent homogeneous freez-
ing from occurring and thus drastically affect the number of ice crystals formed in a
nucleation event.

The role of homogeneous versus heterogeneous nucleation in cirrus clouds and the
possible impact of heterogeneous IN on cirrus clouds has also been studied in general
circulation models (GCM). First attempts were made by Lohmann et al. (2008), who
used a rather simplified description of the competition of homogeneous and heteroge-
neous nucleation. Heterogeneous nucleation is assumed to take place in a particular
grid box if the number concentration of heterogeneous IN exceeds a certain thresh-
old and homogeneous freezing takes place elsewhere. They found larger ice crystals,
enhanced precipitation and reduced ice mass inducing changes to the radiation bud-
get when mineral dust and black carbon were assumed to act as IN. Recently more
sophisticated parameterizations treating the competition of homogeneous and hetero-
geneous nucleation have been developed (Karcher et al., 2006; Liu and Penner, 2005;
Barahona and Nenes, 2009). The advantage of the parameterization of Karcher et al.
(2006) over the other two is that it not only accounts for the competition between ho-
mogeneous and heterogeneous nucleation, but also takes the depositional growth of
pre-existing ice crystals into account. The presence of ice crystals prior to a nucle-
ation event can prevent homogeneous and heterogeneous nucleation from occurring
due to the depletion of water vapour by depositional growth. Hendricks et al. (2011)

9754

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiqg

il

Jaded uoissnosiqg

ACPD
13, 9751-9799, 2013

Dust ice nuclei
effects on cirrus

M. Kuebbeler et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/9751/2013/acpd-13-9751-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/9751/2013/acpd-13-9751-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

incorporated this parameterization into the ECHAM4 GCM and found important effects
on the overall cirrus properties with decreases in the mean ICNC by up to 20 %.

In this study we show results of the parameterization of Karcher et al. (2006) incor-
porated into ECHAM5-HAM. We use a different aerosol scheme than Hendricks et al.
(2011) and treat subgrid-scale vertical velocity differently. Hendricks et al. (2011) con-
cluded that the vertical velocity is a key parameter driving the microphysics in cirrus
clouds and thus needs to be better constrained. Additionally to the turbulent kinetic
energy based scheme estimating the unresolved fluctuations in the vertical velocity
(Lohmann and Karcher, 2002; Lohmann et al., 2004) we account for orographic cirrus
clouds which form in the lee of mountains (Joos et al., 2008).

We analyse the functionality of the new cirrus scheme implemented in ECHAMS5-
HAM by considering the following aspects: Firstly, we analyse the role of homogeneous
versus heterogeneous nucleation and the climatic effects of heterogeneous IN and pre-
existing ice on simulated cirrus clouds. Second, we compare the results of the new
cirrus scheme with observations from in-situ measurements.

2 Model description
21 ECHAM5-HAM

ECHAMS is a general circulation model (Roeckner et al., 2003) developed at the Max
Planck Institute for Meteorology in Hamburg. ECHAM5-HAM includes a two-moment
microphysical cloud scheme as well as a two-moment aerosol module. The Hamburg
Aerosol Module (HAM) (Stier et al., 2005; Zhang et al., 2012) predicts the mixing
state as well as aerosol number concentration and mass mixing ratio of seven aerosol
modes. These seven modes are separated into four internally mixed aerosol modes
and three externally mixed aerosol modes. HAM includes the major aerosol species
sulphate (SU), black carbon (BC), particulate organic matter (POM), sea salt (SS) and
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mineral dust (DU). The size distribution is given by a superposition of the log-normal
modes.

Dust emissions are described following Tegen et al. (2002) and thus depend on wind
and hydrological conditions of the surface. Freshly emitted dust is assumed to be in-
soluble and of the size of 0.05 < r < 1 pum. The ageing of aerosols in the atmosphere
through coagulation or condensation of water vapour and sulphuric acid is described
in HAM by shifting aerosols from the externally mixed to the internally mixed modes.
The sulphur cycle is based on Feichter et al. (1996) and treats dimethyl sulfide (DMS),
sulphur dioxide (SO,) and sulphur (SOi') prognostically. The chemical reactants nec-
essary for the sulphur cycle are prescribed as monthly mean fields.

The stratiform cloud scheme is coupled to HAM and treats mass and number of cloud
water and ice prognostically. ECHAM5-HAM distinguishes between mixed phase and
cirrus clouds based on temperature (238 K< 7 < 273 K: mixed phase clouds, T < 238 K:
cirrus clouds) and uses different parameterizations for both cloud types. Dust and black
carbon can initiate ice formation in mixed phase clouds. Heterogeneous nucleation at
238 K< T < 273K includes immersion- and contact freezing based on Lohmann and
Diehl (2006).

In cirrus clouds homogeneous freezing of solution droplets and heterogeneous nu-
cleation of dust can take place. We introduce the physically based parameterization
of Karcher et al. (2006) into ECHAM5-HAM in order to treat ice nucleation and de-
positional growth in cirrus clouds in a competitive manner. This new cirrus scheme is
described in Sect. 2.2. In order to allow supersaturation with respect to ice required
for cirrus cloud formation we abandon the saturation adjustment scheme. Instead, the
depositional growth equation is solved (Lohmann et al., 2004).

The diagnostic cloud cover scheme by Sundqyvist et al. (1989) is used. It is based on
the grid-mean relative humidity and assumes that a grid box is partly covered by clouds
when a critical relative humidity is exceeded and is totally covered when saturation is
reached. Since we allow supersaturations with respect to ice in order to parameterize
homogeneous and heterogeneous nucleation, the Sundqvist scheme leads to a cloud
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cover b, = 1 (as soon as ice crystals nucleate and growth occurs) or 1 > b, > 0 (in ice-
subsaturated air). This means that a freshly nucleated cirrus cloud covers the whole
grid box and fractional cirrus cloud cover is only possible if the air is subsaturated with
respect to ice and the cirrus cloud is in its dissolving stage of sublimation. Fractional
cloud cover for freshly nucleated cirrus clouds thus cannot be diagnosed as a draw-
back of the introduction of supersaturation in this scheme. As discussed in Karcher
and Burkhardt (2008), treating fractional cirrus cloud cover prognostically will ensure
a physical consistency between fractional cirrus cloud coverage and ice microphysics
and should be aimed for in future studies.

Current GCM’s are not able to resolve small-scale variability of the vertical velocity,
however, it has been shown that it is important to consider this in the context of ice
nucleation (Karcher and Lohmann, 2002). Sub-grid variability of the vertical velocity
was introduced into ECHAM by adding a turbulent component based on the turbulent
kinetic energy to the grid box mean value (Karcher and Lohmann, 2002). In order to
account for orographically induced cirrus clouds, which form in the lee of mountains,
the formulation of the vertical velocity has been extended. We assume that in case
of orography the turbulent component is dominated by the orographic wave drag fol-
lowing Joos et al. (2008). The treatment of subgrid-scale variability in vertical winds in
cirrus conditions remains, however, an elusive research issue (Karcher, 2012), as in
situ measurements hint at a significant mesoscale forcing of temperature fluctuations,
unresolved in global models (Hoyle et al., 2005).

Additional processes that are considered in ECHAMS are: phase transitions between
water compounds other than freezing (condensation, evaporation, deposition, sublima-
tion, melting), precipitation processes (aggregation, accretion, autoconversion), melt-
ing/sublimation of snow and evaporation of rain (Lohmann et al., 2008).

2.2 New cirrus scheme

In order to simulate aerosol cloud interactions in cirrus clouds a new physically based
parameterization (Karcher et al., 2006) has been implemented into ECHAMS5-HAM.
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The new scheme applies a multiple ice mode approach and considers the following
four different ice modes competing for the available water vapour during nucleation
and depositional growth.

— homogeneous freezing of supercooled solution droplets (HOM),
— deposition nucleation on externally mixed dust (D),

— freezing of supercooled solution droplets induced by dust immersions (DU-
COATED) and

— pre-existing ice crystals (PREEX).

We distinguish between immersion freezing of internally and deposition nucleation of
externally mixed dust because several studies have shown that the ice nucleation ability
is different for pure and coated dust particles (Mohler et al., 2008). A detailed descrip-
tion on the ice nucleation properties of externally and internally mixed aerosols is given
in Sect. 2.2.1. The pre-existing ice mode represents all ice crystals which are already
in a grid box before ECHAM calculates cirrus ice nucleation. This comprises ice crys-
tals from previous timesteps as well as ice crystals transported into cirrus clouds but
originating from other sources such as detrainment from deep convective clouds or ice
crystals formed in mixed phase clouds. The competition between the four different ice
modes is realized by a subsequent freezing of aerosol types (starting with the most
efficient IN and ending with homogeneous freezing) and the concept of a reduced ver-
tical updraught w,., caused by the consumption of water vapour by depositional growth
of pre-existing ice (for more details please refer to Karcher et al., 2006).

Due to their low number concentrations, ice crystals formed via heterogeneous nu-
cleation can grow to larger sizes than homogeneously formed ice crystals. In order
to avoid instabilities in the model induced by too fast sedimentation of these large ice
crystals we transfer ice crystals with /£, > 100 um to snow crystals, which are assumed
to precipitate, melt or sublimate below cloud base within one time step. This separation
between ice crystals and snow follows Levkov et al. (1992).
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We introduce the new scheme into ECHAM5-HAM in a similar way as it was done
by Hendricks et al. (2011) in ECHAM4. However, we only apply the multiple ice mode
concept to nucleation and depositional growth. All other processes like aggregation,
accretion and ice transport are treated in an uni-modal way using the uni modal ice
crystal number concentration N gjng- It is calculated as follows:

N, single = z Ni;,J € {HOM, DU, DU-COATED, PREEX} (1)

where N, ; are the multi modal ice crystal number concentrations of each specific ice
mode HOM, DU, DU-COATED and PREEX.

Figure 1 illustrates how the multi modal cirrus scheme performs for different initial
aerosol and pre-existing ice crystal concentrations in a box model. A summary of these
initial conditions is given in Table 1. The temporal evolutions of the supersaturation with
respect to ice (S;), wice and the newly formed ICNC are shown. In case of pure homo-
geneous freezing (cf. Fig. 1 first row, simulation HOM) the supersaturation increases
steadily with time until the critical supersaturation needed for homogeneous nucleation
(Serhom) is exceeded and ice crystals form from solution droplets. Driven by the choice
of initial conditions the number concentration of newly formed ice crystals is approxi-
mately 700 L. Both, formation and depositional growth of these ice crystals lead to a
rapid consumption of the available water vapour and a decreasing S; directly after the
freezing event. In this case, the freezing event represented by the dotted line coincides
with the peak S; represented by the dashed line. The peak S; illustrates the point in
time when S; starts to decrease caused by an efficient consumption of water vapour,
i.e. when w;,, exceeds w.

The second row of Fig. 1 shows a case where heterogeneous and homogeneous nu-
cleation compete for the available water vapour (simulation COMP1). When S, ,,, is ex-
ceeded pure dust aerosols act as deposition nuclei and form ice crystals. We prescribe
the initial concentration of pure dust aerosols to be 0.001 cm™3. Al pure dust aerosols
form ice crystals, but their take-up of water vapour is too small to shut off the other
nucleation mechanisms and wi,, remains below w. Thus, S .coatep 1S €Xceeded
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and also the coated dust aerosols nucleate ice crystals. The number concentration
of newly formed ice crystals rises to 2L7". The fictitious downdraught representing
the effect of the growth of these ice crystals on supersaturation is not exceeding the
prescribed constant updraught of 20 cm s‘1, such that S; continues to rise and also ho-
mogeneous freezing takes place. The number of homogeneously formed ice crystals is
smaller compared to the pure homogeneous freezing case because the heterogeneous
formed ice crystals already consumed part of the available water vapour and less water
vapour remains for freezing solution droplets homogeneously in the competitive case.
In this set up of initial conditions, deposition nucleation and immersion freezing of dust
aerosols reduces the overall number of newly formed ice crystals. This effect has been
termed “negative Twomey-effect” (Karcher and Lohmann, 2003). However, the hetero-
geneous nucleation of dust particles is not able to shut off homogeneous freezing and
because homogeneous freezing leads to high ICNC the change in the newly formed
ICNC is rather small.

A case where homogeneous freezing is shut off is represented in the third row of
Fig. 1 (simulation COMP2). Here, the number concentration of pure dust aerosols is
enhanced to 0.1cm™. When S; reaches S, all pure dust aerosols form ice crystals.
These ice crystals efficiently deplete the water vapour such that w,., exceeds w. In this
case both, immersion freezing of coated dust aerosols and homogeneous freezing are
shut off. The point in time when w;,, exceeds w and the overall supersaturation starts
decreasing follows about seven minutes after the first pure dust particles nucleated.
This shows that the depletion of water vapour takes longer compared to the two cases
where homogeneous freezing is involved. This can be explained by the fact that hetero-
geneous nucleation is limited by the number of aerosols while homogeneous freezing
is usually not, except for the tropics where cirrus clouds under certain conditions might
be susceptible for such limitation (Lohmann et al., 2003).

Ice crystal growth depends inversely on size, implying that many homogeneously
formed ice crystals grow faster and deplete S; more readily than only a few heteroge-
neously formed ice crystals. Also, the supersaturation does not approach saturation
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within the depicted time-frame of 45 min. It can be seen that w,,, converges towards w.
Only a slight increase in vertical velocity would be sufficient to increase S; and trigger
further ice formation events. On the other hand a slight decrease in vertical velocity
would bring S; to saturation or even sub-saturation. This points to one limitation of that
cirrus scheme, namely the assumption of a constant updraught throughout the whole
cirrus ice formation event.

The last row of Fig. 1 illustrates the influence of pre-existing ice on the formation
of newly formed ice crystals (simulation PREEX). We assume that N, ppeex=10 L™" of
size R preex = 90 UM are present in the grid box before the cirrus scheme is called. In
a first step, the fictitious downdraught of these ice crystals is calculated and checked
if it already exceeds the constant updraught of 20 cm s~'. The existence of the pre-
existing ice is the reason why w,,, # 0cm s~ at the first time-step (different from the
other three rows). Since w,,, < w the supersaturation rises and deposition nucleation
of pure dust aerosols takes place. We prescribe the number of pure dust aerosols to
be 0.001 cm‘3, e.g. the lower value which was also used in the competitive case (sec-
ond row). These heterogeneously formed ice crystals together with the pre-existing
ice crystals consume the water vapour efficiently and shut off immersion freezing of
coated dust aerosols as well as homogeneous freezing. Also here S; does not ap-
proach saturation and w,,, ~ w indicating a rather slow depletion process. The last two
cases (high pure dust number concentration and pre-existing ice present) shut off ho-
mogeneous freezing and thus lead to a significantly reduced overall ICNC compared to
the pure homogeneous case. If we account for the number of pre-existing ice crystals
additional to the newly formed ice crystals we find ICNC =100 L™ and ICNC=11L""
for the third and fourth row, respectively. Comparing that to the pure homogeneous
freezing case, where ICNC =700 L™ shows that both high IN concentration and the
existence of pre-existing ice with low number concentrations can lead to a strong neg-
ative Twomey-effect and thus change significantly the microphysical properties of cirrus
clouds.
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2.2.1 Heterogeneous nucleation of pure and coated mineral dust aerosols

The ice nucleation ability of mineral dust has been examined in several laboratory
based studies (see review by Hoose and Moéhler, 2012). However, many of these stud-
ies were only performed for warmer temperatures and only apply to mixed phase cloud
conditions (i.e. T > Ty,o, Where T, = 238 K). In general and based on these labora-
tory studies, dust is considered as a good IN since the supersaturation where freezing
starts (S,) for pure dust particles varies between 1.01 and 1.35 depending on dust
type and particle size (Hoose and Mohler, 2012, and references herein). This is a sig-
nificantly lower S; compared to homogeneous freezing. For coated dust particles the
spread between the different measurements is larger, S, varies between 1.15 and 1.7
and in some cases even exceeds S, ,,,. Different coating materials and coating thick-
nesses explain the larger spread in these measurements (Hoose and Mohler, 2012,
and references herein). We conclude that both, pure dust and coated dust particles
can initiate heterogeneous nucleation in cirrus clouds but pure dust is the better IN.

Several studies reported that not all dust aerosols act as IN and initiate ice crystal
formation during a nucleation event. In order to describe the ice nucleation ability of
any aerosol type this fraction of activated particles (f,) should be taken into account
in addition to S.,. We base the description of deposition nucleation of pure dust and
immersion freezing of coated dust in the new cirrus scheme on Mohler et al. (2006)
and Mohler et al. (2008), respectively. The advantages of these two studies over other
studies are the following: first, their measurements are performed at temperatures well
below T, and for pure dust aerosols a broad range of temperatures is covered. Sec-
ond, they parametrized 7, for use in global climate models and third, we decided to
base our assumptions about heterogeneous nucleation for both pure and coated dust
aerosols on the same laboratory device for consistency.

Mohler et al. (2006) investigated the ice nucleation ability of pure dust aerosols in
the AIDA cloud and aerosols chamber in Karlsruhe. Arizona test dust (ATD), which
is a rather arbitrary dust sample and two more natural dust samples from the Takla
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Makan desert in Asia and the Saharan desert were used as IN. The aerosol size varied
between 300 and 500 nm and the temperature ranged between 196 to 223 K. Based
on a large data set they developed the following parametrization for f,:

fa = eXp(a : (Si - Scr,DU)) -1 (2)

Scrpu @nd a are fit parameters in this parametrization and need to be taken from the
list of measured values given in Mohler et al. (2006). We choose:

Serou=12,a=05V220 K< T < Tjom 3)
and
Serou=1.1;2a=20VT <220K, 4)

which are mean values of the more atmospheric relevant aerosol types from the Saha-
ran and Asian deserts.

Mohler et al. (2008) investigated the ice nucleation ability of coated dust particles.
ATD and illite aerosols are coated with semi-volatile products from the reaction of a-
pinene with ozone in order to mimic atmospheric ageing. The coating mass fraction
varies between 17 and 41 wt%. The measurements were also performed in the AIDA
chamber and were exposed to temperatures between 201 and 205 K. The general
conclusion of that study is, that the thicker the coating, the poorer the IN. The maximum
f, reached in this experiment was 0.1-0.2 and S, ,,.coatep = 1.3 for ATD particles with
a thin coating. The knowledge and measurements of immersion freezing of coated
dust aerosols is more limited than for deposition nucleation of pure dust aerosols. We
therefore decide to use a rather rough description for immersion freezing of coated dust
aerosols in ECHAMS. We choose f, = 0.05 and S, ,,.coarep = 1.3 in order to describe
immersion freezing of all coated dust aerosols independently of their coating thickness.
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2.3 Set up of simulations

In the following sections we discuss different aspects concerning the new cirrus
scheme incorporated into the ECHAM5-HAM GCM. We start by evaluating the role
of homogeneous versus heterogeneous nucleation and the climatic effects induced by
heterogeneous IN and pre-existing ice. For this purpose we have performed the simu-
lations HOM, COMP, HOM+PREEX and HOM+HET, (cf. Table 2).

— HOM: only homogeneous freezing takes place. Heterogeneous ice nucleation and
pre-existing ice crystals are not considered. This simulation represents the origi-
nal cirrus scheme implemented in ECHAMS5-HAM.

— COoMP: homogeneous and heterogeneous nucleation as well as depositional
growth of pre-existing ice compete for the available water vapour. Deposition nu-
cleation of pure dust aerosols starts at S;, = 1.1 or 1.2 depending on 7. The ac-
tivated fraction 7, is parametrized following Mohler et al. (2008). For immersion
freezing of coated dust aerosols S, is 1.3 and f, is 5%. This is the new cirrus
scheme as described in Sect. 2.2.

— HOM+PREEX: homogeneous freezing and depositional growth of pre-existing ice
crystals compete for the available water vapour. Heterogeneous nucleation is not
considered.

— HOM+HET: homogeneous and heterogeneous nucleation compete for the avail-
able water vapour. Deposition nucleation of pure dust aerosols starts at S;, = 1.1
or 1.2 depending on T. f, is parametrized following Moéhler et al. (2008). For im-
mersion freezing of coated dust aerosols S, is 1.3 and 7, is 5 %.

In Sect. 4, we compare the results derived by ECHAM5-HAM with the new cirrus
scheme with observations. Here we use again simulations HOM, COMP, HOM+PREEX,
and HOM+HET. All simulations are run over five years in a horizontal resolution of T42
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(2.8125°x2.8125°) with 19 vertical levels, and with climatological sea surface tempera-
ture and sea ice extend.

3 Results Part |
3.1 Role of homogeneous versus heterogeneous nucleation

In this section we examine the simulation comp, where homogeneous freezing, de-
position nucleation of pure dust and immersion freezing of coated dust aerosols and
pre-existing ice crystals compete for the available water vapour during ice nucleation
and depositional growth. We analyse the four different ice modes in detail in order
to understand the role of homogeneous versus heterogeneous nucleation. These ice
modes are:

PREEX: pre-existing ice crystals from the last time-step and ice crystals formed by
nucleation processes other than heterogeneous and homogeneous nucleation in
cirrus clouds,

DU: deposition nucleation of pure dust particles,

DU-COATED: immersion freezing of coated dust particles and
— HOM: homogeneous freezing of liquid solution droplets.

Figure 2 shows annual and zonal means of the ice crystal number concentration ICNC
in the cloudy part of the grid box, the ice crystal size R; and the number concentration of
aerosols initiating ice nucleation N, in the first, second and third column, respectively.
The information is given for each individual ice mode. N, describes the number con-
centration of heterogeneous IN in case of DU, and DU-COATED, and of solution droplets
in case of HOM. In Sect. 2.2.1 we elaborated that only a fraction of all aerosols present
in a nucleation event acts as IN and introduced the term activated fraction (f;). The
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variable N, shown in Fig. 2 takes this activated fraction into account and only shows
the part of dust aerosols acting as IN. In case of HOM N, constitutes all internally mixed
aerosols except particles with dry radii smaller than 5 nm. In the fourth column the frac-
tion of time-steps fulfilling the condition % > 0.99 divided by all time-steps during which
clouds have been present is depicted. /\ali represents the ice particle number concen-
tration of the respective ice mode. This quantity gives the information how often the ice
nucleation event is limited by the availability of heterogeneous IN or solution droplets.

The fifth column depicts the fraction NiI:)[tal where N, o5 is the sum of all freshly nucle-
ated ICNC, e.g. N ota = Njpy +N,-,DU_CO,;TED +N; 1 om- This fraction shows the importance
of heterogeneous nucleation compared to homogeneous freezing and where it matters
most.

Comparing the ice crystal number concentrations of the different ice modes shows
that most ice crystals are contained in PREEX. This does not imply that cirrus clouds
are mostly composed of ice crystals stemming from processes other than homoge-
neous and heterogeneous nucleation at 7 < 7,5, like detrainment from deep convec-
tive clouds or freezing in mixed phase clouds; it rather shows that the ice mode PREEX
includes all ice crystals from previous time-steps, whereas the other three ice modes
only represent the freshly nucleated ice crystals. Ice crystals which formed in the ice
mode HOM at time-step t — 1 are part of ice mode PREEX at time-step t. This is true
for bu and DU-COATED, as well. In the two heterogeneous ice modes the lowest ice
crystal number concentrations are found with maximum ICNC of 0.1-1 L. Ice crys-
tals formed homogeneously are three orders of magnitude higher in number and reach
maximum ICNC of 100-1000L".

This difference in ICNC is caused by the number of available aerosols acting as IN
for heterogeneous nucleation or as solution droplets initiating homogeneous freezing
(see N, in the third column of Fig. 2). The number concentration of heterogeneous
IN is much smaller compared to the number of solution droplets available for homo-
geneous freezing. Pure dust particles are only rarely found in the upper troposphere
and N, ,, ranges between 0.01-1 L. Approximately one order of magnitude more
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coated dust particles are found and the number concentration of solution droplets is
increased by five orders of magnitude ranging between 1 x 10°-5x10°L7". Homoge-
neous freezing is rarely limited by the availability of solution droplets. This is consistent
with Ny yow > N ou- We also see in the fourth column of Fig. 2 that the formation of
ice crystals via homogeneous freezing is only limited in 0.1-1 % of all times. Hetero-
geneous nucleation is, however, limited by the number concentration of IN. Figure 2
shows that heterogeneous nucleation is limited by the availability of heterogeneous IN
in up to ~ 30 % of all ice formation events in case of DU-COATED and in ~70 % in case
of bu. This means that we expect N, ,, and N, p,.coarep ClOse to be equal to N, ,, and
N, bu-coaten» respectively, which is indeed the case in our results. Areas where cirrus
cloud formation is limited by heterogeneous IN are mainly found in the uppermost trop-
ical cirrus and on the Southern Hemisphere (SH). These are regions where generally
low IN concentration are present because the main dust sources like the Saharan and
Asian deserts are located on the Northern Hemisphere (NH).

The second column of Fig. 2 shows the ice crystals radius of each ice mode before
the ice crystals larger 100 um are transformed to snow. Largest ice crystals are found
in the ice mode PREEX and smallest in HOM. Ice crystals of the ice mode PREEX are
largest because they represent ice crystals from the last time-step which have already
grown. Secondly, the new cirrus scheme takes the depositional growth of pre-existing
ice crystals into account which affects the temporal evolution of the supersaturation.
Only if the vertical updraught is strong enough to exceed S; despite its reduction due to
pre-existing ice heterogeneous and homogeneous freezing will take place. This means
that depositional growth of the pre-existing ice crystals and the formation of new ice
crystals are subsequent processes and the ice mode PREEX is exposed to supersat-
uration for a longer time than the other three ice modes. For the three freshly nucle-
ated ice crystals the following relationship holds: the ice crystal size decreases with
increasing critical supersaturation required to initiate freezing (DU, DU-COATED, HOM),
because the supersaturation required to nucleate bDu is more often exceeded than the
supersaturation required to nucleate bDu-COATED and HOM. Thus they have more time
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to grow via depositional growth. Secondly, the ice crystal size is anti-correlated with
the aerosol number concentration N,. For a given supersaturation (this means for a
fixed amount of water vapour which can be transformed into the solid phase) larger
(smaller) ice crystals will form if the aerosol number concentration and thus the ice
crystal concentration is low (high).

The fifth column of Fig. 2 shows the fraction of heterogeneously formed ice crystals
compared to the total number of freshly nucleated ice crystals. We can see that in terms
of the ice crystal number concentration cirrus formation is dominated by homogeneous
freezing in the tropical uppermost troposphere everywhere but in the SH around 60° S
and in the Arctic. All other regions heterogeneous nucleation contributes to < 5% of
the total number of newly formed ice crystals. The contribution from heterogeneous
nucleation is larger in case of DU-COATED than in case of Du, because we find more
coated dust particles in the upper troposphere compared to pure dust aerosols leading
to more ICNC,,.coatep than ICNC,,. Heterogeneous nucleation contributes largest in
the lower tropical troposphere and in the Arctic. Here, the contributions reach 30 % and
partly even exceed 30 % for DU-COATED.

Liu et al. (2012) found similar results: heterogeneous nucleation contributes most in
the lower tropical troposphere and in the NH with values exceeding 50 %. In the upper
troposphere they found only weak contributions of heterogeneous nucleation of less
than 10 % or less than 1 % depending on the nucleation scheme. The main difference
between the results of Liu et al. (2012) and ours are the mid-latitudes in the NH. While
our results suggest that heterogeneous nucleation does not play an important role
there, Liu et al. (2012) conclude that in this region (together with the lower tropical
troposphere) the largest contributions from heterogeneous nucleation can be found.
These differences may either be caused by the cirrus scheme or by the initial aerosol
number concentration. The dust concentration presented in Liu et al. (2012) shows
more dust aerosols in the NH with one order of magnitude lower concentrations on the
SH throughout the troposphere. This difference between NH and SH is much weaker in
our IN number concentrations depicted in Fig. 2. One should keep in mind that we take
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the activated fraction (see Table 2 and Eq. 2) into account in Fig. 2 and only show the IN
active fraction of all pure dust or coated dust particles. Thus, the number concentration
of all pure dust aerosols has a different zonal distribution. One important difference
between our cirrus scheme and the nucleation schemes used by Liu et al. (2012) is that
we account for the depositional growth of pre-existing ice crystals during the freezing
event. The pre-existing ice affects the rate of heterogeneously and homogeneously
formed ice crystals (Hendricks et al., 2011; Karcher et al., 2006) and thus it is likely
that the consideration of the pre-existing ice might change the percentage contribution
of heterogeneous nucleation.

Figure 3 shows the global distributions of heterogeneous IN concentrations and of
the resulting ice crystal number concentrations averaged between 130 and 270 hPa.
Both ice modes DU and DU-COATED are taken into account. Please note the different
colour bars in both panels. We can see that highest IN concentrations of 20-50 L~ are
found over northern Africa, the North Atlantic Ocean, northern parts of South-America
and central Asia. The IN concentrations include pure and coated dust particles and it
makes sense that highest dust concentrations are found near to the main dust sources
such as Asian and the Saharan deserts. Wiacek et al. (2010) showed that dust aerosols
lifted up into the upper troposphere originate from Asian deserts rather than from the
Saharan desert. Also our model suggests that maximum IN concentrations exceeding
50L~" between 130—-270 hPa are close to Asian deserts. The Saharan Air Layer is rep-
resented reasonably well, covering the region over the North Atlantic Ocean between
the Saharan desert and America (Prospero and Carlson, 1972; Dunion and Velden,
2004). Studies about IN measurements in the upper troposphere are sparse because
accurate measurements of IN in the field remain challenging (DeMott et al., 2011). De-
Mott et al. (2003) performed a campaign at Storm Peak Laboratory in Colorado, USA,
with direct access to free tropospheric air. They measured cirrus ice crystal residuals
and found IN concentrations of less than 30 L™'. During the SUCCESS campaign,
the typical IN concentration was found to be on the order of 10 L~ (Rogers et al.,
1998). IN concentrations simulated by ECHAM5-HAM with the new cirrus scheme vary
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between 5-20 L~ in most parts of the globe and are thus in good agreement with the
observational results by DeMott et al. (2003).

The sum of both heterogeneously formed ice crystal number concentrations between
130 and 270 hPa varies between 0.1 and 10L". These values are slightly smaller
than the IN concentrations in the same pressure levels indicating that either the het-
erogeneously formed ice crystals sediment to lower levels due to their large sizes and
thus high sedimentation velocities or that not all IN freeze to ice crystals as discussed
above. We can see that regions of high ICNC,, coincide with regions of high IN con-
centrations as expected. This shows that the formation of heterogeneously formed ice
crystals is strongly dependent on the IN concentration and thus on the assumptions
made about the activated fraction in order to diagnose the IN concentration from the
total dust concentrations.

3.2 Climatic effects

In this section we analyse the effects of heterogeneous nucleation and the considera-
tion of pre-existing ice on climate. In order to do so we compare the following simula-
tions HOM, COMP, HOM+PREEX and HOM+HET (cf. Table 2).

Figure 4 shows annual and zonal means of the vertically integrated ice crystal num-
ber concentration (ICNCy,,q4en), the vertically integrated ice water content (ice water
path, IWP), total cloud cover (TCC), and the short-wave and long-wave cloud forcing
(SCF, LCF) for the different simulations. If possible, we also included observations from
different sources into the plots. ICNCy, 46, is significantly reduced in the tropics and
the mid-latitudes of the NH in cOMP as compared to HOM. In these regions ICNCy,,;4en
is reduced by ~ 15 %. No regions exist where ICNC,,, 4o, is €nhanced in cOMP. Het-
erogeneous nucleation and pre-existing ice reduce the overall ICNC, because they
consume water vapour which in the case of HOM would have been available for homo-
geneous freezing and thus decrease or even suppress homogeneous freezing in case
of comP. The negative Twomey effect as introduced by Karcher and Lohmann (2003)
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in a detailed microphysical box model, can thus be represented in the GCM (Hen-
dricks et al., 2011). The positive Twomey effect was found to be of minor importance
in Karcher et al. (2006) and thus plays a negligible role in the GCM. Also Hendricks
et al. (2011) found reductions in ICNC which were mostly pronounced in the tropics
and mid-latitudes.

Simulation HOM+PREEX and HOM+HET help to understand the reductions in ICNC
in more detail: ICNC of simulation HOM+HET follows simulation HOM in the tropics but
deviates in the mid-latitudes of the NH, whereas simulation HOM+PREEX is close to
comP everywhere. This shows that in the tropics the depositional growth of pre-existing
ice crystals is mostly responsible for the reductions in ICNC and heterogeneous IN
seem to play only a minor role. However, heterogeneous IN significantly reduce ICNC
in the mid-latitudes of the NH via the above mentioned negative Twomey effect in the
absence of pre-existing ice (HOM+HET vs. HOM). If pre-existing ice is present, then the
Twomey effect is much weaker (COMP vs. HOM+PREEX).

In the SH no changes are found between the simulations HOM and comp. We have
seen in Sect. 3.1 that the IN concentrations are larger on the NH than on the SH
because of the location of the main dust sources and thus the largest changes in
ICNCyyrgen PEtWEEN HOM+HET and HOM are found in NH mid latitudes. This result is in
good agreement with Liu et al. (2012) who found the largest IN induced effects on ICNC
also in NH mid latitudes. The largest changes in the tropics stem from considering pre-
existing ice.

IWP is reduced in the same regions as ICNC,,4on When we account for competitive
ice nucleation and depositional growth despite the increase in ice crystals size in cOmMP.
The decrease in IWP shows that the loss in ice mass induced by fewer ice crystals
cannot be compensated by increasing ice crystal size. Also here, the changes in IWP
in the tropics seem to be driven by the depositional growth of pre-existing ice, whereas
heterogeneous IN cause the changes in the NH mid-latitudes.

The total cloud cover is only affected slightly by heterogeneous nucleation and pre-
existing ice crystals. We see small differences in the tropics, however no changes in
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the NH mid-latitudes. This was also observed by Liu et al. (2012). Heterogeneous IN
decrease the high cloud cover through fewer and larger ice crystals which sediment
faster, but may lead to increased cloud cover below. The change in TCC is therefore
difficult to interpret. Figure 5 shows the differences in zonal mean cloud cover as a
function of pressure and latitude for the simulations COMP, HOM+PREEX and HOM+HET
as compared to HOM. We see that pre-existing ice decreases the cirrus cloud cover
mostly in the tropics and at the high latitudes by up to 6 %. The changes in cirrus cloud
cover induced by heterogeneous IN are negligible. The consideration of pre-existing ice
crystals which are large in size (cf. also Fig. 2) and sediment fast seems to influence not
only cirrus cloud cover but also reduces the total cloud cover in the tropics, where cirrus
clouds constitute an important fraction of TCC. The observations of TCC are based on
three different satellite products and show a large spread. The spread between our
simulations is smaller. In all simulations ECHAM5-HAM fits the observations in the
mid-latitudes and tropics, but underestimates TCC in the subtropics and overestimates
TCC at high latitudes.

The short- and long-wave cloud forcing show different changes between the sim-
ulations comp and HOM. The SCF is affected only slightly and only in the tropics.
Here the SCF becomes less negative by ~ 3Wm™ when heterogeneous nucleation
and pre-existing ice is taken into account. Changes in SCF coincident with regions
of changes in TCC implying that SCF is strongly dependent on TCC. Pre-existing
ice crystals reduce cirrus cloud cover as explained above and thus allow more SW
radiation to enter the Earth-atmosphere system. The reduction in ICNCy,,4en in the
NH mid-latitudes combined with no changes in TCC does not lead to strong changes
in the SCF. This is different for LCF. Here changes in the tropics and the NH mid-
latitudes can be observed. LCF decreases by ~4.5Wm™ in the tropics and ~2Wm™2
in the NH mid-latitudes when heterogeneous nucleation and pre-existing ice competes
with homogeneous freezing. Cirrus clouds with fewer and larger ice crystals and a re-
duced ice mass trap less outgoing LW radiation. Additionally, cirrus clouds can form
at lower altitudes, when heterogeneous nucleation takes place, because only smaller
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supersaturation are required to initiate heterogeneous nucleation in contrast to homo-
geneous freezing. Cirrus clouds at lower altitudes absorb and re-emit LW radiation at
warmer T compared to the case HOM. Since the LCF is dependent on the difference
between T at the surface and T of the cirrus cloud, which becomes smaller in case of
COMP, also the LCF decreases. The comparison to observations shows again that the
spread in the different satellite-products is larger than the spread between our simula-
tions. Generally, our simulation match the observations except in the subtropics for the
SCF and in the mid-latitudes for the LCF.

The above discussion shows that both, heterogeneous IN and pre-existing ice have
the potential to significantly impact cirrus clouds and the energy budget with regionally
differences: Heterogeneous IN seem to be the main driver for the simulated climate
perturbations in the NH mid-latitudes and pre-existing ice is the most important driver
in the tropics. This difference is plausible if one considers that the two regions (tropics,
NH mid-latitudes) are characterized by differences in the variables which mostly drive
indirect effects in cirrus clouds (such as vertical velocity, temperature and IN number
concentration).

Table 3 shows the annual and global mean precipitation P, total cloud cover TCC,
aerosol optical depth AOD, water path of liquid and ice LWP, IWP, vertically integrated
number concentration of cloud droplets and ice crystals CDNCy,;qens ICNCpyrgens €f-
fective ice crystal radius R, short-wave and long-wave cloud forcing SCF, LCF and
the TOA net radiation (F,¢) for the simulations HOM and comp. Additionally, the dif-
ferences of these annual and global means as well as the percentage difference be-
tween comMmpP and HOM is given. We see strong changes in the percentage differences
in ICNCy,,qen- When heterogeneous nucleation and pre-existing ice crystals compete
with homogeneous freezing, ICNC,,,4en iS globally reduced by 10 %. This shows that
heterogeneous nucleation on dust and pre-existing ice can consume the available wa-
ter vapour efficiently and reduce the homogeneous nucleation rate. This implies that
competitive ice nucleation mechanisms can have a significant global impact on the
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microphysical properties of cirrus clouds. Liu et al. (2012) also found global reductions
of ICNCpgen ©f 1-17 % depending on the cirrus nucleation scheme used.

The global mean effective ice crystal radius is increased by 3%. We have seen
in Sect. 3.1 that the ice modes PREEX DU and DU-COATED have larger ice crystal
sizes compared to the ice mode HOM. This is caused by the time the ice crystals are
exposed to supersaturation and by the aerosol number concentration. The ice water
path is globally reduced by 5 %. This is in agreement with Liu et al. (2012) who found
reductions of 0—-4.6 % depending on the nucleation scheme. The decrease in IWP and
the increase in LWP are not as pronounced as the decrease in ICNC,,,4en- The change
in ICNCy,,/g4en between HOM and comP results from a reduction in ICNC,,,, and an
increase in ICNC,, and ICNC,,.coatep- ThiS means that in case of COMP we expect a
decrease of small ice crystals and a slight increase of large ice crystals. The ice mass
represented by IWP is therefore affected by two counteracting changes: An increase in
IWP due to slightly more large ice crystals and a reduction in IWP due to much fewer
small ice crystals. The reduction in the number of homogeneously formed ice crystals
and the increase in heterogeneously formed ice crystals together result in an increase
of R of 3 %.

The total cloud cover is globally decreased by 4 %. We have already discussed that
TCC is difficult to interpret and we have seen that cirrus cloud cover is regionally re-
duced by 6 %. Generally, we found that pre-existing ice consists of large ice crystals,
which sediment faster to lower altitudes and warmer temperatures where they evapo-
rate. The effect on global TCC in our result is higher than in the study of Liu et al. (2012)
who found values of 0.2 %. Precipitation changes only slightly between the simulations
COMP and HOM.

These global changes in microphysical properties of cirrus clouds affect the radiation
budget of the Earth-atmosphere system. SCF is enhanced by 0.95Wm~2 and LCF is
decreased by 1.5Wm™2. The SW effect is caused by a reduced cloud albedo which
in turn is caused by reduced TCC, reduced ICNCy,, 4, larger Rg4; and reduced IWP.
Less SW radiation is scattered back to space and more SW radiation enters the Earth-
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atmosphere system. Fewer cirrus clouds with fewer and larger ice crystals and less ice
mass trap less LW radiation and thus lead to a decrease in LCF. Globally the LW effects
dominated over the SW effects, such that the Earth-atmosphere system is exposed to
a net cloud forcing of —0.55W m~2. The changes in the clear-sky radiation amount to
~-0.4Wm™2 due to cooling by less water vapour so that the impact of heterogeneous IN
and pre-existing ice causes the Earth-atmosphere system to cool by 0.94 W m~2 in the
net all sky radiation at TOA. Liu et al. (2012) found a net cloud forcing of ~0.3Wm™
when IN concentrations of 20-50L~" were used similar to our IN concentrations. In
case of IN concentrations of 200 L~ their net cloud forcing was —0.4 W m'2, composed
however of large SCF and LCF of 2W m~2and —-2.4Wm™, respectively.

4 Results Part Il
4.1 Comparison with observations

In this section we validate the model simulations against different observational data
sets. We compare the four simulations HOM, HOM+HET, HOM+PREEX and COMP which
are described in Sect. 2.3 with airborne in-situ data from several field campaigns
(Kramer et al., 2009).

4,11 Incloud ICNC

Figure 6 shows ICNC in cirrus clouds versus 7. The observational data stems from
airborne in-situ measurements derived from 9.7 sampling hours during 28 flights. The
field campaigns were performed between 1999 and 2006 and cover the Arctic, mid-
latitudes and tropics between 75°N and 30°S (Kramer et al., 2009). The observed
data of ICNC versus T varies over a large range indicated by the light grey shaded
area representing the 0—100th percentile. We additionally show the 25—75th percentile
(dark grey shaded area). The model results are based on six hourly output data for
January, April, July and October. The solid lines represent the median of the simulated
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ICNC and the dotted lines the mean of ICNC. The huge spread between median and
mean indicates that the distribution of ice crystals is skewed. In a skewed distribution
the mean is sensitive to outliers and thus not robust. We therefore concentrate on the
median in the following comparison.

The observed ICNC shows an increase with increasing 7 and the 25-75th per-
centiles of ICNC vary between about 0.01 and 10cm ™. The observational range be-
tween maximum and minimum ICNC is large. Minimum ICNC of 0.002 cm™> and max-
imum ICNC of 60cm ™2 can be found. Fewest ice crystals are found in very cold cirrus
below 200 K. Kramer et al. (2009) mention possible explanations for this: ice nucleation
might be suppressed by the incorporation of organic material (Murphy et al., 2007) or
ice nucleation might be dominated by heterogeneous nucleation, shutting of homo-
geneous freezing. A third possibility is homogeneous freezing at only very low vertical
updraughts. Kramer et al. (2009) argue that one of the first two explanations is the most
likely one because in the upper troposphere/lower stratosphere region (UTLS) higher
vertical updraught has been reported (Lawson et al., 2008). One open question how-
ever is still, to what extent heterogeneous nucleation can dominate the ice nucleation
in the UTLS.

Since these observations are based on FSSP measurements (de Reus et al., 2009)
the reported ice crystal number concentrations might be influenced by shattering. Shat-
tering of ice crystals on the inlet of the FSSP becomes more important in warm cirrus,
where ice crystals are typically larger and plays only a minor role in cold cirrus clouds
(Field et al., 2003, 2006a). For the following comparison of our model simulations with
observations we should keep in mind that in warm cirrus clouds the measured ice
crystal number concentration might be overestimated.

The simulations HOM, HOM+PREEX, HOM+HET and COMP lie mostly between the
observational range. Figure 6 shows that there are rather small changes between the
different simulations for warmer 7 but we can see significant differences between the
simulations for colder T. This might indicate that heterogeneous nucleation plays a
stronger role in cold cirrus clouds than in warm cirrus clouds. We like to recall that
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global mean ICNCy,4en Changes by —10% and global mean R ; changes by 3%
between HOM and comMP as shown in Sect. 3.2. Our analysis revealed that heteroge-
neous nucleation contributes significantly to these differences.

For T > 220 K all simulations underestimate ICNC and suggest a comparatively sta-
ble median of ICNC at 0.01-0.06 cm™>. The 25-75th percentile of the observed ICNC
varies strongly in this temperature range and is 1 to 2 orders of magnitude higher than
the simulated median. For cold cirrus clouds (7 < 205 K) the spread between differ-
ent simulations is large and also the spread of ICNC within one simulations is large.
For most months the simulation HOM+PREEX fits the observations slightly better and
the simulations coMP, HOM+HET and HOM underestimate ICNC. However, the spread
in simulated ICNC within one simulation is large and thus it is difficult to judge which
simulation is closest to observations. For example in April, all simulations show very
small ICNC of 0.001-0.0001 cm™2 for 185 < T < 193 K and high ICNC of 1cm™2 for
194 < T < 200 K whereas the observed 25-75th percentile only varies between 0.01—
0.1cm™.

Generally, all simulations are in the observational range except for cold cirrus clouds.
The simulated median however frequetly falls below the observed 25—-75th percentile
suggesting that all simulations underestimate ICNC within cirrus clouds. Also, the pure
homogeneous simulation does not produce a sufficiently high number concentration
of ice crystals to match the observed ICNC. This might indicate that ECHAM5-HAM
generally underestimates the rate of homogeneously formed ice crystals. Since homo-
geneous freezing is mainly dependent on vertical velocity and temperature this com-
parison might hint to a bias in 7 or w. However, the simulations underestimate ICNC for
every T bin. Thus we think that the vertical velocity in ECHAM5-HAM in the cirrus cloud
level might be too low. The vertical velocity is parametrized using the turbulent kinetic
energy and the gravity wave drag. It might however be reasonable to use an even more
complex vertical velocity scheme like a statistical PDF approach. Our results further
suggest that effects of heterogeneous IN and pre-existing ice become more important
at cold cirrus rather than in warm cirrus.
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Liu et al. (2012), Gettelman et al. (2012), Wang and Penner (2010) and Salzmann
et al. (2010) also compared ICNC simulated by their models with different cirrus nu-
cleation schemes with the observational data set of Kramer et al. (2009). Contrary to
ECHAMS5-HAM all the other models overestimate ICNC compared to observations. The
model of Liu et al. (2012) showed best agreement of ICNC at low 7 with observations
if pure heterogeneous nucleation was assumed. However, this simulation did not fit the
observations for warmer 7. They concluded that homogeneous freezing is the prevail-
ing process in warmer cirrus clouds above 205 K and that homogeneous freezing might
be suppressed at very low T. A possible reason for the suppression of homogeneous
freezing at cold T is the incorporation of organic material into aerosols transforming the
aerosols into a glassy state which prevents homogeneous freezing (Murray, 2008).

The lower ice crystal number concentrations predicted by ECHAM5-HAM at low tem-
peratures do agree with a new study by Spichtinger and Kramer (2012), explaining low
observed ice crystal concentrations in the tropical tropopause layer with a competi-
tion of heterogeneous freezing with homogeneous freezing caused by very slow large-
scale ascents superimposed with high frequent gravity waves. In addition the lowest
measured ice crystal number concentrations are limited by the sensitivity of the FSSP,
thus lower concentrations could be possible (Spichtinger and Kramer, 2012). In light of
these two findings, our low ice crystal concentrations might be plausible.

4.1.2 In cloud RH;

Figure 7 shows the frequency of occurrence of RH; within cirrus clouds versus 7. The
observations are based on the same data set as in Fig. 6. We compare the simulations
HOM, HOM+PREEX, HOM+HET and COMP of six hourly output with these airborne in-
situ measurements. All data is sorted into 1 K7 bins. The observations show that RH;
within cirrus clouds varies over a large range from 50 % in the subsaturated region
to the homogeneous freezing threshold in the supersaturated region. However, most
frequent RH; values are found at saturation. At 7 < 200 K high frequency of occur-
rence varies over a broader range around saturation as compared to warmer 7. With
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decreasing T the growth respectively sublimation rate of ice crystals is slower causing
the ice crystals to exist at lower subsaturated conditions. At lower T also depositional
growth is slower causing high supersaturations to remain longer (Kramer et al., 2009).
RH; over the whole T range does not exceed water saturation (except at T ~ 238 K,
where the water saturation is close to the homogeneous freezing threshold.) The ob-
servations show only RH; values exceeding the homogeneous freezing threshold at
T <200 K. These observations might stem from convective overshooting in the tropics,
where cirrus clouds form at high vertical velocities and very low temperatures. Here,
nucleation and water vapor depletion due to the formed ice crystals might not be able
to compensate the RH; increase caused by the large vertical velocity.

The model results show generally a good agreement with the observations. We
clearly see highest frequencies of occurrence around saturation agreeing with obser-
vations. Also, RH; is usually below the homogeneous freezing threshold. Differences
between model simulations HOM, HOM+PREEX, HOM+HET and COMP can be found
mainly at warmer temperatures. Here, HOM and HOM+HET show too high frequencies
of RH; at the homogeneous freezing threshold compared to observations. Simulation
COMP fits the observations in this temperature regime best with RH; most often around
saturation. This shows that the consideration of pre-existing ice and heterogeneous nu-
cleation is required to deplete supersaturations within cirrus clouds as fast and strongly
as suggested by observations.

5 Conclusions

We incorporated a new cirrus scheme into the GCM ECHAMS5-HAM. This cirrus
scheme treats nucleation and depositional growth of pre-existing ice, heterogeneously
and homogeneously formed ice crystals in a competitive manner (Karcher et al., 2006).
We distinguish between deposition nucleation of pure dust and immersion freezing of
coated dust particles and base our assumptions about freezing threshold (S,,) and ac-
tivated fraction (f,) on laboratory data derived by Mohler et al. (2006, 2008). Unlike
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other studies (Hendricks et al., 2011; Liu et al., 2007, 2009) we did not consider het-
erogeneous nucleation of soot because the nucleation ability of soot at cirrus relevant
temperatures remains uncertain (Karcher et al., 2007; Hoose and Mohler, 2012). We
performed several simulations (see Table 2) in order to analyse the following aspects
of the new cirrus scheme:

— Role of homogeneous versus heterogeneous nucleation.

— Climatic effects of heterogeneous IN and pre-existing ice on cirrus clouds.
— Comparison with in-situ observations.

We summarize the most important conclusions below:

1. The consideration of heterogeneous nucleation on mineral dust and the depo-
sitional growth of pre-existing ice in the GCM simulations lead to cirrus clouds
composed of fewer and larger ice crystals. Supersaturations are partly or com-
pletely depleted by nucleation and depositional growth of pre-existing and hetero-
geneously formed ice crystals such that homogeneous freezing is weakened or
shut off. Our analysis allows to distinguish between the effect of heterogeneous
nucleation and pre-existing ice: the presence of ice crystals prior to a nucleation
event can prevent homogeneous and heterogeneous nucleation from occurring
due to the depletion of water vapour by depositional growth. The microphysical
and radiative changes in the tropics simulated here are mostly driven by this ef-
fect of pre-existing ice. On the other hand, changes in the NH midlatitudes are
mostly driven by dust acting as heterogeneous IN. Thus, the so called negative
Twomey effect in cirrus clouds is represented in GCMs.

2. ICNC and A, of the individual ice modes considered in the model are strongly
dependent on two factors: first, the availability of aerosols (IN in case of het-
erogeneous nucleation, solution droplets in case of homogeneous freezing) and
second, the time the ice crystals are exposed to supersaturation. Contrary to ho-
mogeneous freezing, heterogeneous nucleation is limited by the availability of
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heterogeneous IN. The simulations reveal that more coated dust particles are
present in the UTLS compared to pure dust particles and, consequently, ice crys-
tals formed via deposition nucleation of pure dust are most limited.

. IN concentrations in the UTLS show reasonable global distributions: highest IN

concentrations are found near to major dust sources like the Saharan and Asian
deserts with IN concentrations of 20-50L"". The Saharan Air Layer covering
the North Atlantic Ocean between the Saharan desert and America is also rep-
resented reasonably well. Simulated IN concentration vary mostly between 5—
20L"" and agree well with field measurements of ice crystal residuals derived by
DeMott et al. (2003).

. Heterogeneous nucleation and the consideration of pre-existing ice may lead to

significant climatic effects: globally, ice crystal number and mass are reduced by
10 % and 5 %, whereas the ice crystal size is increased by 3 %. The reductions
in ICNCp,qen @re most pronounced in the tropics and mid-latitudes on the NH in
agreement with Hendricks et al. (2011). The net change in the radiation budget
is —0.94Wm™?, implying that heterogeneous nucleation and pre-existing ice in-
duce a cooling to the Earth-atmosphere system. The net cooling is caused by a
decrease in LCF in the NH mid-latitudes (mostly caused by heterogeneous nucle-
ation), a decrease in LCF combined with a minor increase in SCF in the tropics
(mostly caused by pre-existing ice) and a clear-sky cooling due to less water
vapour. The results are mainly in agreement with Liu et al. (2012) who based their
analysis on the parameterizations of Liu and Penner (2005) and Barahona and
Nenes (2009). Differences might arise from other IN schemes used and the fact
that we account for pre-existing ice.

. We compare RH; and ICNC inside of cirrus of different simulations with in-situ

observations. Mostly the simulations lie within the observational range and agree

with observations. The comparison of ICNC inside of cirrus shows that all simu-

lations underestimate ICNC compared to observations, especially for warm cirrus
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clouds (220 < T < 238 K). However, one should keep in mind that observed ICNC
in warm cirrus clouds might be affected by shattering. In this temperature range all
simulations show very similar ICNC and heterogeneous nucleation or pre-existing
ice does not play an important role in modulating ICNC. For cold cirrus clouds
(T < 205 K) the spread between the different simulations is large and they either
over- or underestimate the observed ICNC. The simulation where homogeneous
freezing only competes with pre-existing ice fits observations best in this tem-
perature range. Liu et al. (2012) concluded that — in order to fit observations —
homogeneous freezing dominates in warm cirrus and heterogeneous nucleation
becomes important in cold cirrus clouds. Our results may point to the same con-
clusion.

6. Simulated RH; inside of cold cirrus is most frequently found at saturation in agree-
ment with observations. For warm cirrus simulations neglecting the effects of pre-
existing ice on nucleation overestimate the frequency of occurrence of high super-
saturations around the homogeneous freezing threshold. In warm cirrus clouds
simulation comP fits the observations best which indicates that both, pre-existing
ice and heterogeneous nucleation is required in order to deplete supersaturations
as suggested by observations.

In this study we have only analysed the importance of heterogeneous nucleation on
cirrus clouds on a global scale. However, local phenomena like dust outbreaks from
the Saharan desert have been shown to affect European weather (Bangert et al.,
2012). ECHAM5-HAM with the new cirrus scheme is suitable to also study possible
local/regional effects of heterogeneous nucleation of dust on cirrus clouds. We based
our assumptions about heterogeneous nucleation (S, f,) on recent laboratory data
and the resulting IN concentrations agree well with observations. However, IN mea-
surements in the UTLS are sparse and thus a proper validation of our assumptions is
hampered. Thus, more field measurements in the UTLS are required to fully constrain
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the role of heterogeneous nucleation in cirrus clouds and to improve their representa-
tion in GCMs.

In addition, the new cirrus scheme still has some shortcomings. For example, if both
heterogeneous and homogeneous nucleation occur, the heterogeneously nucleated
ice cannot sediment before the homogeneously ice is formed. This would be of impor-
tance for small vertical velocities and moderate IN concentrations and would result in
too high ice crystal number concentrations. Moreover, the vertical velocity is constant
over one model timestep. While this is probably uncritical for homogeneous nucleation,
in case of the competition of heterogeneous and homogeneous nucleation it could be
important. So far, we use a simple cloud cover scheme (Sundqvist et al., 1989) based
only on relative humidity. In future, this should be replaced by a cloud cover scheme that
is consistent with the subgrid-scale fluctuations in vertical velocity following (Karcher,
2012).
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Table 1. Overview over initial conditions of pre-existing ice crystals (N;, R,) and the different

aerosol types (N,, R,) of simulations shown in Fig. 1.
Initial conditions of

Simulation Ni,PR!]EEX Ri,PREEX Na,Dg Ha,Du Na,DU-COé\TED Ra,DU-COATED Na,Ho:SA Ra,HOM

L] (um] | [em™]  [um] [em™] (um] [em™]  [um]

HOM 0 0 0 0 0 0 500 0.05

COMP1 0 0 0.001 0.5 0.001 0.5 500 0.05

COMP2 0 0 0.1 0.5 0.001 0.5 500 0.05

PREEX 10 50 0.001 0.5 0.001 0.5 500 0.05
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Table 2. Overview over simulations. We show which of the four ice modes PREEX, DU, DU-
coated and HOM are active in each simulations and what are the details of heterogeneous ice

nucleation. parametrized” means f, is parametrized according to Eq. (2).

Ice modes
Simulation PREEX | DU DU-COATED | How
HOM no | no no | yes
COMP yes yes o yes yes
(S = 1.1V 1.2, f,: parametrized”) | (S, = 1.3, f, =5%)
HOM+PREEX  yes | no o yes
HOMHRET " (Ser=1.1v1 ZYZS parametrized”) | (S, = 1_{;2 =5%) yes
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Table 3. Global multi-annual (10 yr) mean cloud properties and TOA energy budget for the

simulations HOM and COMP.

| HOM COMP Difference COMP-HOM Relative change [%]
Pt [mmd™"] 283 287 0.04 1
TCC [%] 645  62.3 -2.3 -4
LWP [g m™?] 557  55.6 0.08 > -1
IWP [gm™] 5.4 5.1 -0.3 -5
CDNCyygen  [1€10 M2 26  2.61 0.01 <1
ICNCyygen  [1€10m™] | 0.22 0.2 -0.022 -10
Retti [um] 14 14.45 0.45 3
SCF W m™] -55.8 -54.8 0.95 -2
LCF W m™2] 303 288 -15 -5
Foot W m™] 0.34 -0.61 -0.94 -280
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Fig. 1. Temporal evolution of the S;, wi,, and newly formed ICNC as simulated by the multi- Printer-friendly Version
modal ice nucleation scheme used as a box model for simulation HOM, COMP1, COMP2 and
PREEX. Initial conditions are: p =100 hPa, T = 210K, S; = 1.2, w =20cm s~ Initial conditions
of aerosol properties and pre-existing ice are given in Table 1. The dotted line indicates the ice

nucleation events and the dashed line indicates the peak S;.
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Fig. 2. Annual zonal means of ICNC (first column), the particle size before the larger particles
are transferred to snow R; (second column), the number concentration of heterogeneous IN (in
case of DU and DU-COATED) and of solution droplets (in case of HOM) N, (third column), the
percentage frequency of N,/N, = 1 (fourth column) and the fraction of heterogeneously formed
ICNC divided by all newly nucleated ICNC (fifth column) for the different ice modes: PREEX,
DU, DU-COATED, HOM inside the cloudy part of the grid box. Note that N, is given in L™ in
case of heterogeneous nucleation and incm™ in case of homogeneous freezing. The black
line shows the annual mean tropopause and the red line illustrates the mean position of the
-35°C isotherm.
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simulations HOM, COMP, HOM+PREEX and HOM+HET. The following satellite based observa-
tions are used: CERES: Clouds and Earth’s Radiant Energy System (Wielicki et al., 1996),
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observations of the total cloud cover (Hahn et al., 1994).
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Fig. 6. Median (solid) and mean (dotted) of ICNC inside of cirrus versus T for the simulations
HOM, HOM+PREEX, COMP and HOM+HET. Model results are sampled every 6 h for January,
April, July and October of year 2000. All data is sorted into 1 K T bins. Airborne in-situ mea-

surements are shown

in grey shaded areas.
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