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Abstract. In order to study aerosol—cloud interactions in modulate cirrus properties in climate simulations and thus
cirrus clouds, we apply a new multiple-mode ice micro- should be considered in future studies.

physical scheme to the general circulation model ECHAM5-
HAM. The multiple-mode ice microphysical scheme allows
for analysis of the competition between homogeneous freez-

ing of solution droplets, deposition nucleation of pure dust!

particles, and immersion freezing of coated dust particles and_.

i 0, ! _
pre-existing ice. We base the freezing efficiencies of coategClrrus clouds cover approximately 30 % of the Earth's sur

and pure dust particles on the most recent laboratory dat ace and play an important role in modulating the climate

The effect of pre-existing ice, which has been neglected irSystem Wylie and Menz€l1999. As with all other clouds,

previous ice nucleation parameterizations, is to deplete Wa;hey scatter solar radiation back into space (the albedo effect)

ter vapour by depositional growth and thus prevent homoge-and absorb and re-emit terrestrial radiation (the greenhouse

neous and heterogeneous freezing from occurring. As a firs‘fﬁeco' Contrary to other clouds, cirrus clouds exert a posi-

step, we extensively tested the model and validated the rellve net cloud forcing to the Earth-atmosphere systefreq

sults against in situ measurements from various aircraft cam®t al, 2000. This, however, applies only for moderate to thin

paigns. The results compare well with observations; prop-Si"us clouds and it is assumed that thick cirrus clouds ex-

erties such as ice crystal size and number concentration Ayt a negative net cloud forcingchien et al. 2000. Fusina

well as supersaturation are predicted within the observationaﬁf\t al. (2007 showe_d that th? trar_15|t|_on of_posmve 1o nega-
spread. tive net cloud forcing for mid-latitudinal cirrus depends on

We find that heterogeneous nucleation on mineral dust parEhe ice crystal number concentration and thus on the cool-

ticles and the consideration of pre-existing ice in the nu-ing. rﬁtg and fordma'tion mechanisirigag and Karche2004
cleation process may lead to significant effects: globally,SpIC tinger and Gieren2009.

ice crystal number and mass are reduced by 10 and 5% Cirrus clouds can form via two different ice nucleation
whereas the ice crystals’ size is increased by 3%. The re[‘nechanisms: homogeneous freezing of supercooled solution

ductions in ice crystal number are most pronounced in thedroplets Koop et al, 2000 and heterogeneous nucleation

tropics and mid-latitudes in the Northern Hemisphere. WhileOf solid or crystall?ne aerosol particles, which are termed
changes in the microphysical and radiative properties of cir°€ nucle_l (INr)]_(\:]al" 1983, Whgreas ‘g&ngef?g:f/S frﬁez-
rus clouds in the tropics are mostly driven by consideringIng requires high supersaturations { B 6) the

pre-existing ice, changes in the northern hemispheric mid-su.rfac.e of an IN lowers the energy barrle.r for |ce-nuc|e-
cAtion in the case of heterogeneous nucleation, and ice crys-

so-called negative Twomey effect in cirrus clouds is repre_tals can form at lower supersaturations and/or at warmer tem-

sented in ECHAM5-HAM. The net change in the radiation peratures as compared to homogeneous freeBingpacher
budget is—0.94 W nT2, implying that both heterogeneous and Klett 1998. The knowledge about heterogeneous nu-

nucleation on dust and pre-existing ice have the potential tocleanon n _the_ upper troposphe_re IS poor, an_d direct mea-
surements in cirrus clouds remain challengi@gi€zo et al.

Introduction
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3028 M. Kuebbeler et al.: Dust ice nuclei effects on cirrus

2013 DeMott et al, 2011 Cantrell and Heymsfield2005. accounts for the competition between homogeneous and het-
DeMott et al.(2003 measured the IN composition of mid- erogeneous nucleation but also takes the depositional growth
latitudinal free-tropospheric air and found that mineral dust,of pre-existing ice crystals into account. The presence of
fly ash and metallic particles are the most abundant IN. Sevice crystals prior to a nucleation event can prevent homoge-
eral laboratory-based studies have consistently shown thateous and heterogeneous nucleation from occurring due to
mineral dust might act as good IN &t < 238K (Zuberi the depletion of water vapour by depositional growken-
et al, 2002 Archuleta et al.2005 Mohler et al, 2006 Field dricks et al.(201]) incorporated this parameterization into
et al, 2006h Welti et al, 2009 Koehler et al, 2010. How- the ECHAM4 GCM and found important effects on the over-
ever, the ice nucleation ability of mineral dust is most likely all cirrus properties, with decreases in the mean ICNC by up
dampened when the dust aerosol becomes coated with solte 20 %.
ble material, such as organics and sulfuric aMdiler et al, In this study we show results of the parameterization of
2008 Koehler et al.201Q Cziczo et al. 2009 (see also the  Karcher et al(2006 incorporated into ECHAM5-HAM. We
review paper about heterogeneous ice nucleationibgse  use a different aerosol scheme thdendricks et al(2011)
and Mohler2012). and treat sub-grid-scale vertical velocity differentiyen-
Several years ago, field observations reported persistentlgricks et al.(2011) concluded that the vertical velocity is
high supersaturations inside and outside of cirrus clouds ira key parameter driving the microphysics in cirrus clouds
the tropical tropopause layer (TTL), and with that the tra- and thus needs to be better constrained. In addition to the
ditional understanding of cirrus cloud formation was called turbulent-kinetic-energy-based scheme estimating the unre-
into question Jensen et gl2005 Peter et al.200§. This solved fluctuations in the vertical velocity.¢hmann and
was called the “supersaturation puzzle” and since then muctkarcher 2002 Lohmann et al.2004), we account for oro-
research into the matter has been ddfré&mer et al (2009 graphic cirrus clouds which form in the lee of mountains
found that high supersaturations can be explained with ob{Joos et a].2008.
served ice crystal number concentrations which are unex- We analyse the functionality of the new cirrus scheme im-
pectedly low and turned the “supersaturation” into a “nu- plemented in ECHAM5-HAM by considering the following
cleation puzzle”. A possible explanation for low ice crys- aspects: firstly, we analyse the role of homogeneous vs. het-
tal number concentrations (ICNC) is the suppression of ho-erogeneous nucleation and the climatic effects of heteroge-
mogeneous freezing through heterogeneous ice nucleatiomeous IN and pre-existing ice on simulated cirrus clouds, and
Karcher and Lohman(2003 showed that even low IN con- secondly, we compare the results of the new cirrus scheme
centration can prevent homogeneous freezing from occurringvith observations from in situ measurements.
and thus drastically affect the number of ice crystals formed
in a nucleation event. Recentl@gpichtinger and Kramer
(2012 showed that low ICNC and thus high supersaturations2 Model description
can be explained by homogeneous nucleation and consecu-
tive heterogeneous and homogeneous nucleation when tte1 ECHAMS5-HAM
complex dynamics in the TTL, namely slow large-scale as-
cent combined with high-frequency short waves, are takerECHAMS is a general circulation modeRfeckner et al.
into account. 2003 developed at the Max Planck Institute for Meteorology
The role of homogeneous vs. heterogeneous nucleation im Hamburg. ECHAM5-HAM includes a two-moment mi-
cirrus clouds and the possible impact of heterogeneous INrophysical cloud scheme as well as a two-moment aerosol
on cirrus clouds has also been studied in general circulamodule. The Hamburg Aerosol Module (HAMS{(er et al,
tion models (GCM). First attempts were madellphmann 2005 Zhang et al.2012) predicts the mixing state as well as
et al. (2008, who used a rather simplified description of aerosol number concentration and mass mixing ratio of seven
the competition of homogeneous and heterogeneous nuclexerosol modes. These seven modes are separated into four
ation. Heterogeneous nucleation is assumed to take place iimternally mixed aerosol modes and three externally mixed
a particular grid box if the number concentration of hetero-aerosol modes. HAM includes the major aerosol species
geneous IN exceeds a certain threshold and homogeneowsiifate (SU), black carbon (BC), particulate organic matter
freezing takes place elsewhere. They found larger ice crys(POM), sea salt (SS) and mineral dust (DU). The size distri-
tals, enhanced precipitation and reduced ice mass indudsution is given by a superposition of the log-normal modes.
ing changes in the radiation budget when mineral dust and Dust emissions are described followifiggen et al(2002
black carbon were assumed to act as IN. Recently, more scand thus depend on wind and hydrological conditions of the
phisticated parameterizations treating the competition of hosurface. Freshly emitted dust is assumed to be insoluble and
mogeneous and heterogeneous nucleation have been deveF the size of 005 < r < 1pum. The ageing of aerosols in
oped Kércher et al.2006 Liu and Penner2005 Barahona the atmosphere through coagulation or condensation of wa-
and Nenes2009. The advantage of the parameterization of ter vapour and sulfuric acid is described in HAM by shifting
Karcher et al(2006 over the other two is that it not only aerosols from the externally mixed to the internally mixed
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modes. The sulfur cycle is based Brichter et al(1996 cloud coverage and ice microphysics and should be aimed
and treats dimethyl sulfide (DMS), sulfur dioxide (§@nd  for in future studies.
sulfate (S@*) prognostically. The chemical reactants nec- Current GCMs are not able to resolve small-scale variabil-
essary for the sulfur cycle are prescribed as monthly meaiity of the vertical velocity; however, it has been shown that
fields. it is important to consider this in the context of ice nucle-
The stratiform cloud scheme is coupled to HAM and ation (Karcher and Lohmanr2002. Sub-grid variability of
treats mass and number of cloud water and ice prognostithe vertical velocity was introduced into ECHAM by adding
cally. ECHAM5-HAM distinguishes between mixed-phase a turbulent componenty;, based on the turbulent kinetic en-
and cirrus clouds based on temperature (238K < 273K: ergy to the grid box mean valuey (Karcher and Lohmann
mixed-phase cloudd; < 238 K: cirrus clouds) and uses dif- 2002):
ferent parameterizations for both cloud types. Dust and black
carbon can initiate ice formation in mixed-phase clouds® = ! +wt=wi+0.7VTKE, @)

at water saturation of 238K T < 273K; externally mixed  where TKE is the turbulent kinetic energy. In order to ac-
dust particles can initiate contact nucleation in the presenceount for orographically induced cirrus clouds, which form
of supercooled water droplets following the parameteriza-in the lee of mountains, the formulation of the vertical veloc-
tion of Levkov et al.(1992, as described ilohmann and ity has been extended. We assume that, followiogs et al.

Diehl (2006. The temperature dependence of the number2008, the turbulent component is dominated by the vertical

of contact nuclei is based on wind tunnel experiments develocity of a gravity waveugy in the case of orography:
scribed inDiehl et al.(2006. Internally mixed dust and black

carbon particles can initiate immersion freezing in super-w = Wi + wgw = wi +k - U - Min(3h, Shsap )

cooled cloud droplets, which is parameterized according tQyith x wave numberl/ horizontal wind speed;: amplitude

the stochastic freezi_ng hypothesis as describddigtl and ;¢ 4 gravity wave, andhsa saturation amplitude of a gravity
Waurzler (2004. Again, the temperature dependence of the,yaye The treatment of sub-grid-scale variability in vertical

number of contact nuclei is based on wind tunnel experi-yings in cirrus conditions remains, however, an elusive re-
ments Lohmann and Diehi2009. search issuek@archer 2012, as in situ measurements hint at

In cirrus clouds, homogeneous freezing of solution , gignificant mesoscale forcing of temperature fluctuations,
droplets below water saturation and heterogeneous nuclg;nresolved in global modelsipyle et al, 2005.

ation of dust can take place. We introduce the physi- aqgitional cloud processes that are considered in
cally based parameterization &&rcher et al(2009 into  EcHAMS are as follows: phase transitions between wa-
ECHAMS-HAM in order to treat ice nucleation and deposi- (o1 compounds other than freezing (condensation, evap-
tional growth in cirrus clouds in a competitive manner. This oration, deposition, sublimation, melting), precipitation

new cirrus scheme is described in S&2 In order to al-  5cesses (aggregation, accretion, autoconversion), melt-

low for supersaturation with respect to ice required for cir- ing/sublimation of snow and evaporation of ralohmann
rus cloud formation, we abandon the saturation adjustmeng; 5| 2008.

scheme. Instead, the depositional growth equation is solved
(Lohmann et al.2004. 2.2 New cirrus scheme
The diagnostic cloud cover scheme Bundgvist et al.

(1989 is used. Itis based on the grid-mean relative humidity In order to simulate aerosol-cloud interactions in cirrus

and assumes that a grid box is partly covered by clouds wherlouds, a new physically based parameterizatigér¢her

a critical relative humidity is exceeded and is totally coveredet al, 200§ has been implemented into ECHAM5-HAM.

when saturation is reached. Since we allow for supersaturafhe new scheme applies a multiple ice mode approach and

tions with respect to ice in order to parameterize homoge-considers the following four different ice modes competing

neous and heterogeneous nucleation, the Sundqvist schenfier the available water vapour during nucleation and deposi-

leads to a cloud covér, = 1 (as soon as ice crystals nucleate tional growth:

and growth occurs) or % bc > 0 (in ice-subsaturated air). _ homogeneous freezing of supercooled  solution

This means that a freshly nucleated cirrus cloud covers the dro Ie%s (HOM) 9 P

whole grid box and fractional cirrus cloud cover is only pos- P '

sible if the air is subsaturated with respect to ice and the cir-  _ deposition nucleation on externally mixed dust (DU),

rus cloud is in its dissolving stage of sublimation. Fractional

cloud cover for freshly nucleated cirrus clouds thus cannotbe  — freezing of supercooled solution droplets induced by

diagnosed as a drawback of the introduction of supersatura- ~ dustimmersions (DU-COATED),

tion in this scheme. As discussedKiércher and Burkhardt

(2008, treating fractional cirrus cloud cover prognostically

will ensure a physical consistency between fractional cirrusWe distinguish between immersion freezing of internally
mixed dust and deposition nucleation of externally mixed

— pre-existing ice crystals (PREEX).

www.atmos-chem-phys.net/14/3027/2014/ Atmos. Chem. Phys., 14, 3(BDA§ 2014
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dust because several studies have shown that the ice nuclews:
ation ability is different for pure and coated dust particles
(Mohler et al, 2008. A detailed description on the ice nucle-
ation properties of externally and internally mixed aerosols iswheren; ; are the multi-modal ice crystal number concentra-
given in Sect2.2.1 tions of each specific ice mode — HOM, DU, DU-COATED,
The pre-existing ice mode represents all ice crystals whichand PREEX.
are already in a grid box before ECHAM calculates cirrusice  Figure 1 illustrates how the multi-modal cirrus scheme
nucleation. This comprises ice crystals from previous timeperforms for different initial aerosol and pre-existing ice
steps as well as ice crystals transported into cirrus cloudgrystal concentrations in a box model.
but originating from other sources such as detrainment from The box model does not allow for settling in a column;
deep convective clouds or ice crystals formed in mixed-phasét only includes nucleation and depositional growth. The in-
clouds. crease in temperature due to latent heat is taken into account,
The competition between the four different ice modes isbut not the change in updraught velocitg&fcher et al.
realized by a subsequent freezing of aerosol types (starting006), which is prescribed as 20 cmsin the box model
with the most efficient IN and ending with homogeneous simulations.
freezing) and the concept of a reduced vertical updraught A summary of the aerosol and ice initial conditions is
wice caused by the consumption of water vapour by depo-given in Tablel. The temporal evolutions of the supersat-
sitional growth of pre-existing ice. uration with respect to iceS(), wice and the newly formed
In the case of supersaturation, and if there are ice crysiCNC are shown. In the case of pure homogeneous freez-
tals present, the cirrus scheme condenses mass on these pirg (cf. Fig. 1 first row, simulation HOM), the supersatura-
existing ice crystals and removes that from the actual supertion increases steadily with time until the critical supersat-
saturation. However, only as much supersaturation as needadation needed for homogeneous nucleati&n {om) is ex-
is depleted for this depositional growth during one time step.ceeded and ice crystals form from solution droplets. Driven
If the supersaturation is high enough to activate ice nuclei oby the choice of initial conditions the number concentra-
even exceeds that needed for homogeneous freezing, then ttien of newly formed ice crystals is approximately 700
different freezing modes and the pre-existing ice compete foiBoth formation and depositional growth of these ice crystals
the available supersaturation. This competition for supersatutead to a rapid consumption of the available water vapour
ration is the new aspect of cirrus formation introduced in thisand a decreasing directly after the freezing event. In this
study (for more details please referKércher et al.2006. case, the freezing event represented by the dotted line coin-
The new cirrus scheme requires that saturation adjustmertides with the peal§; represented by the dashed line. The
for cirrus clouds is abandoned. This was introduced in a prepeak S; illustrates the point in time whef; starts to de-
vious version of ECHAM when homogeneous freezing of su-crease caused by an efficient consumption of water vapour,
percooled solution aerosol for cirrus cloud formation was im-i.e. whenwice exceedsv. (Note: when homogeneous nucle-
plemented l(lohmann and KarcheR002. This version was ation takes placey is set to zero in order to calculate the
extended to account for pure heterogeneous freezing in griéffect of these ice crystals without further cooling.)
boxes in which the dust aerosol concentrations were suffi- The second row of Figl shows a case in which hetero-
ciently high and validated ihohmann et al(2008. geneous and homogeneous nucleation compete for the avail-
Due to their low number concentrations, ice crystalsable water vapour (simulation COMP1). Wh&g puy is ex-
formed via heterogeneous nucleation can grow to larger sizeseeded pure dust aerosols act as deposition nuclei and form
than homogeneously formed ice crystals. In order to avoidice crystals. We prescribe the initial concentration of pure
instabilities in the model induced by too fast sedimenta-dust aerosols to be 0.001 cfh All pure dust aerosols form
tion of these large ice crystals, we transfer ice crystals withice crystals, but their take-up of water vapour is too small
R; > 100 um to snow crystals, which are assumed to precipto shut off the other nucleation mechanisms ang: re-
itate, melt or sublimate below cloud base within one time mains beloww. Thus, Ser bu—coartep is exceeded and fur-
step. This separation between ice crystals and snow followshermore the coated dust aerosols nucleate ice crystals. The
Levkov et al. (1992). number concentration of newly formed ice crystals rises to
We introduce the new scheme into ECHAM5-HAM in a 2 L~1. The fictitious downdraught representing the effect of
similar way as it was done biendricks et al(2011]) in the growth of these ice crystals on supersaturation does not
ECHAM4. However, we only apply the multiple ice mode exceed the prescribed constant updraught of 20dmssich
concept to nucleation and depositional growth. All other pro-thats; continues to rise and homogeneous freezing also takes
cesses such as aggregation, accretion and ice transport gotace. The number of homogeneously formed ice crystals is
treated in an unimodal way using the unimodal ice crystalsmaller compared to the pure homogeneous freezing case be-
number concentrationV; single: Which is calculated as fol- cause the heterogeneously formed ice crystals have already
consumed part of the available water vapour and less wa-
ter vapour remains for homogeneous freezing of solution

Nj, single= ZNi,j,j € {HOM, DU, DU-COATED, PREEX} (3)

Atmos. Chem. Phys., 14, 3023046 2014 www.atmos-chem-phys.net/14/3027/2014/
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Fig. 1. Temporal evolution of the§;, wice and newly formed ICNC as simulated by the multi-modal ice nucleation scheme used as a
box model for simulation HOM (upper row), COMP1 (second row), COMP2 (third row) and PREEX (last row). Initial conditions are
p =100hPal = 210K, S; = 1.2, andw = 20 cm s L. Initial conditions of aerosol properties and pre-existing ice are given in Taflee

dotted line indicates the ice nucleation events and the dashed line indicates tt#. peak

Table 1. Overview over initial conditions of pre-existing ice crystalg (Rj) and the different aerosol typed’4, Ra) of simulations shown
in Fig. 1.

Nipreex Ripreex | Napu Rapu | Napu-coatep  Rapu-coatep | NaHom  Ranom

L= [um] | [cm=3]  [um] [em~3)] [um] | [cm~3] [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

droplets in the competitive case. In this setup of initial condi- leads to high ICNC, the change in the newly formed ICNC is
tions, deposition nucleation and immersion freezing of dustrather small.

aerosols reduces the overall number of newly formed ice A case in which homogeneous freezing is shut off is pre-
crystals. This effect has been termed the “negative Twomeysented in the third row of FidL (simulation COMP2). Here,
effect” (Karcher and Lohmanr2003. However, the hetero- the number concentration of pure dust aerosols is enhanced
geneous nucleation of dust particles is not able to shut ofto 0.1cn3. When S; reachesS¢; py all pure dust aerosols
homogeneous freezing, and because homogeneous freezifigGm ice crystals. These ice crystals efficiently deplete the

www.atmos-chem-phys.net/14/3027/2014/ Atmos. Chem. Phys., 14, 3(BDA§ 2014
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water vapour such thabice exceedsw. In this case both ing case, where ICNC =7001! shows that both high IN
immersion freezing of coated dust aerosols and homogeeoncentration and the existence of pre-existing ice with low
neous freezing are shut off. The point in time whepe number concentrations can lead to a strong negative Twomey
exceedsw and the overall supersaturation starts decreasingffect and thus change significantly the microphysical prop-
follows about 7 min after the first pure dust particles nucle- erties of cirrus clouds.

ated. This shows that the depletion of water vapour takes

longer compared to the two cases where homogeneous free
ing is involved. This can be explained by the fact that het-
erogeneous nucleation is limited by the number of aerosols,
whereas homogeneous freezing is usually not, except for the
tropics, where cirrus clouds under certain conditions mightThe ice nucleation ability of mineral dust has been exam-
be susceptible to such limitationsqghmann et a].2003. ined in several laboratory-based studies (see revieMdnse

Ice crystal growth depends inversely on size, implying thatand Méhler 2012. However, many of these studies were
many homogeneously formed ice crystals grow faster and deenly performed for warmer temperatures and only apply to
pletesS; more readily than only a few heterogeneously formedmixed-phase cloud conditions (i.&. > Thom, WhereThom=
ice crystals. Also, the supersaturation does not approach sa®38 K).
uration within the depicted time frame of 45min. It can be In general, and based on these laboratory studies, dust
seen thatvice cOnverges towards. Only a slight increase in  is considered as a good IN since the supersaturation where
vertical velocity would be sufficient to increaseand trig-  freezing starts §;) for pure dust particles varies between
ger further ice formation events. On the other hand, a slightl.01 and 1.35 depending on dust type and particle size
decrease in vertical velocity would brirgj to saturation or  (Hoose and Mo6hler2012 and references therein). This is
even sub-saturation. This points to one limitation of that cir- a significantly lowerS; compared to homogeneous freezing.
rus scheme, namely the assumption of a constant updrauglfor coated dust particles the spread between the different
throughout the whole cirrus ice formation event. measurements is largef;, varies between 1.15 and 1.7 and

The last row of Fig.1 illustrates the influence of pre- in some cases even exceeflgnhom. Different coating ma-
existing ice on the formation of newly formed ice crystals terials and coating thicknesses explain the larger spread in
(simulation PREEX). We assume thAlf preex=10 L1 of these measurementslgose and Md6hler2012 and refer-
size R preex = 50 um are present in the grid box before the ences therein).
cirrus scheme is called. We conclude that both pure dust and coated dust particles

As a first step, the water vapour uptake of the pre-existingcan initiate heterogeneous nucleation in cirrus clouds but that
ice crystals is calculated by estimating the fictitious down- pure dust is the better IN.
draughtwice of these ice crystals (the calculationwfe fol- Several studies have reported that not all dust aerosols act
lows Eq. 13 oKéarcher et al.2006. Then, the scheme checks as IN and initiate ice crystal formation during a nucleation
whetherwice is already exceeding the constant updraught ofevent. In order to describe the ice nucleation ability of any
20cmst. aerosol type, this fraction of activated particlgg)(should be

The existence of the pre-existing ice is the reason whytaken into account in addition t§,. We base the description
wice # 0cm s at the first time step (different from the other of deposition nucleation of pure dust and immersion freez-
three rows). Sincajce < w the supersaturation rises and de- ing of coated dust in the new cirrus schemehddhler et al.
position nucleation of pure dust aerosols takes place. We prg200§ andMohler et al. (2008, respectively. The advantages
scribe the number of pure dust aerosols to be 0.008¢m of these two studies over other studies are the following: first,
e.g. the lower value which was also used in the competitivetheir measurements are performed at temperatures well be-
case (second row). Together with the pre-existing ice crysdow Thom, and for pure dust aerosols a broad range of tem-
tals, these heterogeneously formed ice crystals consume theeratures is covered; second, they parameterizéar use in
water vapour efficiently and shut off immersion freezing of global climate models; and third, for consistency, we decided
coated dust aerosols as well as homogeneous freezing. Fuie base our assumptions about heterogeneous nucleation for
thermore,S; does not approach saturation here and ~ w, both pure and coated dust aerosols on the same laboratory
indicating a rather slow depletion process. device.

The last two cases (high pure dust number concentration Mohler et al.(2006 investigated the ice nucleation abil-
and pre-existing ice present) shut off homogeneous freezity of pure dust aerosols in the AIDA cloud and aerosols
ing and thus lead to a significantly reduced overall ICNC chamber in Karlsruhe. Arizona test dust (ATD), which is a
compared to the pure homogeneous case. If we account faather arbitrary dust sample, and two more natural dust sam-
the number of pre-existing ice crystals in addition to the ples from the Taklamakan desert in western China and the
newly formed ice crystals, then we find ICNC=100L  Sahara were used as IN. The aerosol size varied between
and ICNC=11L"1 for the third and fourth row, respec- 300 and 500 nm and the temperature ranged between 196 and
tively. Comparing that to the pure homogeneous freez-223 K. Based on a large data set they developed the following

521 Heterogeneous nucleation of pure and coated
mineral dust aerosols
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parameterization foys: — HOM+PREEX: homogeneous freezing and deposi-
tional growth of pre-existing ice crystals compete for

fa=expa- (S = Serpu)) — 1. ) the available water vapour. Heterogeneous nucleation

Ser.pu @anda are fit parameters in this parameterization and is not considered.

need to be taken from the list of measured values given in

Mohler et al.(200§. We choose — HOM+HET: homogeneous and heterogeneous nucle-

ation compete for the available water vapour. Deposi-
Serou=12;, a=05V220K< T < Thom (5) tion nucleation of pure dust aerosols start§at= 1.1

or 1.2 depending off'. f5 is parameterized following
Méohler et al.(2006. For immersion freezing of coated

Serpu=11; a=20V T <220K, (6) dust aerosols§c is 1.3 andfy is 5 %.

and

which are mean values of the more atmospheric relevant In Sect. 4, we compare the results derived by ECHAM5-

aerosol types from the Sahara and Asian deserts. HAM with the new cirrus scheme with observations. Here we
Mohler et al.(2008 investigated the ice nucleation ability again use the simulations HOM, COMP, HGMREEX and

of coated dust particles. ATD and illite aerosols are coatedHOM+HET. All simulations are run over 5 years in a hori-

with semi-volatile products from the reaction efpinene  zontal resolution of T42 (2.8125« 2.812%) with 19 vertical

with ozone in order to mimic atmospheric ageing. The coat-levels as well as with climatological sea surface temperature

ing mass fraction varies between 17 and 41wt %. The meaand sea ice extent.

surements were also performed in the AIDA chamber and

were exposed to temperatures between 201 and 205K. The

general conclusion of that study is that the thicker the coat> Results

ing, the poorer the IN. The maximurf, reached in this

experiment was 0.1-0.2 arfid; pu_coarep ~ 1.3 for ATD

particles with a thin coating. The knowledge and measureqy, this section we examine the simulation COMP, where ho-
ments of immersion freezing of coated dust aerosols is morenggeneous freezing, deposition nucleation of pure dust and
limited than for deposition nucleation of pure dust aerosols.jmersion freezing of coated dust aerosols and pre-existing
We therefore decide to use a rather rough description for imjce crystals compete for the available water vapour during
mersion freezing of coated dust aerosols in ECHAMS. Wejce pycleation and depositional growth. We analyse the four
choosefa = 0.05 andSer.pu-coarep = 1.3 in order to de- gitferent ice modes in detail in order to understand the role

scribe immersion freezing of all coated dust aerosols inde homogeneous vs. heterogeneous nucleation. These ice
pendently of their coating thickness. modes are as follows:

3.1 Role of homogeneous vs. heterogeneous nucleation

2.3 Setup of simulations — 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;

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 vs. heterogeneous nucleation and the climatic — DU: deposition nucleation of pure dust particles;
effects induced by heterogeneous IN and pre-existing ice.

For this purpose we have performed the simulations HOM, —— DU-COATED: immersion freezing of coated dust par-

COMP, HOM+PREEX and HOM-HET (cf. Table2). ticles;
— HOM: only homogeneous freezing takes place. Het- — HOM: homogeneous freezing of liquid solution
erogeneous ice nucleation and pre-existing ice crystals droplets.

are not considered. This simulation represents the orig—F. h | and | f the i al
inal cirrus scheme implemented in ECHAM5-HAM. Igure Shows annual and zonal means of the ice crysia

number concentration ICNC in the cloudy part of the grid

— COMP: homogeneous and heterogeneous nucleatiobox; the ice crystal siz&;; and the number concentration
as well as depositional growth of pre-existing ice com- of aerosols initiating ice nucleatioN3 in the first, second
pete for the available water vapour. Deposition nucle-and third column, respectively. The information is given for
ation of pure dust aerosols starts@t=1.1 or 1.2 each individual ice modeV, describes the number concen-
depending or’. The activated fractiory, is param-  tration of heterogeneous IN in the case of DU, and DU-
eterized followingMohler et al.(2006. For immer-  COATED, and of solution droplets in the case of HOM. In
sion freezing of coated dust aerosds;, is 1.3 andfa Sect.2.2.1we further discussed that only a fraction of all
is 5%. This is the new cirrus scheme as described inaerosols present in a nucleation event acts as IN and in-
Sect.2.2 troduced the term activated fractiorfz]. The variableN,
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Fig. 2. Annual zonal means of ICNC (first column), the particle size before the larger particles are transferred it &emond column),

the number concentration of heterogeneous IN (in the case of DU, and DU-COATED) and of solution droplets (in the case dfizHOM)
(third column), the percentage frequencyMf/ Na = 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 and HOM - inside the cloudy part of the grid
box. Note thatV, is given in L1 in the case of heterogeneous nucleation and intim the case of homogeneous freezing. The black line
shows the annual mean tropopause and the red line illustrates the mean position 85 tiisotherm.

Table 2. Overview over simulations. We show which of the four ice modes — PREEX, DU, DU-COATED and HOM - are active in each
simulations, as well as the details of heterogeneous ice nucleation. The notations “paran%étarideparameterize%’ mean thatfa pu
andScr,py are parameterized according to E4); @nd f pu-coatep= 0.05 andS¢; pu—coatep = 1.3, respectively.

| PREEX | DU | DU-COATED | HOM
HOM no no no yes
COMP yes yes (parameterizeé)l | yes (parameteriz&)l | yes
HOM+PREEX | yes no no yes
HOM+HET no yes (parameterizé{)i yes (parameterizé()i yes

shown in Fig.2 takes this activated fraction into account shows the importance of heterogeneous nucleation compared
and only shows the part of dust aerosols acting as IN. In thdo homogeneous freezing and where it matters most.
case of HOM, N, constitutes all internally mixed aerosols  Comparing the ice crystal number concentrations of the
except particles with dry radii smaller than 5nm. Depicted different ice modes shows that most ice crystals are con-
in the fourth column is the fraction of time steps fulfill- tained in PREEX. This does not imply that cirrus clouds are
ing the condition%1 > 0.99 divided by all time steps during mostly composed of ice crystals stemming from processes
which clouds have been presem.represents the ice parti- other than homogeneous and heterogeneous nucleation at
cle number concentration of the respective ice mode. Thisl' < Thom such as detrainment from deep convective clouds
quantity provides information as to how often the ice nu- or freezing in mixed-phase clouds; rather, it shows that the
cleation event is limited by the availability of heterogeneousice mode PREEX, includes all ice crystals from previous
IN or solution droplets. The fifth column depicts the fraction time steps, whereas the other three ice modes only represent
Ni whereni 1otal IS the sum of all freshly nucleated ICNC, the freshly nucleated ice crystals. Ice crystals which formed

Nijotal’ . . . .
€.0.Ni total = Ni.pu + Ni.ou—_coatep+ Ni.nowm. This fraction  in the ice mode HOM, at time step- 1, are part of ice mode
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PREEX, at time step This is true for DU and DU-COATED to initiate freezing (DU, DU-COATED, HOM) because the
as well. In the two heterogeneous ice modes the lowest icsupersaturation required to nucleate DU is more often ex-
crystal number concentrations are found with a maximumceeded than the supersaturation required to nucleate DU-
ICNC of 0.1-1 L=, Ice crystals formed homogeneously are COATED and HOM. Thus they have more time to grow via
3 orders of magnitude higher in number and reach a maxidepositional growth. Secondly, the ice crystal size is anti-
mum ICNC of 100-1000t1. correlated with the aerosol number concentratin For a
This difference in ICNC is caused by the number of avail- given supersaturation (this means for a fixed amount of water
able aerosols acting as IN for heterogeneous nucleation avapour which can be transformed into the solid phase) larger
as solution droplets initiating homogeneous freezing (ége (smaller) ice crystals will form if the aerosol number concen-
in the third column of Fig.2). The number concentration tration and thus the ice crystal concentration is low (high).
of heterogeneous IN is much smaller compared to the num- The fifth column of Fig2 shows the fraction of heteroge-
ber of solution droplets available for homogeneous freezingneously formed ice crystals compared to the total number of
Pure dust particles are only rarely found in the upper tropo-freshly nucleated ice crystals. We can see that, in terms of the
sphere andV, py ranges between 0.01 and 11 Approxi- ice crystal number concentration, cirrus formation is dom-
mately 1 order of magnitude more coated dust particles arénated by homogeneous freezing in the tropical uppermost
found and the number concentration of solution droplets istroposphere everywhere but in the SH arountl $@&nd in
increased by 5 orders of magnitude ranging betweerl@® the Arctic. All other regions’ heterogeneous nucleation con-

and 5x 10° L1, tributes to< 5% of the total number of newly formed ice
Homogeneous freezing is rarely limited by the availabil- crystals. The contribution from heterogeneous nucleation is
ity of solution droplets. This is consistent withia Hom > larger in the case of DU-COATED than in the case of DU,

Ni nom. We also see in the fourth column of Fig.that because we find more coated dust particles in the upper tro-
the formation of ice crystals via homogeneous freezing isposphere compared to pure dust aerosols leading to more
only limited in 0.1-1 % of all cases. Heterogeneous nucle-ICNCpy_coatep than ICNGy. Heterogeneous nucleation
ation is, however, limited by the number concentration of contributes largest in the lower tropical troposphere and in
IN. Figure 2 shows that heterogeneous nucleation is limitedthe Arctic. Here, the contributions reach 30 % and partly even
by the availability of heterogeneous IN in up t030% of  exceed 30 % for DU-COATED.
all ice formation events in the case of DU-COATED, and Liu et al. (2012 found similar results: heterogeneous nu-
in ~70% in the case of DU. This means that we expectcleation contributes most in the lower tropical troposphere
Nipu and N; pu—coaTep close to be equal tvapy and and in the NH, with values exceeding 50 %. In the upper
Napu—coaTeD, respectively, which is indeed the case in our troposphere they found only weak contributions of heteroge-
results. Areas where cirrus cloud formation is limited by het- neous nucleation of less than 10 % or less than 1 % depending
erogeneous IN are mainly found in the uppermost tropicalon the nucleation scheme. The main difference between the
cirrus and in the Southern Hemisphere (SH). These are reresults ofLiu et al. (2012 and ours are the mid-latitudes in
gions where generally low IN concentration are present bethe NH. While our results suggest that heterogeneous nucle-
cause the main dust sources such as the Sahara and Asiation does not play an important role thelr@) et al. (2012
deserts are located in the Northern Hemisphere (NH). conclude that in this region (together with the lower tropical
The second column of Fig@ shows the ice crystals’ ra- troposphere), the largest contributions from heterogeneous
dius of each ice mode before the ice crystals larger 100 umnucleation can be found. These differences may either be
are transformed into snow. The largest ice crystals are found¢aused by the cirrus scheme or by the initial aerosol num-
in the ice mode PREEX, and the smallest in HOM. Ice crys-ber concentration. The dust concentration presentddun
tals of the ice mode PREEX are largest because they repreet al. (2012 shows more dust aerosols in the NH with con-
sent ice crystals from the last time step which have alreadycentrations 1 order of magnitude lower in the SH through-
grown. Secondly, the new cirrus scheme takes the deposieut the troposphere. This difference between NH and SH is
tional growth of pre-existing ice crystals into account, which much weaker in our IN nhumber concentrations depicted in
affects the temporal evolution of the supersaturation. OnlyFig. 2. One should keep in mind that we take the activated
if the vertical updraught is strong enough to alléito ex-  fraction (see Tabl® and Eqg.4) into account in Fig2 and
ceed the nucleation thresholds despite its reduction due tonly show the IN active fraction of all pure dust or coated
pre-existing ice will heterogeneous and homogeneous freezdust particles. Thus, the number concentration of all pure
ing take place. This means that depositional growth of thedust aerosols has a different zonal distribution. One impor-
pre-existing ice crystals and the formation of new ice crys-tant difference between our cirrus scheme and the nucleation
tals are subsequent processes and that the ice mode PREEXhemes used lyiu et al. (2012 is that we account for the
is exposed to supersaturation for a longer time than the othedepositional growth of pre-existing ice crystals during the
three ice modes. For the three freshly nucleated ice crystareezing event. The pre-existing ice affects the rate of het-
types, the following relationship holds: the ice crystal size erogeneously and homogeneously formed ice crystids{
decreases with increasing critical supersaturation requiredricks et al, 2011 Kéarcher et al.2006, and thus it is likely
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that the consideration of the pre-existing ice might change Figure3.2shows annual and zonal means of the vertically
the percentage contribution of heterogeneous nucleation. integrated ice crystal number concentration (IGNen,
Figure 3 shows the global distributions of heterogeneousthe vertically integrated ice water content (ice water path,
IN concentrations and of the resulting ice crystal numberlWP), total cloud cover (TCC), and the short-wave and long-
concentrations averaged between 130 and 270 hPa. Both iagave cloud forcings (SCF, LCF) for the different simula-
modes DU, and DU-COATED, are taken into account. Pleasdions. If possible, we also included observations from differ-
note the different colour bars in both panels. We can seent sources in the plots. ICNGgenis significantly reduced
that highest IN concentrations of 20-50"Lare found over in the tropics and the mid-latitudes of the NH in COMP
northern Africa, the North Atlantic Ocean, northern parts compared to HOM. In these regions ICNfenis reduced
of South America and central Asia. The IN concentrationsby ~ 15 %. No regions exist where ICNqdeniS enhanced
include pure and coated dust particles and it makes sense COMP. Heterogeneous nucleation and pre-existing ice re-
that highest dust concentrations are found near the main dustuce the overall ICNC, because they consume water vapour,
sources such as Asian deserts and the SaWdexek et al.  which in the case of HOM would have been available for
(2010 showed that dust aerosols lifted up into the upper tro-homogeneous freezing and would thus decrease or even sup-
posphere originate from Asian deserts rather than from thgoress homogeneous freezing in the case of COMP. The neg-
Sahara. Also our model suggests that maximum IN concenative Twomey effect as introduced Byrcher and Lohmann
trations exceeding 501! between 130 and 270 hPa are close (2003 in a detailed microphysical box model can thus be
to Asian deserts. The Saharan Air Layer is represented reaepresented in the GCMHgndricks et al.2011). The pos-
sonably well, covering the region over the North Atlantic itive Twomey effect was found to be of minor importance
Ocean between the Sahara and the American contiResg{  in Karcher et al.(2009 and thus plays a negligible role in
pero and Carlsarl972 Dunion and Velden2004. Studies  the GCM. Also,Hendricks et al(2011) found reductions in
about IN measurements in the upper troposphere are spar$€NC which were mostly pronounced in the tropics and mid-
because accurate measurements of IN in the field remaitatitudes.
challenging DeMott et al, 2017). DeMott et al.(2003 per- The simulation HOM-PREEX and HOM-HET help to
formed a campaign at Storm Peak Laboratory in Coloradounderstand the reductions in ICNC in more detail: ICNC
USA, with direct access to free-tropospheric air. They mea-of simulation HOM+-HET follows simulation HOM in the
sured cirrus ice crystal residuals and found IN concentratropics but deviates in the mid-latitudes of the NH, whereas
tions of less than 30t!. During the SUCCESS campaign, simulation HOM+PREEX is close to COMP everywhere.
the typical IN concentration was found to be of the order of This shows that the depositional growth of pre-existing ice
10L~1 (Rogers et a).1999. IN concentrations simulated by crystals in the tropics is mostly responsible for the reduc-
ECHAM5-HAM with the new cirrus scheme vary between 5 tions in ICNC and that heterogeneous IN seem to play only
and 2011 in most parts of the globe and are thus in good a minor role. However, heterogeneous IN significantly re-
agreement with the observational resultsgMott et al.  duce ICNC in the mid-latitudes of the NH via the above-
(2003. mentioned negative Twomey effect in the absence of pre-
The sum of both heterogeneously formed ice crystal num-existing ice (HOM-HET vs. HOM). If pre-existing ice is
ber concentrations between 130 and 270 hPa varies betweenmesent, then the Twomey effect is much weaker (COMP vs.
0.1 and 10LEL. These values are slightly smaller than the HOM+PREEX).
IN concentrations in the same pressure levels, indicating that In the SH no changes are found between the simulations
either the heterogeneously formed ice crystals sediment télOM and COMP. We have seen in Se&tl that the IN con-
lower levels due to their large sizes, and thus high sedimeneentrations are larger in the NH than in the SH because of
tation velocities, or that not all IN freeze to ice crystals as dis-the location of the main dust sources, and thus the largest
cussed above. As expected, we can see that regions of higthanges in ICNgyrgenbetween HOM-HET and HOM are
ICNChet coincide with regions of high IN concentrations. found in NH mid-latitudes. This result is in good agreement
This shows that the formation of heterogeneously formed icewith Liu et al. (2012, who found the largest IN-induced ef-
crystals is strongly dependent on the IN concentration andects on ICNC also in NH mid-latitudes. The largest changes
thus on the assumptions made about the activated fraction im the tropics stem from considering pre-existing ice.
order to diagnose the IN concentration from the total dust WP is reduced in the same regions as |GhgenWhen

concentrations. we account for competitive ice nucleation and depositional
o growth despite the increase in ice crystals’ size in COMP.
3.2 Climatic effects The decrease in IWP shows that the loss in ice mass in-

, , duced by fewer ice crystals cannot be compensated for by
In this section we analyse the effects of heterogeneous “”ClE?hcreasing ice crystal size. Furthermore, here, the changes

ation and the consideration of pre-existing ice on climate. In,, \wp in the tropics seem to be driven by the depositional

order to do so, we compare the following simulations HOM, ¢rqth of pre-existing ice, whereas heterogeneous IN cause
COMP, HOM+PREEX and HOM-HET (Cf Tab|82) the Changes in the NH mid-latitudes.
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Fig. 3. Left: IN concentration (130-270 hPaJ L. Right: ICNGyet (130—270 hPa) 1. Annual mean global distributions of heterogeneous
IN concentrations ¥a pu + Na Du—COATED) in L~ and of the resulting ice crystal number concentratiavisgly + Ni pu—coATED) in
L~ averaged between 130 and 270 hPa. Note the different colour bars.

The total cloud cover is only affected slightly by heteroge- nucleation and pre-existing ice competes with homogeneous
neous nucleation and pre-existing ice crystals. We see smafteezing. Cirrus clouds with fewer and larger ice crystals and
differences in the tropics, but no changes in the NH mid-a reduced ice mass trap less outgoing LW radiation. Ad-
latitudes. This was also observed by et al. (2012. Het- ditionally, when heterogeneous nucleation takes, place cir-
erogeneous IN decrease the high cloud cover through fewetus clouds can form at lower altitudes, because only smaller
and larger ice crystals, which sediment faster, but may lead t@upersaturations are required to initiate heterogeneous nucle-
increased cloud cover below. The change in TCC is thereforation, in contrast to homogeneous freezing. Cirrus clouds at
difficult to interpret. Figureb shows the differences in zonal lower altitudes absorb and re-emit LW radiation at warffier
mean cloud cover as a function of pressure and latitude focompared to the case of HOM. Since the LCF is dependent
the simulations COMP, HOMPREEX and HOM-HET as  on the difference betweeh at the surface anfl of the cirrus
compared to HOM. We see that pre-existing ice decreases theloud, which becomes smaller in the case of COMP, the LCF
cirrus cloud cover mostly in the tropics and at high latitudesalso decreases. The comparison to observations shows again
by up to 6 %. The changes in cirrus cloud cover induced bythat the spread in the different satellite products is larger than
heterogeneous IN are negligible. The consideration of prethe spread between our simulations. Generally, our simula-
existing ice crystals which are large in size (cf. also R)g. tions match the observations, except in the subtropics for the
and sediment fast seems to not only influence cirrus cloudsCF and in the mid-latitudes for the LCF.
cover but also reduces the total cloud cover in the tropics, The above discussion shows that both heterogeneous IN
where cirrus clouds constitute an important fraction of TCC.and pre-existing ice have the potential to significantly im-
The observations of TCC are based on three different satellitpact cirrus clouds and the energy budget with regional dif-
products and show a large spread. The spread between ofgrences: heterogeneous IN seem to be the main driver for
simulations is smaller. In all simulations ECHAM5-HAM the simulated climate perturbations in the NH mid-latitudes
fits the observations in the mid-latitudes and tropics, but un-and pre-existing ice is the most important driver in the trop-
derestimates TCC in the subtropics and overestimates TC@s. This difference is plausible if one considers that the two
at high latitudes. regions (tropics, NH mid-latitudes) are characterized by dif-

The short- and long-wave cloud forcings show different ferences in the variables which mostly drive indirect effects
changes between the simulations COMP and HOM. Thein cirrus clouds (such as vertical velocity, temperature and IN
SCF is affected only slightly and only in the tropics. Here number concentration).
the SCF becomes less negative ©8 Wm~2 when het- Table 3 shows the annual and global mean precipita-
erogeneous nucleation and pre-existing ice is taken into action (P), total cloud cover TCC, aerosol optical depth
count. Changes in SCF coincident with regions of changegAOD), water path of liquid and ice (LWP, IWP), verti-
in TCC imply that SCF is strongly dependent on TCC. Pre-cally integrated number concentration of cloud droplets and
existing ice crystals reduce cirrus cloud cover, as explainedce crystals (CDNGurden ICNCpurden, €effective ice crys-
above, and thus allow more SW radiation to enter the Earth+tal radius R i), short-wave and long-wave cloud forcings
atmosphere system. The reduction in IG)NGenin the NH (SCF, LCF) and the top-of-atmosphere (TOA) net radia-
mid-latitudes combined with no changes in TCC does nottion (Fpey) for the simulations HOM and COMP. Addition-
lead to strong changes in the SCF. This is different for LCF.ally, the differences of these annual and global means as
Here changes in the tropics and the NH mid-latitudes canwell as the percentage difference between COMP and HOM
be observed. LCF decreases by.5Wn1 2 in the tropics  are given. We see strong changes in the percentage differ-
and~ 2 W m~—2 in the NH mid-latitudes when heterogeneous ences in ICNGugen When heterogeneous nucleation and
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__ICNC burden'leto/m? o wegmt aerosol number concentration. The ice water path is glob-

osf = Mioncex E ally reduced by 5%. This is in agreement withu 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 kN

The change in ICNgyrgenbetween HOM and COMP results

] from a reduction in ICNGom and an increase in ICN$y

HOM+HET

2| ——— HOM
HOM+PREEX

- e and ICNGyy_coarep. This means that in the case of COMP,
0SS WS EQ AN ON o0 SS @S s EQ AN N w0 we expect a decrease of small ice crystals and a slight in-
Total cloud cover % crease of large ice crystals. The ice mass represented by IWP

oo} T Hlereex is therefore affected by two counteracting changes: an in-
crease 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 crys-
tals and the increase in heterogeneously formed ice crystals
together result in an increase B i of 3 %.
S The total cloud cover is globally decreased by 4 %. We
Xows WS E e e have already discussed that TCC is difficult to interpret and
_LCFwm? we have seen that cirrus cloud cover is regionally reduced
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 evaporate. 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.

oS ISR o R s e e R s e These global changes in microphysical properties of cirrus
Fig. 4. Annual and zonal means of ICNC burden, IWP, Tcc, clouds affect the radiation budget of the Earth-atmosphere
SCF and LCF for the different simulations HOM, COMP, System. SCF is enhanced by 0.95W4mand LCF is de-
HOM+PREEX and HOM-HET. The following satellite-based ob- ~ creased by 1.5 W 7. The SW effect is caused by a reduced
servations are used: CERES, Clouds and Earth’s Radiant Energgloud albedo which in turn is caused by reduced TCC, re-
System Wielicki et al, 1996; ISCCP, International Satellite Cloud duced ICNGyrden larger Refr,i and reduced IWP. Less SW
Climatology Project Klan et al, 1998; MODIS-COLL5, Mod-  radiation is scattered back to space and more SW radia-
erate Resolution Imaging Spectroradiometer, Collectiont®{/  tjon enters the Earth—atmosphere system. Fewer cirrus clouds
modis-atmos.gsfc.nasa.gov/_products.mERBE, Earth Radiation \yith fewer and larger ice crystals and less ice mass trap less
Budget Experimenthttps://science.larc.nasa.gov/exmnd TOVS, LW radiation and thus lead to a decrease in LCF. Globally

TIROS Operational Vertlgal SoundeSdott et al. 1999. DD rep- the LW effects dominated over the SW effects, such that the

resents surface observations of the total cloud coMah( et al. . .

1994). Earth—atmosphere system is exposed to a net _clo_ud forcing of
—0.55W nT 2. The changes in the clear-sky radiation amount
to —0.4 W n1 2 due to cooling by less water vapour, and thus
the impact of heterogeneous IN and pre-existing ice causes

pre-existing ice crystals compete with homogeneous freezthe Earth—-atmosphere system to cool by 0.94 W im the

ing, ICNGyyrdenis globally reduced by 10 %. This shows that net all sky radiation at TOA.

heterogeneous nucleation on dust and pre-existing ice can The differences in global mean all sky radiation between

consume the available water vapour efficiently and reducesimulation HOM-HET and HOM as well as HOMPREEX

the homogeneous nucleation rate. This implies that competiand HOM are—0.02 W n2 and—1.02 W nT 2, respectively.

tive ice nucleation mechanisms can have a significant globalhis shows that in terms of global mean values the consid-

impact on the microphysical properties of cirrus clouds. eration of preexisting ice plays the most important role and

et al. (2012 also found global reductions of ICNygen Of that considering heterogeneous nucleation of dust in addition

1-17 % depending on the cirrus nucleation scheme used. to homogeneous nucleation is rather negligible. However, as

The global mean effective ice crystal radius is increasedstated above (cf. Fig. and corresponding text), on a regional

by 3%. We have seen in Se8tlthat the ice modes PREEX, scale both microphysical processes are important and either

DU and DU-COATED have larger ice crystal sizes comparedone can dominate, and thus need to be considered for cirrus

to the ice mode HOM. This is caused by the length of time cloud modelling.

the ice crystals are exposed to supersaturation and by the
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Fig. 5. Annual and zonal mean differences of cloud cover as a function of pressure and latitude for the different simulations COMP,
HOM+-PREEX and HOM-HET compared to HOM.

Table 3. Global multi-annual (10-year) mean cloud properties and TOA energy budget for the simulations HOM and COMP.

| HOM COMP  Difference COMP-HOM  Relative change [%]

Prot [mmd—1] 2.83 2.87 0.04 1
TCC [%] 64.5 62.3 -23 —4
LWP [gm—2] 55.7 55.6 0.08 >-1
IWP [gm—2] 5.4 5.1 -0.3 -5
CDNGCpyrden  [1 x 1010m=2] 2.6 2.61 0.01 <1
ICNCpurden  [1x1019m=2] | 0.22 0.2 —0.022 —-10
Reff.i [um] 14 1445 0.45 3
SCF W2 -55.8 —54.8 0.95 -2
LCF [Wm=2] 30.3 28.8 -15 -5
Fhet [Wm~2] 0.34 -0.61 —0.94 —280

Liu et al. (2012 found a net cloud forcing 0f0.3 W 2 over a large range, indicated by the light-grey shaded area
when IN concentrations of 20-50L were used, similar representing the 0-100th percentile. We additionally show
to our IN concentrations. In the case of IN concentrationsthe 25-75th percentile (dark-grey shaded area). The model
of 200 L1 their net cloud forcing was-0.4 W ni 2, com- results are based on 6-hourly output data for January, April,
posed, however, of large SCF and LCF of 2W4mand  July and October. The solid lines represent the median of the
—2.4WnT?, respectively. simulated ICNC and the dotted lines the mean of ICNC. The

Liu et al. (2012 only present zonal means and show that huge spread between median and mean indicates that the dis-
the LW and SW changes occur in the tropics($68-10 N) tribution of ice crystals is skewed. In a skewed distribution
and in mid-latitudes of both hemispheres and that they arg¢he mean is sensitive to outliers and thus not robust. We there-

offsetting each other in the same regions. fore concentrate on the median in the following comparison.
_ _ _ The observed ICNC shows an increase with increa%ing
3.3 Comparison with observations and the 25-75th percentiles of ICNC vary between about

. ) ] ] ] ] 0.01 and 10 cm3. The observational range between max-
In this part we validate the model simulations against differ-jnum and minimum ICNC is large. Minimum ICNC of

ent observational data sets. We compare the four simulationg 092 cn3 and maximum ICNC of 60 ¢ can be found.
HOM, HOM+HET, HOM+PREEX and COMP, which are  1ne fewest ice crystals are found in very cold cirrus be-
described in Sec®.3, with airborne in situ data from several |45, 200 K. Kramer et al.(2009 mention possible expla-

field campaignsKramer et al.2009). nations for this: ice nucleation might be suppressed by the

incorporation of organic materiaMurphy et al, 2007 or
ice nucleation might be dominated by heterogeneous nucle-
Figure 6 shows ICNC in cirrus clouds vg.. The observa- _atio_n, shutting off homoggneous freezing. A third possibil-

: dly is homogeneous freezing at only very low vertical up-
draughtsKramer et al(2009 argue that one of the first two
e(?‘xplanations is the most likely because in the upper tropo-
sphere/lower stratosphere region (UTLS) higher vertical up-
draught has been reporteldavson et al.2008. One open

3.3.1 In-cloud ICNC

from 9.7 sampling hours during 28 flights. The field cam-
paigns were performed between 1999 and 2006 and cov
the Arctic, mid-latitudes and tropics betweer? Rband 30 S
(Kramer et al.2009. The observed data of ICNC vE.vary
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January ' inlet of the FSSP becomes more important in warm cirrus,
1o00000)- —— oM Qeservatons (2575t percentle) i where ice crystals are typically larger and play only a mi-
100000} ——— Honser 4 nor role in cold cirrus cloudsHeld et al, 2003 20063.
R TR — .V ¥ For the following comparison of our model simulations with
£ o000 / observations we should keep in mind that in warm cirrus
 oowo clouds, the measured ice crystal number concentration might
0.0010 be overestimated.
o000t ™ o / o 0 o " The simulations HOM, HOM-PREEX, HOM+HET and
B verit COMP lie mostly between the observational range. Figure
N p———— Gtsenstors (2575 e ] shows that_there are rather small changes be_twe_ze_:n the _dlffer-
L0000l coup | ent simulations for warmeF, but we can see significant dif-

ferences between the simulations for col@leil his might in-
dicate that heterogeneous nucleation plays a stronger role in
cold cirrus clouds than in warm cirrus clouds. We would like
to reiterate that global mean ICNggenchanges by-10%

and global mearRes; changes by 3% between HOM and

100002\ttt it

ICNC /em?®

0.1000
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180 190 200 210 220 230 240

Temperature /K COMP, as shown in Sec®.2 Our analysis revealed that het-
Ly — erogeneous nucleation contributes significantly to these dif-
1000000~ —— KON ocex Obeenvations (6200 borcantie E ferences.
10.0000 Fowy

Obeenatons 7 For T > 220K all simulations underestimate ICNC and
S O N suggest a comparatively stable median of ICNC at 0.01—
0.06 cnm3. 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 cir-

1.0000]

ICNC /em?®

0.2000}.:5"
0.0100

0.0010

0.0001

180 150 T 23 240 rus clouds T < 205K) the spread between different simu-
, ___ October , lations is large, as is the spread of ICNC within one simu-
1000000} oM Oeenvatons & 100 hercentle - lation. For most months the simulation HONPREEX fits
1000001 —— Hotrer . the observations slightly better and the simulations COMP,

1.0000;

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 ob-
servations. For example, in April, all simulations show very
220 2% 220 small ICNC of 0.001-0.0001 cni for 185< T < 193K and
high ICNC of 1cnt3 for 194< T < 200K, whereas the
Fig. 6. Median (solid) and mean (dotted) of ICNC inside of cir- observed 25-75th percentile only varies between 0.01 and
rus vs.T for the simulations HOM, HOM-PREEX, COMP and  0.1cnt3.
HOM+HET. Model results are sampled every 6h for January, Generally, all simulations, except for cold cirrus clouds,
April, July and October of the year 2000. All data are sorted into gre in the observational range. The simulated median, how-
1K T bins. Airborne in situ measurements are shown in grey shadeqever’ frequently falls below the observed 25-75th percentile,
areas. suggesting that all simulations underestimate ICNC within
cirrus clouds. Also, the pure homogeneous simulation does
not produce a sufficiently high number concentration of
question, however, is still to what extent heterogeneous nuice crystals to match the observed ICNC. This might indi-

0.1000

ICNC /cm?

0.0100

0.0010

0.0001

180 190 200 210
Temperature /K

cleation can dominate the ice nucleation in the UTLS. cate that ECHAM5-HAM generally underestimates the rate
The vertical velocities in cirrus regions from ECHAM of homogeneously formed ice crystals. Since homogeneous
were compared iKarcher and Strén2003. The probabil-  freezing is mainly dependent on vertical velocity and temper-

ity density function (PDF) of vertical velocities in ECHAM ature, this comparison might hint at a bias7iror w. How-
matches the observed data from the INCA campaign veryever, the simulations underestimate ICNC for evérpin.
well with an average of 31 cnt$ as compared to 26 cn$, Thus we believe that the vertical velocity in ECHAM5-HAM
but only if turbulent fluctuations based on TKE (Elj.are  in the cirrus cloud level might be too low. The vertical veloc-
included. ity is parameterized using the turbulent kinetic energy and the
Since these observations are based on Forward Scatterirgyavity wave drag. It might, however, be reasonable to use an
Spectrometer Probe (FSSP) measuremaf#sReus et al.  even more complex vertical velocity scheme such as a statis-
2009, the reported ice crystal number concentrations mighttical PDF approach. Our results further suggest that effects
be influenced by shattering. Shattering of ice crystals on the
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of heterogeneous IN and pre-existing ice become more imthe homogeneous freezing threshold.) The observations show
portant at cold cirrus rather than in warm cirrus. only RH; values exceeding the homogeneous freezing thresh-
Liu et al. (2012, Gettelman et al(2012, Wang and Pen- old atT < 200 K. These observations might stem from con-
ner (2010 andSalzmann et ak2010 also compared ICNC  vective overshooting in the tropics, where cirrus clouds form
simulated by their models with different cirrus nucleation at high vertical velocities and very low temperatures. Here,
schemes with the observational data setkofmer et al.  nucleation and water vapour depletion due to the formed ice
(2009. Contrary to ECHAMS5-HAM, all the other models crystals might not be able to compensate for the iRetease
overestimate ICNC compared to observations. The model otaused by the large vertical velocity.
Liu et al. (2012 showed best agreement of ICNC at |Gw The model results show generally a good agreement
with observations if pure heterogeneous nucleation was aswith the observations. We clearly see the highest frequen-
sumed. However, this simulation did not fit the observationscies of occurrence around saturation agreeing with ob-
for warmerT. They concluded that homogeneous freezing isservations. Also, RHis usually below the homogeneous
the prevailing process in warmer cirrus clouds above 205 Kfreezing threshold. Differences between model simulations
and that homogeneous freezing might be suppressed at velfOM, HOM+PREEX, HOM+HET and COMP can be
low T. A possible reason for the suppression of homoge-found mainly at warmer temperatures. Here, HOM and
neous freezing at coldl is the incorporation of organic mate- HOM-+HET show too high frequencies of Rt the homo-
rial into aerosols transforming the aerosols into a glassy statgeneous freezing threshold compared to observations. Simu-
which prevents homogeneous freeziygray, 2008. lation COMP fits the observations in this temperature regime
The lower ice crystal number concentrations predicted bybest, with RH most often around saturation. This shows that
ECHAM5-HAM at low temperatures agree with a new study the consideration of pre-existing ice and heterogeneous nu-
by Spichtinger and Kramgf012), explaining low observed cleation is required to deplete supersaturations within cirrus
ice crystal concentrations in the TTL with the consideration clouds as fast and strongly as suggested by observations.
of the complex dynamics as well as homogeneous nucleation For cold cirrus, however, the model underestimates the
and the competition of homogeneous and heterogeneous nifrequency of occurrence of supersaturations in all simula-
cleation. They found that low ICNC can be statistically ex- tions. The measurement data frequently show supersatura-
plained 80% through homogeneous nucleation and 20 %ions reaching the homogeneous freezing threshold, whereas
through a competition of heterogeneous and homogeneoue model most frequently simulates saturation and only sug-
nucleation in an environment with very slow large-scale as-gests rare occurrences of supersaturations.ikiostly de-
cents and superimposed high-frequency gravity waves. pendent on ICNC andv. Since the model underestimates
In addition, the lowest measured ice crystal number con4CNC in cold cirrus, this might point to a bias in the ver-
centrations are limited by the sensitivity of the FSSP; thustical velocity, as already mentioned above. In the model,
lower concentrations could be possibl8pi{chtinger and the vertical velocity is described by a turbulent kinetic en-
Kramer, 2012. In light of these two findings, our low ice ergy scheme extended to account for orographic cirrus clouds

crystal concentrations might be plausible. which form in the lee of mountaind.¢hmann and Karcher
2002 Lohmann et al.2004 Joos et al.2008. While the
3.3.2 In-cloud RH; agreement of simulated vertical velocity with observations

was reasonable, the vertical velocity in model rather erred on
Figure 7 shows the frequency of occurrence of Rivthin the low side and could thus be responsible for the low ICNC.
cirrus clouds vsT'. The observations are based on the sameSpichtinger and Krameg2012 showed that in order to sim-
data set as in Fige. We compare the simulations HOM, ulate low ICNC with homogeneous and a combination of ho-
HOM+PREEX, HOM+HET and COMP of 6-hourly output mogeneous and heterogeneous nucleation, a more complex
with these airborne in situ measurements. All data are sortedertical velocity scheme resolving the complex dynamics in
into 1K T bins. The observations show that Rithin cir- the TTL needs to be applied. This, however, is beyond the
rus clouds varies over a large range from 50 % in the sub-scope of this study and will be addressed in future work.
saturated region to the homogeneous freezing threshold in
the supersaturated region. However, most frequent\RH
ues are found at saturation. At< 200K a high frequency 4 Conclusions
of occurrence varies over a broader range around saturation
than compared to warmdr. With decreasind” the growth ~ We incorporated a new cirrus scheme into the GCM
respectively sublimation rate of ice crystals is slower, caus-ECHAM5-HAM. This cirrus scheme treats nucleation and
ing the ice crystals to exist at lower subsaturated conditionsdepositional growth of pre-existing ice, as well as heteroge-
At lower T, depositional growth is also slower, causing high neously and homogeneously formed ice crystals, in a com-
supersaturations to remain long&rrémer et al. 2009. RH; petitive manner Karcher et al. 200§. We distinguish be-
over the wholeT range does not exceed water saturationtween deposition nucleation of pure dust and immersion
(except atT ~ 238 K, where the water saturation is close to freezing of coated dust particles and base our assumptions
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ble 2) in order to analyse the following aspects of the new
cirrus scheme:

— the role of homogeneous vs. 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 depositional growth of pre-
existing ice in the GCM simulations lead to cirrus
clouds composed of fewer and larger ice crystals. Su-
persaturations are partly or completely depleted by nu-
cleation and depositional growth of pre-existing and
heterogeneously formed ice crystals such that homo-
geneous freezing is weakened or shut off. Our analy-
sis allows for distinguishing between the effect of het-
erogeneous nucleation and pre-existing ice: the pres-
ence 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 effect of pre-existing ice. On the other hand,
changes in the NH mid-latitudes 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 andR; of the individual ice modes considered
in the model are strongly dependent on two factors:
first, the availability of aerosols (IN in the case of het-
erogeneous nucleation, solution droplets in the case
of homogeneous freezing), and second, the time the
ice crystals are exposed to supersaturation. Contrary
to homogeneous freezing, heterogeneous nucleation is
limited by the availability of heterogeneous IN. The
simulations reveal that more coated dust particles are
present in the UTLS compared to pure dust particles

pled every 6h for January of the year 2000. All data are sorted and, consequently, ice crystals formed via deposition

into LK T hins. The black solid line indicates the homogeneous

nucleation of pure dust are most limited.

freezing threshold and the dotted line represents water saturation

(RHy = 100 %).

about freezing thresholds§;) and activated fractionff) on
laboratory data derived biyiéhler et al.(2006 2008. Un-
like other studiesHendricks et al.2011; Liu et al, 2007,

3. IN concentrations in the UTLS show reasonable global
distributions: highest IN concentrations are found near
major dust sources like the Sahara and Asian deserts
with IN concentrations of 20-501!. The Saharan
Air Layer covering the North Atlantic Ocean between
the Sahara and the America continent is also repre-

2009 we did not consider heterogeneous nucleation of soot sented reasonably well. Simulated IN concentration
because the nucleation ability of soot at cirrus relevant tem- vary mostly between 5 and 20 and agree well with

peratures remains uncertalR&grcher et al.2007 Hoose and
Mdohler, 2012. We performed several simulations (see Ta-

Atmos. Chem. Phys., 14, 3023046 2014

field measurements of ice crystal residuals derived by
DeMott et al.(2003.

www.atmos-chem-phys.net/14/3027/2014/



M. Kuebbeler et al.: Dust ice nuclei effects on cirrus 3043

4. Heterogeneous nucleation and the consideration of In this study we have only analysed the importance of het-
pre-existing ice may lead to significant climatic ef- erogeneous nucleation on cirrus clouds on a global scale.
fects: globally, ice crystal number and mass are re-However, local phenomena such as dust outbreaks from the
duced by 10 and 5%, whereas the ice crystal size isSahara have been shown to affect European wedaaigert
increased by 3%. The reductions in ICplfgenare  etal, 2012. ECHAM5-HAM with the new cirrus scheme is
most pronounced in the tropics and mid-latitudes in thesuitable to also study possible local/regional effects of het-
NH, in agreement witilendricks et al(2011). The net  erogeneous nucleation of dust on cirrus clouds. We based
change in the radiation budgeti€.94 W n12, imply- our assumptions about heterogeneous nucleasign fz) on
ing that heterogeneous nucleation and pre-existing iceecent laboratory data, and the resulting IN concentrations
induce a cooling to the Earth—atmosphere system. Theagree well with observations. However, IN measurements in
net cooling is caused by a decrease in LCF in the NHthe UTLS are sparse, and thus a proper validation of our as-
mid-latitudes (mostly caused by heterogeneous nuclesumptions is hampered. Thus, more field measurements in
ation), a decrease in LCF combined with a minor in- the UTLS are required to fully constrain the role of hetero-
crease in SCF in the tropics (mostly caused by pre-geneous nucleation in cirrus clouds and to improve their rep-
existing ice) and a clear-sky cooling due to less waterresentation in GCMs.
vapour. The results are mainly in agreement i In addition, the new cirrus scheme still has some short-
et al. (2012, who based their analysis on the param- comings. For example, if both heterogeneous and homoge-
eterizations ofLiu and Penne (2005 and Barahona neous nucleation occur, the heterogeneously nucleated ice
and Neneg2009. Differences might arise from other cannot sediment before homogeneous freezing occurs. This
IN schemes used and the fact that we account for pre€ould be of importance for small vertical velocities and mod-
existing ice. erate IN concentrations and could result in too high ice crys-

tal number concentrations. Moreover, the vertical velocity

5. We compare RHand ICNC inside of cirrus of dif- s constant over one model time step. While this is proba-
ferent simulations with in situ observations. Mostly ply uncritical for homogeneous nucleation, in the case of the
the simulations lie within the observational range and competition of heterogeneous and homogeneous nucleation
agree with observations. The comparison of ICNC in- jt could be important.
side of cirrus shows that all simulations underesti- Fyrthermore, the comparison of Réhowed that ECHAM
mate ICNC compared to observations, especially formight have a bias with too low vertical velocities. The ver-
warm cirrus clouds (22& T < 238K). However, one tjcal velocity scheme used here already accounts for unre-
should keep in mind that observed ICNC in warm cir- splved vertical velocity fluctuations by using the turbulent ki-
rus clouds might be affected by shattering. In this tem-netic energy as well as for orographic cirrus. However other
perature range all simulations show very similar ICNC soyrces of sub-grid-scale velocity fluctuations, such as con-
and heterogeneous nucleation or pre-existing ice doegective gravity waves, are missing. They may be needed to
not play an important role in modulating ICNC. also capture the complex dynamics in the TTL.

For cold cirrus cloudsX < 205 K) the spread between S0 far, we have use a simple cloud cover scheme
the different simulations is large, and these simulations(Sundqvist et a).1989 based only on relative humidity. In
either over- or underestimate the observed ICNC. Thefuture, this should be replaced by a cloud cover scheme that
simulation in which homogeneous freezing only com- is consistent with the sub-grid-scale fluctuations in vertical
petes with pre-existing ice fits observations best in thisvelocity following Kéarcher(2012).

temperature rangeéiu et al.(2012 concluded that—in

order to fit observations — homogeneous freezing dom-

inates in warm cirrus and heterogeneous nuC|eati0rﬁcknowle_dgement9Ne would like to ac_knowledge support from
becomes important in cold cirrus clouds. Our results B(KZSZR climate and C2SM. For CPU time, we thank CSCS and

point to the same conclusion.

6. Simulated RHinside of cold cirrus is most frequently Edited by: M. Kramer

found at saturation, in agreement with observations.
For warm cirrus, simulations neglecting the effects of
pre-existing ice on nucleation overestimate the fre-

quency of occurrence of_high supersaturations ar.ounqb\rchuleta C. M., DeMott, P. J., and Kreidenweis, S. M.: Ice nu-
the homogeneous freezing threshold. In warm cirrus cleation by surrogates for atmospheric mineral dust and mineral

clouds, the simulation COMP fits the observations  gysy/sulfate particles at cirrus temperatures, Atmos. Chem. Phys.,
best, which indicates that both pre-existing ice and het- 5 2617-2634, dal0.5194/acp-5-2617-2008005.

erogeneous nucleation are required in order to deplet@angert, M., Nenes, A., Vogel, B., Vogel, H., Barahona, D., Kary-
supersaturations, as suggested by observations. dis, V. A., Kumar, P., Kottmeier, C., and Blahak, U.: Saharan dust
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