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Abstract. Aerosols affect the climate system by chang- present-day. Aerosols can interact with clouds and precip-
ing cloud characteristics. Using the global climate modelitation by acting as cloud condensation or ice nuclei. The
ECHAM5-HAM, we investigate different aerosol effects on suite of possible impacts of aerosols through the modifi-
mixed-phase clouds: The glaciation effect, which refers to acation of cloud properties is called indirect effecEo(ster
more frequent glaciation due to anthropogenic aerosols, veret al, 2007 Denman et a).2007). The cloud albedo effect
sus the de-activation effect, which suggests that ice nuclerefers to the change in the radiative forcing at the top-of-
become less effective because of an anthropogenic sulfaténe-atmosphere caused by an enhancement in cloud albedo
coating. The glaciation effect can partly offset the indirect from anthropogenic aerosols that leads to more and smaller
aerosol effect on warm clouds and thus causes the total arcloud droplets for a given cloud water content. Feedbacks
thropogenic aerosol effect to be smaller. It is investigated bydue to the cloud lifetime effect, semi-direct effect or aerosol
varying the parameterization for the Bergeron-Findeisen pro-effects on mixed-phase and ice clouds can either enhance or
cess and the threshold coating thickness of sulfate{S&iD), reduce the cloud albedo effect. The cloud lifetime effect
which is required to convert an externally mixed aerosol par-refers to the fact that the more and smaller cloud droplets,
ticle into an internally mixed particle. Differences in the net which form on the increased present-day aerosol concentra-
radiation at the top-of-the-atmosphere due to anthropogenitions, collide less efficiently. While cloud resolving mod-
aerosols between the different sensitivity studies amount ugels suggest that this could lead to either an increase or de-
to 0.5WnT2. This suggests that the investigated mixed- crease in liquid water pathAtkerman et al.2004 Sandu
phase processes have a major effect on the total anthreet al, 2008, global climate models (GCMs) generally pre-
pogenic aerosol effect. dict an additional reflection of solar radiation due to the cloud
lifetime effect Cohmann and Feichte2005. The semi-
direct effect refers to an evaporation of cloud droplets due
] to the heating by absorbing aerosoldafisen et a.1997

1 Introduction Ramanathan et al2007). In GCMs it is normally smaller

than the cloud albedo and cloud lifetime effetblimann

The interactions of aerosols with clouds is the largest source Feichter2005. Aerosol effects on mixed-phase clouds
of uncertainty for estimating the total anthropogenic forc- 5.q discussed in detail below.

ing since pre-industrial times-orster et al. 2007). An- Climate models estimate the sum of all anthropogenic
thropogenic aerosol particles such as sulfate and carbonaje gso) effects (total indirect plus direct) to bd.2 W 2
ceous aerosols have substantially increased the global meggpin 4 range from—0.2 to —2.3Wnm2 in the change in

burden of aerosol particles from pre-industrial times to theyne top-of-the-atmosphere net radiation since pre-industrial
times Oenman et a.2007), whereas inverse estimates con-
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Fig. 1. Schematic of aerosol indirect effects in warm and mixed-phase stratiform clouds. Adaptedifsose (et al.20080 with modifi-
cations.

Ice formation in clouds at temperatures above approxi-is negligible and the indirect aerosol effect on warm clouds
mately —35°C occurs by heterogeneous freezing, with the dominates. If, on the other hand, mineral dust is assumed to
aid of ice nuclei (IN). IN are insoluble particles with crys- be composed of kaolinite, which is a worse ice nucleus than
talline structure, such as mineral dust, biological particlesmontmorillonite, the glaciation effect is present, and partly
and sootPruppacher and Klett 997). Heterogeneous freez- counteracts the shortwave indirect aerosol effect on warm
ing can be initiated via collision of a supercooled cloud clouds Lohmann and Diehl2006. Similar results should
droplet and an IN (contact freezing) or from within a cloud be obtained if Asian dust were assumed instead of kaolin-
droplet on an IN that is immersed in it. Soot particles areite as data byField et al.(200§ compiled byPhillips et al.
largely of anthropogenic origin, so anthropogenic activity (2008 for freezing parameterizations showed that immersion
may have introduced additional IN into the atmosphere. Asfreezing of droplets containing Asian dust is only initiated at
shown in Fig.1, such an increase in IN would lead to an an- —29°C. New data obtained within the AIDA cloud cham-
thropogenic increase in freezing and cloud glaciation, termeder Connolly et al, 2009 suggest that immersion freez-
“glaciation effect” Lohmann 2002. Due to the difference ing on Arizona test dust, Saharan dust or Asian dust could
in water vapor pressure over water and ice, these ice crystalsommence at warmer or colder temperatures depending on
can grow at the expense of water droplets via the Bergeronthe size of the dust aerosol than the temperature deduced
Findeisen process. As the ice crystals grow in a highly superfor montmorillonite from the cloud chamber data used in
saturated environment with respect to ice, they rapidly growLohmann and Dieh{20086.
to precipitation size and sediment. This reduces the total The glaciation effect ir.ohmann and Dieh(2006 was
cloud cover and allows more shortwave radiation to be ab-deduced from the ECHAM4 global climate model (GCM)
sorbed in the Earth-Atmosphere system, which partly offsetsimulations that assumed aerosol particles to be exter-
the indirect effect on warm clouds. nally mixed. When GCM simulations using the newer

If the glaciation effect prevails or not was found to be ECHAM5 GCM (Roeckner et al.2003, which predicts
very sensitive to the assumption of the ice nucleation abilitiesthe mixing state of aerosols and uses newer aerosol emis-
and number concentrations of mineral dust and black carbosions Stier et al, 2005, were evaluated in the same way by
aerosols. If mineral dust is an efficient ice nucleus that com-varying the mineralogical composition of the mineral dust
mences freezing at rather warm temperatures, such as morgerosols, no glaciation effect was found. On the contrary,
morillonite/illite, then contact freezing of black carbon (BC) the aerosol effect on mixed-phase clouds had the same sign
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as the aerosol effect on warm cloudiéopse et al.20088. coatings are. In summary, the de-activation effect would
This resulted because both carbonaceous and sulfate aerosaisunteract the cloud glaciation effect, and which effect will
increased since pre-industrial times. The increase in sulfatelominate in any given case depends on the concentration
caused more BC and dust aerosols to be internally mixed irof natural and anthropogenic IN and the amount of anthro-
the present-day climate than in pre-industrial times. Herepogenic material available for IN coating.

internally mixed aerosols act as immersion nuclei whereas In this paper we investigate under which conditions the
externally mixed aerosols act as contact nuclei. glaciation or the de-activation effect dominate. In the con-

Laboratory data that investigated contact versus immertext of our GCM this is controlled by assumptions about
sion freezing showed that contact freezing commences athe transfer from the externally mixed to internally mixed
warmer temperature$Shaw et al.2005 Diehl et al, 20086. aerosol modes and by the onset of the Bergeron-Findeisen
Thus, if in present times more dust aerosols are internallyprocess. Specifically, we vary the coating thickness of sul-
mixed immersion nuclei they are worse IN than in pre- fate (SQ-crit) that is required to convert an externally mixed
industrial times, where more of them acted as contact nuaerosol particle into an internally mixed aerosol particle us-
clei. This effect in essence corresponds to a de-activatioring the ECHAM5 GCM. We also investigate the contribu-
of IN (Girard et al, 2004 (“de-activation effect”) as also tion of thermophoresis to contact freezing, which could be
shown in Fig.1. Rather than assuming that a sulfate coat-of importance in subsaturated cloudy regions where the tem-
ing de-activates the IN completely, the studies Hgose  perature gradient would favor collisions between a contact
et al. (2008h and Storelvmo et al. (20083 show a shift  IN and an evaporating cloud droplet as evaluatedbiflips
of the IN activation from contact nucleation to immersion et al.(2007).
nucleation. Note that the de-activation effect assumes that
coatings are dominated by anthropogenic aerosols, such as
sulfates and nitrates, which increased since pre-industria2 Model description
times. If, on the other hand, coatings were dominated by bio-
genic secondary organic aerosols (SOA) and coatings by anFhe version of ECHAMS used in this study has been de-
thropogenic species were negligible, the de-activation effecscribed inLohmann et al.(2008. It includes the two-
would be negligible. The de-activation effect also assumegnoment aerosol scheme HAM that predicts the aerosol mix-
that coatings decrease the efficiency of IN, which may not beng state in addition to the aerosol mass and number concen-
always true either. Lastly it assumes that contact freezing, altrations Gtier et al, 2003. The size-distribution is repre-
though limited by collision rates, is in essence more efficientsented by a superposition of log-normal modes including the
than condensation/immersion freezing. All these issues aréajor global aerosol compounds sulfate, BC, organic carbon,
still not solved and are subject to forthcoming research. ~ sea salt and mineral dust.

Lately more observational studies of heterogeneous freez- The stratiform cloud scheme consists of prognostic equa-
ing in the mixed-phase cloud regime, i.e. between temperations for the water phases (vapor, liquid, solid), bulk cloud
tures of—35° and @C have become available. These include microphysicslohmann and Roeckngt996, and an empir-
studies of the effects of trace gases on IN. For heterogeneousal cloud cover schemeS(ndqvist et al.1989. The mi-
freezing on mineral dust in the deposition mode, it was foundcrophysics scheme includes phase changes between the wa-
that ammonia increases its nucleation efficiency but exposuréer components and precipitation processes (autoconversion,
by sulfur dioxide and ozone does not seem to have an effecaccretion, aggregation). Moreover, evaporation of rain and
(Salam et a].2008. On the other hand, a de-activation is also melting of snow are considered, as well as sedimentation of
possible when physiochemical transformations on e.g. min<loud ice. It also includes prognostic equations of the num-
eral dust surface reduce its efficiency as an BéKer and  ber concentrations of cloud droplets and ice crystals and has
Peter 2008. Eastwood et al(2009 found that sulfuric acid  been coupled to the aerosol scheme HAMImann et al.
coatings on kaolinite particles increased the relative humid-2007). It assumes that cirrus clouds form by homogeneous
ity with respect to ice at which freezing commences by ap-freezing of supercooled solution dropletsofimann et al.
proximately 30%. Likewise coatings with ammonium sul- 2008, which is the dominant freezing mechanism for cirrus
fate caused kaolinite particles to be poor IN at 245 K. Similar clouds Karcher and Stm, 2003.
findings were obtained in the LACIS cloud chambem\ig- We assume that internally mixed dust and BC aerosols act
dermeier et al(2009 for Arizona test dust for coatings with  as immersion nuclei while externally mixed dust particles act
succinic acid, sulfuric acid and ammonium sulfate at temper-as contact nucleiHoose et al.20080). The parameteriza-
atures between 233 and 241 K. These two studies suggesttens of immersion and contact freezing are based on those
de-activation effect of sulfate coatings on mineral dust nucleidescribed in.ohmann and Dieh(2006. In addition we now
acting as deposition nuclei. However, given that dust in thealso account for contact freezing by thermophoresis as ex-
LACIS chamber and in the ZINC chamb#&¥élti et al, 2009 plained below. Mineral dust is supposed to have the freez-
initiates freezing at rather low temperatures that are closeng properties of illite/montmorillonite which is the domi-
to homogeneous freezing, it is questionable how importaninant clay fractionldloose et a].2008. Note that contrary to

www.atmos-chem-phys.net/9/8917/2009/ Atmos. Chem. Phys., 9, 89342009



8920 U. Lohmann and C. Hoose: Indirect aerosol effects in mixed-phase clouds

earlier studies with ECHAM5-HAM we omit contact freez- and liquid water content. Followinglorolev and Mazin

ing by black carbon because it is rather uncertain. (2003, Eqg. @) holds true if:
For this study, we introduced contact freezing due to ther- 0
mophoresi® in kg kg1 s~ into ECHAM5-HAM follow- ~ w" <w<w™ (5)

ing Cotton et al(1986:
g (1989 wherew is the updraft velocity. In our moded is obtained

A7 g (NPYa £DUay pDUC (DUCy (7 T as the sum of the grid mean vertical velocityand a tur-
= 11Ny '2‘ i HaToo=T) (1) bulent contribution expressed in terms of the turbulent ki-
PPa netic energy (TKE) lohmann et aJ.1999. TKE in turn

is obtained from a prognostic equation describeBrimkop
water mass mixing ratiayy is the number of accumulation and Roecknef1999. For stratiform clouds originating from

mode dust (DUa) and coarse mode dust (DUc) contact iCéjetrainment of convective clouds also a contribution of the
nuclei as given itHoose et al(20088, p is the atmospheric convectively available potential energy (CAPRogers and

pressurep, is the air densityk, is the thermal conductivity Yau, 1989 has been added:
of air that depends on temperature followidguppacher and {

Herer; is the cloud droplet radiugy is the cloud liquid

w+1.33V/ TKE stratiform clouds

Klett (1 Tso—T) is the temperature differen ween w= .
ett (1997, (Too—T) is the temperature difference between w w—++/CAPE+1.33V/TKE convective clouds

the environment and the surface of the cloud droplégt.
is an empirical function depending on the Knudsen number

(K,=(7.37T)/ (2.88x 105prap) in SI units) and the thermal cloud droplets and ice crystals will grow simultaneously. Si-

conductivity of the aerosols4p). Hererap is the wet radius . 4
. . . multaneous growth of cloud droplets and ice crystals is not
of the aerosol particles that is obtained separately for each

i Lo .~ possible in our model. Depending on temperature and the
aerosol mode. FollowinGotton et al(1989 f" isgivenas: . .0 e Bergeron-Findeisen process in ECHAMS ei-

(6)

Beloww? ice crystals will sublimate, while above* both

0.4[1+1.45K; +0.4K;; exp(—1/ K;) 1 (ka+2.5K k) ther clqud dr_oplets grow by cond_ensatmn or evaporate and
= - — (2) saturation with respect to water is assumed or ice crystals
(A+3K37) (Zka+5kzpKii +kzp) grow by deposition or sublimate and saturation with respect

to ice is assumed. Nevertheless we could adopt the crite-
rion w<w* for the Bergeron-Findeisen process. ulkw*
and the temperature is between 0 an85°C, we allow the

wherex refers to the different aerosol modes, DUa and DUc.
Differently from Cotton et al.(1986 we use the aerosol

it £ DU— Talp-1 :
thermal conductivity okzp'=0.72Jn1= s = K™= formineral  gergeron-Findeisen process, i.e. complete evaporation of all

dust Seinfeld and Pandid997). . water droplets and depositional growth of the ice crystals.
Cotton et al.(1986 approximate the temperature differ- ;g process continues undi=e;. w* is given as:
ence (»x—T) as:

o
E3 N
w =

3) ¢

whereN; is the ice crystal number concentrationthe mean
where (dgi,ai)vd is the growth of ice crystals due to vapor volume radius of the ice particles ands a coefficient de-
diffusion, dgy,4; is the change is saturation water vapor mix- pendent on temperature and pressuferglev and Mazin
ing ratio andL, is the latent heat of vaporization. Note that 2003.

Eqg. @) can be positive and negative and thus can the freezing The criterionw <w™ replaces our previous simplified crite-
rate due to thermophoresis (Eq. rion for the Bergeron-Findeisen process, which was given as
In simulation BF we introduced a new parameterization e;>e>e¢; if a minimum ice water mixing ratio of 0.1 mg/kg
for the onset of the Bergeron-Findeisen process followingwas exceeded. A minimum ice water mixing ratio was cho-

Korolev (2007 andStorelvmo et al(2008. The Bergeron-  sen to ensure that some ice crystals were present.
Findeisen process takes place when ice crystals grow at the Condensation of sulfate on dust and BC particles or co-

e _
“NiTin (7)

paLv[(in/dt)Vd+dQS/dt]

Too—T=
o 47 Nirp

expense of cloud droplets: agulation with internally mixed particles can transfer insol-
uble BC and dust particles to the internally mixed aerosol
es>e>e; 4) modes. This transfer occurs for 1 monolayer of sulfate in

the reference simulation Re¥ignati et al, 2004. This pa-
wheree is the actual vapor pressukg, ¢; are the saturation rameter is highly uncertain and could be largéeiffeld and
vapor pressures with respect to water and ice. If Bjjig Pandis 1997. Thus, we conduct sensitivity simulations in
fulfilled, cloud droplets will evaporate and provide a source which SQ-crit, the threshold for considering BC and dust as
of water vapor for depositional growth of ice crystals. The internally mixed aerosols acting as immersion nuclei is set
glaciation timescale with which this cloud glaciates dependsto 10 monolayers (simulations 10lay and BF-10lay; see Ta-
on the ice crystal number concentration, ice water contenble 1). Externally mixed BC resides only in the Aitken mode
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Table 1. Sensitivity simulations.

Simulation  Description

Ref Nudged simulation for the year 2000 with ECHAM5-HAM coupled to the double-moment
cloud microphysics scheme for stratiform clouds. Differencdsotumann et al(2008 are
the incorporation of aerosol nucleation due to cosmic rays and organic vapors, a new water
uptake scheme, thermophoresis for contact freezing, omission of black carbon as a contact
nucleus and addition of a size-dependent below cloud scavenging routine.

Clim 10-year climatological simulation

10lay As simulation Ref, but requiring 10 monolayers of sulfate coating{§®) before
externally mixed BC and mineral dust particles are considered to be internally mixed

BF As simulation Ref, but revised parameterization of the Bergeron-Findeisen process

(see text for details)

NoThermo As simulation Ref, but no contact freezing due to thermophoresis

BF-10lay As simulation 10lay, but with the revised parameterization of the Bergeron-Findeisen
process

E5-2008 Results from a 5-year climatological simulation with a previous version of ECHAM5-HAM
described inliohmann et a].2008 assuming homogeneous freezing for cirrus formation

and mineral dust only in the accumulation and coarse mode8 Set-up of the simulations
(Vignati et al, 2004 Stier et al, 2005. Internally mixed BC
can be found in the Aitken, accumulation and coarse modeThe ECHAMS5 simulations have been carried out in T42 hor-
For the insoluble aerosols the modes are less relevant as theizontal resolution (2.81x2.81°) on 19 vertical levels with
is no repartitioning into the larger insoluble modes. Uponthe model top at 10 hPa and a timestep of 30 min. All simu-
emissions the number mean radius for BC is 30 nm for fossillations used climatological sea surface temperature and sea-
fuel and bio-fuel emissions and 75 nm for vegetation fires.ice extent. Simulation Clim has been integrated for 10 years
Thus there is a significant fraction of BC in the accumulation after a 3 months spin-up.
size range. Simulation Ref is identical to simulation Clim except that
Another difference between the ECHAM version used in nudging to the ECMWF ERA40 reanalysis dagirimons
this study and that described lrohmann et al.(2008 is and Gibson2000 for the year 2000 was applied (Tatly
that this version includes the aerosol-size dependent belowwve employ nudging for all simulations but Clim and the
cloud scavenging bgroft et al.(2009. Previously, below-  previous version E5-2008_.6hmann et al.2008 because
cloud scavenging by rain and snow in ECHAM5-HAM was we are interested in the partitioning of mineral dust between
simply a function of the aerosol mode, and then scaled bythe internally and externally mixed modes, at constant emis-
the rainfall and snowfall rate, respectively. Water uptake bysions. As mineral dust emissions depend sensitively on the
aerosols followingPetters and Kreidenwe{@007) is used in  prevailing winds, small changes in meteorology that are com-
this version, which yields improved aerosol optical depths,mon between simulations driven by climatological sea sur-
in particular over the oceans, in comparison with an aerosotace temperature and sea-ice extent could offset the coating
optical depth climatology based on an Aeronet/AEROCOM effects that we are investigating in this study. Because nudg-
composite (D. O'Donnell, S. Kinne, personal communica- ing ensures that changes in meteorology are minimized be-
tion, 2009). Also, the aerosol nucleation scheme is revisedween the different simulations, also the simulations employ-
such that we now account for neutral and charged sulfuing 1750 emissions are run for the year 2000 after a spin-up
ric acid/water aerosol nucleatioKdzil and Lovejoy 2007,  of 3 months followingStier et al.(2005. The nudging time
cluster activation that considers organic vapors as condensagcales are 6 h for vorticity, 24 h for the logarithms of the sur-
ing agents in the sulphuric acid/water aerosol nucleation proface pressure and temperature and 48 h for the divergence.
cess Kulmala et al, 200§ and ionization by galactic cosmic  gjmulation Clim is conducted such that the global annual
rays, which is a function of the decadal solar activity cycle mean top-of-the atmosphere (TOA) radiation budget is bal-
(O’Brien, 2009. anced within 1Wm? and that the values of the shortwave
and longwave cloud forcings are within the uncertainty of
the cloud forcing measurements that range betwed6.6
and —50 W m? for the shortwave cloud forcingW(ielicki
et al, 1996 Kiehl and Trenberth1997 and between 21.6
and 30Wnt?2 for the longwave cloud forcingSusskind
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Fig. 2. Annual zonal means of the oceanic liquid water path (LWP), ice water path (IWP), vertically integrated cloud droplet number
concentration /) and ice crystal number concentration from different model simulations described inITaihe solid black line refers

to the observed LWP from MODIS. Dotted black lines refer to SSM/I data for L&BéIl et al, 2008 and to ISCCP data fav. (Han

etal, 1998.

et al, 1997 Scott et al. 1999 Kiehl and Trenberth1997. model and because we mainly focussed on the comparison of
The present-day simulations use aerosol emissions of sulfatejrrus clouds in.ohmann et al(2008, we start by repeating
black and organic carbon from the AEROCOM data base forpart of the comparison of the zonal mean cloud properties
the year 2000@entener et a.2006. Mineral dust and sea for the simulations Clim, Ref, BF and E5-2008 described in
salt emissions are calculated based on wind speed within th&blel. Simulations 10lay and NoThermo are not shown as
model. To isolate the total anthropogenic aerosol effect, alltheir present-day climate is very similar to that of simulation
simulations were repeated with aerosol emissions of sulfateRef. Likewise, simulation BF-10lay is not shown because of
black and organic carbon for pre-industrial times representathe similarity to simulation BF.
tive for the year 17500entener et al2006. Anthropogenic As shown in Fig.2, the ice water path and vertically in-
dust sources are not accounted for as it is not clear how imtegrated ice crystal number concentration are lower in sim-
portant they arel§enman et a).2007). ulation Clim than in E5-2008, especially in the extratropics.
We conducted various sensitivity studies as summarized irThis is a result of re-tuning the model such that the radiation
Tablel. Next to varying the importance of contact freezing budget is balanced again. Re-tuning was necessary because
of mineral dust by varying Sgcrit and the threshold for the  adding aerosol nucleation due to galactic cosmic rays and or-
Bergeron-Findeisen process, we investigate the importancganic vapors, the improved below-cloud scavenging scheme
of thermophoresis and the differences in the anthropogeniand the new water uptake scheme lead to increased cloud
aerosol effect between climatological and nudged simula-droplet number concentrations and initially also to increased
tions. liquid water paths. After re-tuning, the liquid water path is
reduced in better agreement with the observed SSM/I data in
the extratropics. The peak in liquid water path in the tropics
4 Comparison with observations is underpredicted in all simulations, which points to deficien-
cies in the detrainment from convective clouds. The over-
Validation of the coupled aerosol-cloud microphysics estimation of the vertically integrated cloud droplet number
scheme in stratiform clouds is describedLiobhmann et al.  concentration, however, remains. Note though that there are
(2007 and Q008. Since there were a few additions to the large uncertainties associated with the retrieval of vertically
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Fig. 3. As Fig. 2 but for shortwave (SCF) and longwave cloud forcing (LCF), total cloud cover, total precipitation, and aerosol optical depth
(AOD). Solid lines refer to CERES data for SCF and L@#elicki et al. (1996. Dotted black lines refer to ISCCP data for total cloud cover,

to ERBE data for the shortwave and longwave cloud forcing, to the Global Precipitation Data Set for precipitieioet al.(2003, and

to the combined MODIS-MISR retrieval for AOD. Dashed lines refer to surface observations for total cloud cover and to TOVS data for the
longwave cloud forcinggusskind et al 1997 Scott et al.1999. Cloud cover from MODIS is included as the dotted-dashed line.

integrated cloud droplet number concentration and that the In simulation BF the criterion for the Bergeron-Findeisen
data refer to only a four-months averagtag et al, 1998. process is met less often (Fid) as it is now more strin-
The new aerosol parameterizations in simulation Clim im-gent by depending ow;, r; and the difference in satura-
prove the comparison of the aerosol optical depth with obsertion vapor pressure over water and ice. The less frequent
vations as compared to simulation E5-2008, especially oveBergeron-Findeisen process in simulation BF means that less
the Southern Hemisphere mid-latitudes (). Simulation ~ water vapor is deposited onto ice crystals, which reduces the
Clim also compares better with observations than E5-2008 irice water content and increases the liquid water content at
terms of the shortwave cloud forcing in the subtropics and ev-altitudes where the Bergeron-Findeisen process takes place.
erywhere in terms of the longwave cloud forcing. The cloud If more liquid water remains, freezing can take place more
forcings are less well matched in the nudged version Refirequently. More freezing, on the other hand, leads to an
where increased convective activity leads to a higher amounincrease in the ice crystal number concentration and would
of precipitation and reduced aerosol optical depth in the trop-mean an increase in ice water content. Thus in terms of
ics, and to reduced cloud cover and aerosol optical depth ithe change in ice water content in the region affected by the
the subtropics. Bergeron-Findeisen process the decrease in the frequency of
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Fig. 4. Vertical zonal mean cross sections of the cloud liquid water mixing ratio (LWC), cloud ice mixing ratio (IWC), frequency of
occurrence of the Bergeron-Findeisen (BF) process, cloud droplet number concentration (CDNC) and ice crystal number concentration
(ICNC) for simulation Ref and for the difference between simulations BF and Ref. The 273K and 238K isolines are shown for reference.
Note that all quantities are averages over cloudy and cloud-free regions and periods.
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the Bergeron-Findeisen process dominates over the increasedmoved from the atmosphere than if £Cit is one mono-
freezing frequency (Figh). layer. While the below-cloud scavenging of internally and
Above the altitudes affected by changes in the occurrencexternally mixed aerosols in a given size class is assumed to
of the Bergeron-Findeisen process, the ice water contenbe the same, the more important in-cloud scavenging process
and ice crystal number increases because the less frequelstless efficient for externally mixed aerosols of a given size
Bergeron-Findeisen process extends the freezing process {&tier et al, 2005. This explains the higher hydrophobic ex-
higher altitudes and colder temperatures. The increase iternally mixed BC concentrations in simulations 10lay and
cloud altitude and ice crystal number concentration (cf. alsoBF-10lay above 600 hPa as compared to simulation Ref.
Fig. 2) leads to a higher longwave and shortwave cloud forc- In Costa Rica, all simulations overestimate BC as com-
ing, especially in the extratropics as compared to simulatiornpared to observations. Here the climatological and nudged
Ref (Fig.3). simulations differ more. This is because nudging in the trop-
Total cloud cover is generally well reproduced except forics causes the atmosphere to be less stable and more often
high latitudes where all simulations predict a higher than ob-invokes convection. Therefore more BC is transported into
served cloud amount (Fi§). On the contrary in the subtrop- higher altitudes and less remains below 500 hPa in simula-
ics, total cloud cover is underestimated. The nudged simution Ref than in simulation Clim. Qualitatively, this increase
lations Ref and BF underpredict the subtropical cloud coverin BC between 500 and 200 hPa agrees with the observed BC
even more than the climatological simulation due to the en-maximum at 300 hPa, but is one order of magnitude too high.
hanced Hadley/Walker circulation. Total precipitation is also The BC mass mixing ratio is even more overestimated when
well captured in general. Here again, the nudged simulationSOy-crit is increased. Here more BC resides in the exter-
deviate most from the observations due to the enhanced comally mixed mode (Fig5) and thus is scavenged less vigor-
vective precipitation in the tropics. ously. The smaller internally mixed fraction in simulations
Figure5 shows observed vertical profiles plus error bars of 10lay and BF-10lay agrees best with observations, although
the BC mass mixing ratio from aircraft operating from Costa they also overestimate the internally mixed BC fraction ev-
Rica in February 20065chwarz et a).2008 and from Hous-  erywhere. The slightly smaller internally mixed BC fractions
ton, Texas in November 200&¢hwarz et a).2009. In ad- in the mid troposphere in simulations BF and BF-10lay as
dition the number fraction of internally mixed BC over Costa compared to simulations Ref and 10lay, respectively, causes
Rica is shown for BC particles between 190 and 210 nm inthe slight increase in total BC mass (F&).
volume-equivalent diameter and the total aerosol mass over Cozic et al.(2007) analyzed the dependence of the scav-
Texas. The thermal tropopause was observed to be neanged BC fraction on the BC concentration in mixed-phase
100 hPa in the tropics and near 150 hPa in the extratropicsclouds at the high alpine station Jungfraujoch in Switzer-
We selected the same data plus their 25% and 75% petfand. The observations show that the scavenged BC fraction
centiles from the same months of the simulations in the re-is smaller for larger BC concentration€ozic et al.(2007)
gions that encompass the aircraft flights. We cannot obtairsuggest that this is due to the correlation of the BC concen-
a number fraction of internally mixed BC particles for the tration to the total aerosol number concentration. A higher
same size range as sampledichwarz et al(20089 because aerosol number concentration and thus a larger number of
all the externally mixed BC particles reside in the Aitken cloud condensation nuclei more rapidly decrease the avail-
mode, in which they are emittelfignati et al, 2004. Thisis  able supersaturation below critical levels for further activa-
justified as particle growth by condensation of sulfuric acid tion. Therefore fewer aerosols are activated. As the aerosols
vapor or by coagulation with other particles will cause the at Jungfraujoch were found to be internally mixed, also less
particle to be internally mixed on the one hand and by theBC is activated.
rather inefficient in-mode coagulation of hydrophobic parti- In our comparison with these observation, we assume that
cles on the other hand. We therefore assume that the coateadl internally mixed BC can be activated and can reside
number fraction can be obtained from the ratio of the inter-within cloud droplets. We thus take the internally mixed BC
nally mixed BC to the total BC. This assumes that the masdraction as an upper limit for the scavenged BC fraction. This
of BC within the internally and externally mixed particles is assumption works well given that the internally mixed BC
of the same size. This is a fair assumption in the absence diaction in simulation Ref is similar to the observed scav-
collisions and coagulation of BC particles with themselves. enged BC fraction. Here the comparison with observations
In Texas the climatological simulation and the nudgedis worse when more aerosols reside in the externally mixed
simulation are rather similar. The BC mass follows the totalmodes as in simulations 10lay and BF-10lay.
aerosol mass because the majority of all aerosols are inter-
nally mixed (Fig.5). The simulated BC mass below 250 hPa
falls within the observed range. Above that altitude, BC mass
is overestimated in the model. In worse agreement with ob-
servations, this overestimation is enhanced whep-&®is
increased. If S@critis set to 10 monolayers then less BC is
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Fig. 5. Vertical profiles of the observed black carbon mass mixing ratio (crosses) as obtained from flights operating from San Jose, Costa
Rica (Schwarz et a).2008 in February 2006 (left panel) and from Houston, Texashivarz et a).2006 in November 2004 (right panel).

The middle panel shows the number fraction of internally mixed BC in Costa Rica. The model results are shown as monthly means for
the geographic regions that encompasses the aircraft flights (Costa Rial? N and 80-83 W; Texas: 29-38N and 88-98W). The

model variability is identified with the 25% and 75% percentiles calculated from the 12-hourly mean concentrations. The observational data
have been reproduced with courtesy of S. Schwarz.
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Fig. 6. Scavenged BC fraction as a function of the BC concentration in mixed-phase clouds (black symbols — right axis) as observed at the
Jungfraujoch Cozic et al, 2007). These data are obtained for warm cloud9.6°C) and are characterized by their arithmetic mean (*),
median (+) and the 25% and 75% percentiles. The model results represent the internally mixed fraction and are obtained from the region
5° E-1C E, 40° N-50° N that encompasses the Jungfraujoch. The model variability is also identified by the arithmetic mean (*), median (+)
and the 25% and 75% percentiles calculated from the 12-hourly mean concentrations from one full year. The observational data have beer
reproduced with courtesy of J. Cozic and E. Weingartner.

5 Impact of mixed-phase processes on the different sensitivity simulations because these aerosols are
anthropogenic aerosol effect more efficiently removed by wet deposition than the exter-
nally mixed BC particles.
The changes in the externally and internally mixed BC Because mineral dust is assumed to have no anthropogenic
and dust burdens (the vertically integrated mass mixing rasources in our simulation$fier et al, 2005, the total (ex-
tios) from pre-industrial to present-day times for simulationsternal plus internal) change in mineral dust between pre-
Clim, Ref, BF, 10lay and BF-10lay are shown in Fig.  industrial and present-day times is close to zero. In all simu-
Again, the sensitivity simulation in which thermophoresis is lations externally mixed dust is reduced because of coatings
omitted (simulation NoThermo) is not shown as it is very with anthropogenic sulfate that converts it into the internally
similar to simulation Ref. In present-day times more sul- mixed aerosol modes. In simulations 10lay and BF-10lay
fate is available to coat BC and mineral dust which explainsthe least amount of externally mixed dust is converted in the
the overall increase in internally mixed BC and mineral dust.internal mixed modes.
The changes in externally and internally mixed BC since pre- In all simulations the vertically integrated cloud droplet
industrial times are comparable in simulations Ref and Clim,number and liquid water path increase most in mid lati-
but the changes in dust burden exhibit large differences. Theudes over the Northern Hemisphere (F8ybecause of the
larger decreases in externally mixed dust and increases in irincrease in cloud lifetime due to more and smaller cloud
ternally mixed dust in simulation Clim stem from the larger droplets formed on the larger aerosol number concentrations
dust emissions and hence a higher dust burden in the climan the present-day climate. As a fraction of the supercooled
tological simulation Timmreck and Schul2004). liquid water clouds freeze, the ice crystal number and ice wa-
When SQ-crit is increased, more externally mixed BC re- ter path also increase most pronounced in Northern Hemi-
mains in the atmosphere in present-day times as compared g&phere mid latitudes. Note that the increase in ice crystal
pre-industrial times, especially in the tropics where biomasshumber and path is much smaller than the increase in cloud
burning dominates. The increases in internally mixed BCdroplet number and liquid water path because once a super-
particles since pre-industrial times are comparable in thecooled cloud is glaciated, it precipitates more readily. This
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Fig. 7. Annual zonal mean changes of the externally and internally mixed BC and mineral dust burdens due to anthropogenic aerosols for
simulations Clim, Ref, BF, 10lay and BF-10lay.

increase in liquid and ice water path causes an increase iim these simulations (Tab®. The differences between the
total cloud cover and a reduction in TOA shortwave radia- sensitivity simulations in the increase in liquid and ice water
tion, which amounts to between3 and—6Wm~2 in the path and the vertically integrated cloud droplet and ice crys-
Northern Hemisphere mid latitudes in the different simula- tal number concentration between pre-industrial and present-
tions. Because of the increase in total cloud cover and icaday times are most pronounced in the Northern Hemisphere
crystal number and path more longwave radiation is trappednid-latitudes where these quantities increase the most due
within the Earth-Atmosphere system, which partly counter-to anthropogenic aerosols (Fig). As the increase in liquid
acts the reduced shortwave radiation. water path determines the magnitude of the indirect aerosol
There are some differences between simulations Clim aneffect, a smaller increase in liquid water path reduces the in-
Ref. Due to the variability in meteorology between the yeardirect aerosol effect.
1750 and 2000 simulations, the changes in ice water path The total anthropogenic aerosol effect is evaluated as the
and total cloud cover are noisier in simulation Clim than in difference in net TOA radiation between pre-industrial and
simulation Ref. As the changes in total cloud cover are di-present-day times. We cannot separate between the direct,
rectly translated into changes in outgoing longwave radiationsemi-direct and indirect aerosol effects because our aerosols
(OLR), also the OLR exhibits larger variations. However, the are radiatively active and act as cloud condensation and ice
change in global mean TOA net radiation is similar in sim- nuclei. Thus, increasing aerosol concentrations since pre-
ulations Ref and Clim, which justifies the use of the nudgedindustrial times leads simultaneously to a direct, semi-direct
simulations in the sensitivity studies. and the various indirect effects. Therefore the total an-
Simulations 10lay and BF-10lay experience the largestthropogenic effect investigated in this paper is not a forc-
number of externally mixed BC and dust particles. In turn,ing in the IPCC’s definition of aerosol radiative forcing be-
they also yield the largest number of mineral dust contact nucause it includes feedbacks associated with these indirect
clei and thus the largest glaciation indirect aerosol effect butaerosol effects and allows adjustments of atmospheric tem-
smallest de-activation effect. Here aerosol effects on mixedperatures. However, the contributions of the direct and semi-
phase clouds partly offset the cloud lifetime effect on warmdirect effect are smaller than the indirect effect in our model
clouds. Subsequently the increases in cloud droplet num{Lohmann and Feichte2001). The total anthropogenic
ber from pre-industrial times to the present-day are smallesterosol effect amounts t61.09 W n1 2 in simulations Ref
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negative so that a positive deviation in outgoing longwave radiation means that less radiation is emitted to space.
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and Clim. Itis thus rather independent of the meteorologicalcomparison of the internally mixed fraction which can be re-
conditions, i.e. if evaluated in nudged or climate mode. garded as the upper limit for the scavenged BC fraction is
The difference in the total anthropogenic aerosol effectonly consistent with the observed data at the Jungfraujoch
between simulations Ref and 10lay amounts to 0.17%¥ m in simulations Ref and BF, but not if S&rit is increased
in the global annual mean reflected shortwave radiation ando 10 monolayers as in simulations Ref-10lay and BF-10lay.
0.12W n12in the TOA net radiation (Tabl2). The totalan-  On the other hand, the number fraction of internally mixed
thropogenic aerosol effect in simulation Ref is smaller thanBC over Costa Rica is best captured in simulation BF-10lay.
in simulation ECHAMS-strat Ilohmann 2008 due to the  These contradictory results make it hard to say which simu-
changes in ice crystal shape and fall speed that were introlation is the best. For that more measurements of the vertical
duced inLohmann et al(2008. The differences between distribution of black carbon and especially its internally ver-
the simulations with and without thermophoresis are muchsus externally mixed fraction are needed.
smaller than the differences introduced by varying, St We showed that accounting for thermophoretic contact
or the onset of the Bergeron-Findeisen process @ignd  freezing only has a minor impact for either the present-
Table2). This suggests that the contribution of thermophore-day results or for the difference between pre-industrial and
sis to contact freezing is negligible. present-day times. When Q4@rit is increased, more min-
The largest impact on the total anthropogenic aerosokeral dust particles remain externally mixed and can act as
effect stems from changing the onset of the Bergeron-contactice nuclei. As contact ice nuclei initiate freezing at a
Findeisen process in agreement with the study using théligher temperature than immersion freezing initiated by in-
CAM-Oslo GCM (Storelvmo et al.2008h. It is reduced ternally mixed BC and dust aerosols, freezing is more effi-
by 0.27 and 0.35 W r? in simulations BF and BF-10lay as cient in simulations 10lay and BF-10lay than in simulations
compared to simulations Ref and 10lay, respectively. Be-Refand BF. The glaciation effect is deduced from differences
cause the Bergeron-Findeisen process occurs less frequentetween simulations 10lay and Ref and between simulations
in simulations BF and BF10lay, supercooled cloud dropletsBF-10lay and BF to amount to 0.12 and 0.20 Wiyrespec-
prevail longer and heterogeneous freezing becomes more intively, in the global annual mean.
portant. Thus, the glaciation effect is largest in the simula- The glaciation effect is most pronounced when the onset
tions BF and BF10lay. of the Bergeron-Findeisen process considers the combina-
Even though the glaciation effect causes more ice crystaléion of the difference in saturation vapor pressure between
to grow at the expense of water droplets and initiates morevater and ice, the ice crystal number concentration and ice
precipitation via the ice phase, the differences in precipita-crystal size (Eg5) instead of just a fixed threshold in the
tion between pre-industrial and present-day times are comcloud ice mixing ratio. The more physical treatment of the
parable in the different simulations. This is because the preBergeron-Findeisen process leads to less frequent glaciation
scribed sea surface temperature largely controls the amoursf supercooled clouds. Thus, the lifetime of the supercooled
of evaporation and because evaporation needs to equal préloud droplets is increased, so that heterogeneous freezing is
cipitation in the global annual mean. more important in the BF simulations as compared to simu-
lation Ref. This yields a 0.27 and 0.35 Wless negative
total anthropogenic aerosol effect (TaB)e Combined with
6 Conclusions varying SQ-crit, the anthropogenic aerosol effect varies up
to 0.47 W nT2 between the different simulations.
In this paper we investigated various aerosol effects on It is not possible to constrain which scenario is the best
mixed-phase clouds: The glaciation effect versus the deas all of the total anthropogenic aerosol effect estimates are
activation effect. The importance of these effects is inves-well within the range estimated from inverse measurements
tigated by varying the parameterization for the onset of the(Hegerl et al. 2007 and from an energy balance perspec-
Bergeron-Findeisen process and the threshold coating thickive (Murphy et al, 2009. However, the revised Bergeron-
ness of sulfate (S@crit), which is required to convert an ex- Findeisen process is clearly preferred over the original one as
ternally mixed aerosol particle into an internally mixed par- initiating glaciation beyond a critical ice water mixing ratio
ticle. In addition we investigated the contribution of ther- independent of temperature and updraft velocity is clearly
mophoretic contact freezing to the total contact freezing. Wea simplification. One uncertainty that remains with the re-
used the ECHAM5 GCM nudged to ECMWF ERA40 data vised Bergeron-Findeisen process is if our updraft velocity,
for the year 2000. even though it takes subgrid-scale velocity fluctuations into
A comparison with observations showed that the verticalaccount, is representative for typical velocities at cloud base.
profiles over Costa Rica and Texas of the BC mass mixing A shortcoming of this study is that we do not calculate
ratio agree best with observations in the reference simulaaerosol activation based upon supersaturation addlg€
tion Ref and in simulation BF. In these simulations only one theory such as done in the parameterizationsAbtlul-
monolayer of sulfate is required to convert externally mixed Razzak and Ghaf2002 and Nenes and Seinfel@003.
BC into internally mixed BC (S@-crit). Likewise, also the This is work in progress and will be available in future.
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Table 2. Global annual mean changes in liquid (LWP) and ice water path (IWP), vertically integrated cloud d\plend ice crystal

number concentrationV;), precipitation and the shortwave, longwave and net radiation at the top-of-the-atmosphere due to anthropogenic
aerosols. Note that upward fluxes are negative so that a positive deviation in outgoing longwave radiation means that less radiation is emittec
to space.

Simulation Clim Ref BF 10lay NoThermo BF-10lay
A LWP, gni2 5.0 4.4 35 3.7 4.4 2.5
A Nj, 1010m=2 0.60 0.56 0.47 0.43 0.56 0.32
A IWP, gm—2 0.028 0.025 0.066  0.019 0.026 0.053
A N;, 1009m=2 0.018 0.015 0.038 0.014 0.015 0.031
A Precipitation, mmdl  —0.015 -0.016 —0.017 —0.018 —-0.016  —0.018

A SWradiation, Wm?2  —1.47  -13 -1.00 -1.13 —1.29 —-0.72

A LW radiation, W n2 0.37 0.21 0.18 0.17 0.17 0.10
A Net radiation, W nT2 -1.09 -109 -0.82 -0.97 -1.12 -0.62

This scheme will then be coupled to the aerosol processingind discussions. We acknowledge funding from EUCAARI
scheme byHoose et al(20083 that keeps track of the num- (European Integrated project on Aerosol Cloud Climate and Air
ber and mass mixing ratios of aerosol particles within cloudQuality interactions) No 036833-2 and NCCR Climate and thank
droplets and ice crystals. Once such an activation scheme igSCS for computing time.
available, particles with sufficient sulfate coating can auto-
matically be activated into cloud droplets and will thus auto-
matically be available as immersion nuclei.
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