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Abstract. Increased Cloud Condensation Nuclei (CCN) load equal the global mean evaporation rate. Changing the cloud
due to anthropogenic activity might lead to non-precipitat- properties leads to a local reduction of the aerosol indirect
ing clouds because the cloud drops become smaller (for &ffect and, hence, partly compensating for the increased an-
constant liquid water content) and, therefore, less efficient inthropogenic CCN concentrations in that regions. Globally,
rain formation (aerosol indirect effect). Adding giant CCN the aerosol indirect effect is nearly the same for all simula-
(GCCN) into such a cloud can initiate precipitation (namely, tions.

drizzle) and, therefore, might counteract the aerosol indirect
effect.

The effect of GCCN on global climate on warm clouds 1 |ntroduction
and precipitation within the ECHAM5 General Circulation
Model (GCM) is investigated. Therefore, the newly intro- Clouds play an important role in the energy budget of the
duced prognostic rain schemdsselt and Lohman2007)  earth. Anthropogenic influences change the radiative proper-
is applied so that GCCN are directly activated into rain drops.ties of clouds. Aerosol particles and their precursors emit-
The ECHAMS simulations with incorporated GCCN show ted from the earth’s surface, in particular, are thought to
that precipitation is affected only locally. On the global scale, change the physical and optical properties of clouds. The
the precipitation amount does not change. Cloud propertiesirst aerosol indirect effect (AIE) refers to decreasing cloud
like total water (liquid + rain water) and cloud drop number droplet sizes as the concentration of (anthropogenic) aerosols
show a larger sensitivity to GCCN. Depending on the amountincreases. For a constant liquid water content, the higher
of added GCCN, the reduction of total water and cloud dropsnumber of smaller cloud droplets leads to an increase in the
account for up to 20 % compared to the control run withoutcloud albedo and therefore, in the planetary alb&aamey,
GCCN. Thus, the incorporation of the GCCN accelerate the1974 Denman et a).2007). Furthermore, it is more unlikely
hydrological cycle so that clouds precipitate faster (but notthat the cloud droplets will grow to precipitation sized drops.
more) and less condensed water is accumulated in the atmarhis presumably results in a prolonged lifetime of clouds
sphere. within the atmosphere|brecht 1989 Denman et aJ2007).

An estimate of the anthropogenic aerosol indirect effect onThis second AIE also causes an increase in the planetary
the climate is obtained by comparing simulations for present-albedo. However, the magnitude of both of these effects is
day and pre-industrial climate. The introduction of the prog- still very uncertain.
nostic rain scheme lowered the anthropogenic aerosol indi- Various studies suggested (e.gRosenfeld et al.2002
rect effect significantly compared to the standard ECHAMS Johnson 1982 Feingold et al. 1999 Zhang et al. 2006
with the diagnostic rain scheme. The incorporation of thethat the addition of giant CCN (GCCN, e.g., sea salt) pos-
GCCN changes the model state, especially the cloud propesibly counteract the precipitation suppression caused by an
ties like TWP and N The precipitation changes only locally increase in anthropogenic aerosols acting as Cloud Conden-
but globally the precipitation is unaffected because it has tosation Nuclei (CCN) and, thus, is one process that contribute
to the uncertainties in the AIE. Although only very few in
number, large drops resulting from the activation of GCCN

Correspondence tdR. Posselt enhance the collection process which leads to initiation of
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Table 1. Sea salt production mechanisms accordingndreas et al(1995 as function of the 10 m wind speed.

u10 mechanism droplet type radius number
ms1 gm cnt3
>3-5 bubble breaking of the white caps of the ocean film droplets <3 few hundreds
jet droplets 320 few(1to6)
>7—11 mechanical tearing of the wave crest spume/splash drap20 depending on1o(O’Dowd et al, 1997)
Source regions of sea salt are the oce@th(lz et al.  10*—10-2cm3 for calm conditions and up taD—1 cnm3

2004 whereas continental giant aerosols consist mainly offor strong winds g10~30ms1).

dust (Tegen et al.2002. Sea salt is a very good CCN due  Sea salt aerosols smaller than-IZb um are assumed to be
to its soluble nature. In contrast, dust is insoluble and thuswvell mixed in the marine boundary layer because they experi-
acts as very efficient ice nucldighmann and Diehl2006 ence a rapid mixing and little influence of the gravityeis
Levin et al, 2009. The focus of this study is on warm clouds and Schwartz2004 Reid et al, 2001). Particles larger than
and precipitation only. Thus, sea salt is the more impor-25 um are well mixed throughout the surface layer (few me-
tant GCCN. The influence of giant dust as IN for precipi- ters above the sea surfac&pis and Schwartz22004 but
tation formation in mixed-phase clouds is neglected in thethey are highly affected by gravitational settling. In an un-

presented study. stable boundary layer the mixing is enhanced by turbulence
o and convection, whereas in a stable atmosphere mixing and,
1.1 Sea salt measurements and parameterizations thus, sea salt concentrations are diminished above the surface
yer.

. . . . I
Sea salt is the dominant aerosol species (concerning mass)'the incorporation of sea salt emissions in General Circu-

in the marine boundary layeB¢hulz et al.ZOQ4 Lewis and lation Models (GCM), such as the ECHAMS, is done by a
Schwartz 2004 Denman et a!.2007). The direct eﬁ‘.aCt of . sea salt generation or source function. Usually, it is a wind
sea _salt on cl|ma_te_|s a cooling due to the E(éattermg of In'dependent flux (per size) of sea salt from the ocean surface
coming solar radiation oF-1.51 t0 —5.03 W 7= at top of (Schulz et al.2004. Some source functions assume steady
the atmosphere (TOASChulz et al.2004. Sea s_alt.acts 85 state conditions where the surface production balances the
avery good ,CCN and, thergfore, also h'as'an indirect eﬁe,CFemoval by dry deposition. However, this assumption is only
on climate via cloud formation. The emission of sea salt i, fo, relatively small sea salt particles. The larger the par-
_malnly drlven_ by_ wind spe_ed. Turbu_lent and convective MIX ticles and/or the higher the wind speeds become the longer
ing a_nd grawtanonql settling contribute to the sea salt dls-it takes them to reach steady staReid et al, 2007. The
tribution in the marine boundgry Iayer_as wemlt(zgerald_ derivation of the sea salt generation functions is based on
1991). Sea salt aerosols of dlfferent sizes form by variousgie|4 ohservations (e.gWoodcock 1953 Smith and Harri-
mechamsms/(qdreas etal.1993 ‘_Nh'Ch are summarized in son 1998 and (additional) laboratory measurements (e.g.,
Table1 depending on the 10 m wind speeg. _ Monahan et a).1986. A limitation for these relationships is
Measurements of sea salt are usually taken in the surfacg, ;e range covered by the instruments. Combinations of
!ayer at a height of about X0 m. Sqme observations also existing generation functions are used to obtain sea salt gen-
include towers at the shore (40 mO'Dowd et al, 1997 eration functions that cover larger size ranges, a variety of

anq flights Reid et al, _200])' The tgtal'particle CONCeN-  ind speed conditions and fit available observatiddselle
tration over the ocean is 1600 cn1* (Fitzgerald 1997). et al, 200% Andreas 1998

Thereby, the smaller particles<3 pm) make up 9695 %

of the total number concentration and about 5% of total1 2 Clouds, precipitation and Giant CCN

mass. These particles consist mainly of non-sea-salt sul-

phate. The larger the particles become the higher is théhe impact of GCCN on the formation of precipitation is
sea salt fraction, i.e., the ratio of sea salt to total aerosolthe subject of various studieslohnson(1982 combined a
Particles larger than.Bum (coarse mode aerosol) consist condensation model with two collection models (parcel and
mainly of sea salt{60—100 %) (ewis and Schwart2004 trajectory model). Cloud water was formed on an aerosol
Fitzgerald 1991). If dust is present, then sea salt and dustdistribution (including ultra-giant CCN:>10 um) by con-
are equally distributeditzgerald 1991). Coarse mode par- densation. Giant and ultra-giant CCN produce a tail of large
ticles are found at concentrations of-80cni2 (Fitzger-  droplets within the cloud droplet distribution. The resulting
ald, 1997). Giant sea saltr&5 pum) is much less abundant. cloud droplets take part in collision/coalescence processes.
Concentrations of 10*—10-2cm~2 were found byFein-  Very large drops{60—100 um) contribute most to the pre-
gold et al.(1999. Smith et al.(1989 reports values of cipitation formation because they have a high collection
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efficiency. It was also found that continental clouds are in-they were over the ocean and the further they were away from
efficient in producing precipitation if no giant or ultra-giant the continent. Sea salt aerosols from the ocean get mixed
CCN are available, whereas, maritime clouds depend lesgito the cloud which forms relatively large drops that col-
on GCCN for precipitation formation. Sedimentation of lect the smaller drops more efficiently and the cloud starts
droplets is considered in the trajectory model. Thus, veryto precipitate. The wet deposition of aerosols by rain leads
large drops become less important because they fall out of thto a cleaner environment which causes subsequently formed
cloud before taking part in the collection processes. There<clouds to precipitate more readily. This positive feedback
fore, the drop sizes important for rain production are shiftedresults in further cleansing of the atmosphere.
to lower sizes£20—50 um) but they are still due to GCCN. Further ways of studying the effect of GCCN on clouds
Similar studies with a wide range of models — a and precipitation formation is the seeding of clouds with hy-
collection box model, a trajectory model, a 2 dimen- groscopic particlesGooper et al.1997 Ghate et al.2007).
sional eddy-resolving model and a 3 dimensional largeBurning airborne hygroscopic flares produce hygroscopic
eddy simulation (LES) model — were conducted Fgin- aerosol distributions that cover a size range .4f|jim up to
gold et al. (1999. Measured GCCN concentrations of 100 pm Cooper et al.1997. Both studies showed that ob-
1074-10"2cm~3 (within the lowermost 30m) and back- served size distributions of cloud droplets in seeded clouds
ground aerosol concentrations of 5850 cnm3 were used  experience a distinct broadening in comparison to the non-
in the model simulations. It was again found that the moreseeded case. This results in a higher number of larger cloud
GCCN were present the more drizzle was produced. Furdroplets &15 um) which enhance the collection process and
thermore, the relative effect of the GCCN is increased withthus precipitation formation. Furthermore, the cloud droplet
increasing background aerosol concentration (i.e., with in-number concentration is decreasing resulting from a pre-
creasing pollution). Nevertheless, the polluted cloud (highferred activation of the larger particles which reduces the su-
CCN concentrations) did not produce the same amount opersaturation. Thus, smaller particles do not get activated
drizzle as the clean cloud (low CCN concentration). Further-and the total number concentration is reduced.
more, it was found that a cloud in the presence of GCCN  All these studies show that the GCCN might have a non-
has a lower optical thickness and, therefore, a lower albedonegligible effect on the cloud and precipitation formation
Hence, the GCCN might be able to moderate the effects obver the ocean. Decreasing drop number with a concurrent
anthropogenic CCN on clouds and climate. increase in drop size will lower the cloud albedo and, thus,
Partly contradictory results to previous studies were pre-result in a reduction of the cloud albedo effect. The accel-
sented byZhang et al(2006. They investigated the effect of eration in precipitation initiation would additionally lead to
CCN concentration on precipitation in low level, warm strat- a reduction of the cloud lifetime effect. However, the effect
iform marine and continental clouds with a one dimensionalof GCCN is not yet incorporated in GCMs suggesting that
model including size-resolved cloud microphysics. They estimates of the aerosol indirect effect might be too high.
conducted two sets of numerical experiments. First they |n this paper, ECHAMS simulations are used to determine
found that seeding a polluted, non-precipitating (“continen-the effect of giant sea salt aerosol on cloud processes and,
tal”) cloud with GCCN initiates precipitation. The GCCN therefore, on precipitation formation as well as on the global
lower the supersaturation in the cloud as they are preferradiative budget. The following section gives an overview
entially activated. Small aerosol particles, originating from gver the ECHAMS5 GCM including statements about all rel-
small droplets that evaporated in a subsaturated dOWﬂdrafbvant parameterizaﬂons and the used model setup. Sec-
do not become reactivated when they got back into a sutjon 3.1 present results of a sensitivity study conducted with
persaturated updraft. Thus, the total number of droplets dethe ECHAMS5 Single Column Model (SCM) using prescribed
creases, whereas the size increases which results in an e@CN and GCCN concentrations. In Se8t2, global simu-
hanced rain production. Secondly they found that if GCCN |ations of present-day climate are compared to pre-industrial

are already present during cloud formation, precipitation for-simulations both with and without incorporated GCCN. The
mation is decelerated and the GCCN have only little impactconclusions of this study are summarized in Séct.

on the precipitation intensity. They concluded that the ac-

tivated aerosol particles cannot grow to larger sizes by con-

densation as the GCCN take up high amounts of the available Model description and setup

water vapor and lower the supersaturation. This suppressed

condensational growth inhibits the broadening of the drop2.1 The general circulation model ECHAM5

spectra which is auxiliary in initiating rain by enhancing the

collection process (see alB8zheng and Dom4.986. The ECHAM5-GCM is based on the ECMWF model and has
Rosenfeld et al2002) investigated the effect of GCCN on been further developed at the Max-Planck-Institute for Mete-

clouds by evaluating satellite measurements. This study conerology in Hamburg. Within ECHAMS the prognostic equa-

centrates on deep convective clouds in the outflow region otions for temperature, surface pressure, divergence and vor-

the Indian subcontinent. The clouds disappeared the longeticity are solved on a spectral grid with a triangular truncation
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2.2 Coupling GCCN and Prognostic Rain

Atmospheric aerosol distributions are represented by a dou-
ble moment scheme consisting of a superposition of 7 log-
normal distributions of different size ranges, solubilities, and
chemical constituents within the aerosol module HASMiér
et al, 2005. GCCN are not explicitly included in the HAM
thus soluble coarse mode particles with10 um (GCCNp)
or r>5um (GCCN) are regarded as GCCN in this study.
It is further assumed that over the ocean the coarse mode
aerosol consists only of sea salt. The GCCN get activated
together with the rest of the aerosol particles by the activa-
tion scheme oLin and Leaitch(1997). This is an empir-
S S U S R A ical scheme that only depends on aerosol number and ver-
0 5 10 15 20 25 30 tical velocity. Thus, the competition effect of GCCN and
time [min] CCN and the lowering of the supersaturation by the GCCN
is notincluded. The activation of the aerosol particles and the
following condensation of water vapor onto the particles as-
suming saturation adjustmemd@eckner et al2003 is done

(Roeckner et a]2003. Prognostic equations for cloud water for the whole aerosol spectra. GCCN are npt treateq sep-
arately. Afterwards, the total condensed liquid water is re-

and cloud drop number concentration, for cloud ice and the

ice crystal number concentration as well as detailed clouad'Strr'lszthet\‘,’vvete? thi" rl?lnbw?rt]er ggg;\lg rggct)hwhlrh :::iov(/ret- ;
microphysics are used accordingltohmann et al(2007). sponds o the water uptake by the a € cloud wate

In order to incorporate the GCCN and their effect on pre-MXd ratio which is due to the activation of the CCN. The

cipitation properly, prognostic equations for rain water massfl_ehdelsrt]“?Ttg'gpo;sr:isderg Osnfot?rier(;ugn btf]; (:C?c:;_/stnegf gggm
mixing ratio and rain drop number concentration were intro- u : P y vatl

duced into the ECHAM5FRosselt and LohmanB007). Con- :‘s equ;lbtotthhe nt:mbt(_ar of faggactzq G(.:CN'bThti rain watefr
sidered processes include autoconversion of cloud droplet ormed by the activation o IS given by the mass o

to rain and accretion of cloud droplets by rakth@iroutdi- tj;ggﬁwlydfqrr?eqt rz'g dtrr?pttlt[nelzs the n:m;ber gf actn(;ated
nov and Kogan2000, self-collection of rain dropsSeifert ter. Th an dl's Im:‘?h Y1 % ota a”.“?“”t_o ?on eGn?:sé:va_a-
and Beheng2001), evaporation of rainRotstayn 1997 and er. The radius of the rain arops originating from 'S

. assumed to be 25um. This radius is chosen analogous to
melting of snow Lohmann and Roecknet996. The sed- . Lo . . :
'ng w eL999 the rain drop distinction radius used Bairoutdinov and

imentation of the rain drops is treated as a vertical one di_Kogan(ZOOQ in their cloud microphysics parameterization
mensional advection with an explicit fall speed for mass and A . . . ‘
P P Sensitivity studies with the ECHAM5 single colum model

number, respectively. The fall speed is a function of rain wa- i ) .
ter mass and number and is limited by the grid velocity (Iayer(SCMf presented_m 33‘3-1) also showed that this c_h0|ce of
he rain drop radius is reasonable. Larger drop sizes would

height/model time step). Furthermore, all processes involveé .
in rain formation are evaluated repeatedly on smaller sub—IntrOduce prpblems regarding the transfer of condensed wa-
time steps within one model time step. Single Column Modelter to th_e rain class anq smaller drqp!gts quld no_t belong
(SCM) simulations byPosselt and Lohmang2007) showed to the rain class acc_ordlng tc_J the deflnlt_lonlﬂfalroutdmov
that the prognostic rain scheme has little influence on theand quar(ZOOQ. F|gur_e1 gives an estimate over the con-
precipitation amount itself but it shifts the emphasis from densational growth ofdﬁfgrent sized aerosol particles within
autoconversion to accretion in better agreement with obser!he range of one model time step. It can be seen th‘f"t even
vations WWood 2005. Convection within ECHAMS is pa- the smallgst .GCC'\.I (5 Wm) grows to more tha'n 25um in less
rameterized according fbiedtke (1989 with modifications thar;]ls mr']n’ €., V\{'th'r.' less than one m?]del Eme step.. hi
presented bNordeng(1994. Within this scheme convec- hTI € S(f en|1at|(|: mdFng surr]nm_anzeit N (;’j angei W(g(:l?:N
tion is triggered by the large-scale moisture convergence. Ité[ e large-scale cloud microphysics scheme due to the '

magnitude also determines whether the deep convection a hereby, change_s or additions are marked in blue. Th|s
ncludes the retrieval of the GCCN number concentration

shallow convection scheme is used. Convective precipitatiorir m the HAM aerosols and their sub nt activation t
is only formed in the deep convection scheme where it is as- 0 € aerosols a eir subsequent activation 1o

sumed to be proportional to the liquid water content. Thus,rain drops with a radius of 25 pm within the prognostic rain

aerosol number and composition do not influence convectiveSCheme‘
precipitation formation.

droplet radius [um]

Fig. 1. Condensational growth of different sized GCCN particles.
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[ HAM acrosols }——{  Giant CCN |

X . activation
(self-collection)

Cloud droplets

smallest drops (r < 25 um)
no sedimentation

activation

autoconversion

accretion . )
(self-collection)

Rain
r > 25 um, prognostic
sedimentation — rain drops
may not reach the ground

l precipitation

Fig. 2. Schematic of the coupling of the GCCN to the large-scale <- . 1 . -

cloud microphysics scheme. Parts in blue represent changes or ad- %, %, % 0~ Q Q &4 Q

ditions to the standard large-scale cloud microphysics scheme.

2.3 Model setup

The SCM simulations are conducted at a T63 horizontal res-
olution (corresponds t0.875°x1.875°). In the vertical, 31
model levels are used with the uppermost layer at 10 hPa. At
simulation time step of 15 min is applied. Meteorological
conditions are forced using data from the EPIC (Eastern Pa-
cific Investigation of Climate Processes) campaigrether-

ton et al, 2004 which took place in September and October :
2001 in the eastern Pacific off the coast of Ecuador and Peru ¥
(see alsd?osselt and Lohmang007). | | | | | | |

For the global simulations, a T42 horizontal resolution ' ' .
(corresponds to.8125 x2.8125) with 19 vertical model <- : L | -
levels (uppermost layer at 10 hPa) and a time step of 30 min o o o o <Z o S >

is used. The simulations are integrated for 10 years after a

3 month spin-up using climatological sea-surface tempera_Fig. 3. Column integrated GCCN burden [I@m_z] for the cutoff

3773

tures and sea-ice extend. For the simulations in this study, ;i 19 um (upper panel) and 5 um (lower panel). Note the different

the relative humidity based cloud cover schem&uwafidqvist  ¢cgles.
et al. (1989 is used. The conducted global simulations are
summarized in Tabl®. They include control simulations

for two different numbers of sub-time steps in the prognostic2.4 Validation of modeled GCCN concentrations with ob-

rain scheme (CTL30 and CTL10) and simulations with in- servations
corporated GCCN at two different cutoff radii (GCgiNand

GCCNs) with 30 sub-time steps. The control runs are tuned réalistic estimate of the effect of GCCN on clouds, precip-
so that the radiative balance at top-of-the-atmosphere (TOAjtation and the global radiative budget is based on a realis-
is within £1 W m—2. The aerosol indirect effect (AIE) is es- tiC representation of the GCCN within the ECHAMS. This

sentative of the year 1750 are us&qtener et a]2006). sparse ob_servational data the_lt are only a}vailable for certain
limited regions and for a very limited duration. Nevertheless,
the comparison helps to assess the reliability of the simula-

tions.
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Table 2. Summary of presented global simulations.

Simulation  Description

CTL30 Control simulation; Simulation with ECHAM5-HAMLOhmann et al.2007) and the prognostic rain scheme
by (Posselt and Lohman2007) with 30 sub-time steps
CTL10 Same as CTL30 but with 10 sub-time steps in the prognostic rain scheme

GCCNyg Same as CTL30 but with included GCCN at a cutoff radius of 10 pm
GCCNg Same as GCChy but with a cutoff radius of 5um

The column integrated GCCN burden obtained by It can be seen that the simulated sea salt size distribution
GCCNyo and GCCN are shown in Fig3. The GCCN bur-  reproduces the observations quite well. However, the simula-
den is about 4 to 5 orders of magnitude lower than the totation shows a tendency to slightly underestimate the observed
aerosol burden within ECHAMS. The highest GCCN loads size distributions. The simulated number of giant sea salt
are present in the storm tracks of the southern ocean and thgarticles shows a larger underestimation especially for higher
north Atlantic and Pacific where high wind speeds are pre-wind speeds but the concentrations within this size range are
dominant. Relatively low GCCN burdens are found in the rather low. However, one has also to bear in mind that the
tropics and off the west coasts of the continents, which re-observations are limited to certain areas and cover only some
sults from rather low wind speeds in these areas. Over thelays of measurements whereas the simulations give an an-
continents, GCCN are mainly found in coastal regions closenual mean of all aerosol distributions over the oceans. Con-
to the oceans implying that transport of marine aerosol leadsidering these limitations, the assumption of using the tail of
to GCCN burdens over continents. Nevertheless, the GCCNhe coarse mode distribution to obtain the GCCN concentra-
burden over the continents is very low (at least 1 order oftion is appropriate.
magnitude lower than over the ocean) so that the main im- Further validation of the giant sea salt concentration is
pact of the GCCN is assumed to be over the ocean. Thelone by a point-to-point comparison of observed and simu-
cutoff radius has a strong impact on the GCCN load of thelated concentrations. Therefore, the number distributions re-
atmosphere. Doubling the cutoff radius from 5 um to 10 umported bylLewis and Schwartf2004) are integrated with re-
causes a decrease in GCCN burden by an order of magnitudspect to the chosen cutoff radius of 5 or 10 um. The obtained

. o . concentrations are then compared to the simulated GCCN
Figure4 shows sea salt number distributions for different . A
concentration at the same location in the lowest model level.

wind speed classes from observations and from ECHAMS-_I_he results are presented in Fi. First of all it can be
HAM (Lohmann et a].2007). The observed size distribution b !

were taken fron.ewis and Schwarté2004. They compiled seen that the natural variability of the GCCN concentration

) ... Is much larger than the simulated one because the modeled
measurements from various authors, converted the distribu-

tions to number distributions//d In(r)) and arranged them concentrations depend mainly on the wind speed whereas the

according to the renorted wind speed. The observations Werobserved concentration are also influenced by various other
9 P peed. ?actors.LeWis and Schwart2004) stated that the variability

taken over the northern Atlantic, at measuring sites along e .
! ; . . Pf the measured sea salt concentration is rather large even if
the eastern and western US, during ship cruises in the East-

measured at the same location and with the same instrument.

China Sea, the Indian Ocean and within the southern storrq_ .
. I'hey argued that the sea salt concentration depends not only
track. The presented measurements were taken at heights

of 5 to 20m above sea level. Within the well mixed ma- " the wind speed but also on the ambient relative humidity,

. . the stability of the atmosphere, the mixing layer height, the
rine boundary layer the concentrations should not vary much. . : .
. . . . . . . ime since the last rain and the history of all of these factors
with height. Measuring techniques include impaction sam- . = ) !
within the measured air mass. The comparison for the 5 pm

pling on filters or glass slides with subsequent investigation . i
by electron microscopy, optical detection of aerosol particlesCUtOfr (Fig. 5, lower panel) shows that the ECHAMS under

o i ... “estimates the GCCN concentrations. A large portion of the
and thermal volatility measurements. In their compilation

Lewis and Schwart¢2004 excluded measurements of conti- data points are more than a factor of 10 smaller than the ob-

nental air masses (at maritime sites) and measurements frorsr1erved values. Using a cutoff radius of 10 um (gupper

. . L nanel) improves the agreement between simulated and ob-
surf zones. The simulated size distributions are represented . I
I~ . served GCCN concentrations. Most model data fall within a
by the superposition of the soluble accumulation and coars

o o Factor of 10 of the observations. Furthermore, the obtained
mode distribution of the aerosol module HAM limited to the :
... GCCN concentrations for the 10 um cutoff agree much better
oceans as an annual global mean. As a measure of variability . ) D)
. R . : ith the GCCN concentrations of 18—10-% cm~3 reported
of the size distribution the minimum-maximum range of the

observations and the 5% and 95% percentiles of the simulal-)y Feingold et al(1999.

tion are shown as well.
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=== Observations == ECHAM5-HAM
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Fig. 4. Sea salt number distributions for different wind speed ranges from observations (red, median with minimum to maximum range in
gray) and from simulations (blue, median with 5% and 95% percentile as error bars).

3 Results and discussion sence of more efficient entrainment and evaporation lead to
reduced precipitation and a longer cloud lifetime. An in-
3.1 SCM sensitivity study crease in GCCN results in a concurrent increase in precipita-

tion. The incorporation of the GCCN cannot, however, com-
This sensitivity study is carried out to evaluate the behaviorP!€t€ly compensate the effect of the increased CCN concen-

. . . 1 73
of the prognostic rain scheme with the incorporated GCCN.Irations. In case of high GCCN concentrationl(™*cm =
It is conducted with the single column version of ECHAM5. @nd alarge initial rain drop size (55um) the precipitation in-
The set up is similar t&eingold et al(1999 but with dif- crease is decelerated or even reversed. This is due to the

ferent parameters. The number of GCCN is prescribed witHarge fraction of condensed liquid water that is transferred to
104 10-3 102 10~% and 1¢cnt3. The number of back- rain water by the activation of GCCN so that only little cloud

ground CCN is prescribed with 100, 250 and 500 énFor water is left. The activation ratio (=ratio of transfered rain
this sensitivity study, the size of the activated GCCN rain Water due to activation of GCCN to total condensed water)

drops is varied between 12, 25 or 55 um. These values ar® shown in Fig6 (m‘d‘?"e left panel). It can be seen that the

chosen so that volume and mass of the GCCN induced raiff9er the assumed rain drop size or the larger the GCCN con-
drops experiences a tenfold increase from the smaller to thg&ntration the closer the transfer ratio approaches one (which
larger size. The larger the generated rain drops the more corineans all condensed water is transfered into the rain class).

densed water is transfered into rain water and the less watdP these cases the lack of cloud water inhibits autoconver-
is available for the cloud droplets. sion and accretion so that rain drops cannot grow and no

I additional rain formation takes place. Note, that a transfer
The results shown in Figb are averages over the whole . ; s S
simulation period of 6 days. The effect of the GCCN is ratio of one is purely artificial due_to the chosen distribution
only visible at quite high GCCN%10-2cm-3) and CCN mechanism and cannot be found in the real atmosphere.
(<250 cnT3) concentrations. The large-scale precipitation  The effect of the GCCN on the surface precipitation is less
at cloud base and at the surface (Hgupper row) decreases pronounced than for the precipitation at cloud base. The reg-
with increasing CCN concentrations. This is known as theulating process is the evaporation of rain below the cloud
second aerosol indirect effect where more but smaller clouase. Higher precipitation amounts lead to more evaporation
droplets are less efficient in rain production and in the ab-which removes part of the differences visible at cloud base.
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3.2 Global simulations

3.2.1 Model validation

10? w

L cutoff = 10 um The results of the global simulations with present-day emis-
sions are summarized as annual zonal means in7Fand

as annual global means in Talddor the CTL30, GCCNp,
GCCNs simulations and additionally for the CTL10 simu-
_ lation. The results show that some of the considered vari-
ables are quite susceptible to the incorporation of the GCCN
whereas others do not depend on them at all.

N The incorporation of the GCCN hardly affects the precip-
itation amount zonally and globally. Compared to CTL30
(Table3), the total precipitation amount is hardly affected by
10° the incorporation of the GCCN or by the number of sub-time
steps within the prognostic rain scheme (CTL30 vs. CTL10).
— This can also be seen in the annual zonal mean plot offFig.

- Compared to the monthly averaged precipitation fields from
the Global Precipitation Climatology Project (GPCP) dataset
(Huffman et al, 1997 Adler et al, 2003 ECHAM5 gener-
ally produces too much precipitation. The precipitation in
the tropics is overestimated by ECHAMS5 which points to de-
ficiencies in the convective cloud scheme. Nevertheless, the
overall agreement in the zonal distribution is satisfactory.

The annual global mean of total simulated cloud cover (Ta-
ble 3) is also hardly affected by the GCCN or the number of
sub-time steps. All simulations produce a cloud cover that is
at the lower end of the observations of the International Satel-
lite Cloud Climatology Project (ISCCRossow and Schif-
fer, 1999 and from surface observations collectedHighn
Fig. 5. Scatter plot of simulated and measured giant sea salt conEEt al. (1994' Fo_r the zonal ”.“ea”' the qgreement IS t_)est n
centrations [cm3] for a cutoff radius of 10 um (upper panel) and the tropics qnd in the mdla‘utudes but in the subtropics the
5 um (lower panel) for different wind speed ranges. cloud cover is largely underestimated due to an underrepre-

sentation of stratocumulus cloud decks off the west coasts
of North and South America and Africa. In higher latitudes,

The total water path is the sum of liquid water path and differences are due to the uncertainties in the measurements.
the rain water path (TWP=LWP+RWP). The TWP is larger The global mean cloud cover is slightly decreasing for the
for a higher number of CCN but is decreasing as the num-GCCN simulations but the differences the zonal distributions
ber of GCCN is increasing (see Fig. middle right panel). ~ are mainly in the southern subtropics.

This corresponds to changes in precipitation. The changes in The observed LWP by satellite (SSM/I) retrievals of the
TWP are mainly due to changes in LWP. The more GCCNLWP (Greenwald et al(1993; Weng and Grody(1994;
are used and the larger the initial rain drop size the larger isVentz(1997) is compared to the TWP (over the oceans) of
the initial RWP and, therefore, the LWP is decreasing. Thisthe simulations because the model artificially distinguishes
causes the described reduction of the autoconversion and abetween the smaller cloud drops and the larger rain drops that
cretion rates. The equilibrium RWP is quite constant with the satellites do not make. The TWP produced by all simu-
regard to the GCCN concentrations because any additiondftions fall within the range given by the observations. The
rain water is falling out as precipitation. Similar to the pre- incorporation of the GCCN leads to a decrease in the TWP.
cipitation, RWP is lower for higher CCN concentrations. The main decrease appears in the midlatitudes and subtrop-
ics where the precipitation formation is mainly done via the
large-scale cloud scheme. The TWP within the tropics is not
affected by the GCCN. The changes in TWP are caused by
the changes in the LWP whereas the RWP stays nearly con-
stant for all simulations (with the same number of sub-time
steps). The decrease in LWP results from the enhanced trans-
fer of cloud water to rain water either by the activation of the

10°

10%

modelled GCCN [cm™]

10* 10° 10°
observed GCCN [cm?]

10° ‘ ‘
L cutoff =5 pm

10°+

10*

modelled GCCN [cm?]
[Eny
o
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Fig. 6. SCM sensitivity study for large scale precipitation at cloud base and at the surface (upper panels), the activation ration (lower left
panel) and the TWP (lower right panel) panel) with different GCCN concentrations, CCN concentrations and activated GCCN-drop radius
for 30 sub-time steps.

Table 3. Annual global mean cloud properties and TOA energy budget.

CTL30 GCCNp GCCNs CTLI1O OBS

Pot  [mmdl] 2.89 289 288 288 274
Pstrat  [mmd1 1.07 107 106 107 -
Peonv  [mmd] 1.82 182 182 182 -
TCC  [%] 633 632 627 628 62— 67
TWP  [gm 2] 74.6 729 67.7 633 50—4
LWP  [gm?] 66.7 650 596 573 -
RWP [gnT? 7.9 79 81 6.0 -
N, [1019m—2) 2.2 21 19 19 4
Rett  [um] 110 110 110 105 114
SCF  [WnT? 538 -535  —522 —520 —-50
LCF  [Wm? 29.4 294 293 293 22-30

GCCN or by enhanced collection processes (e.g., accretion). Observations of vertically integrated cloud drop number
The additional rain water is then removed due to sedimenN; and effective radius & at cloud top for warm clouds
tation so that the RWP stays constant. However, this doe¢T>0°C) are retrieved from the ISCCP datasetHgn et al.

not cause an increase in precipitation (as shown above) butl994 1998 for an area betweer50° and 50 based on
rather an acceleration of the hydrological cycle with shorterfour months of 1987. The annual global means show that
residence times and less accumulation of water in the atmothe ECHAMS5 simulations of Nunderestimate the observa-
sphere. tions by a factor of two. The zonal mean of Bhows an

www.atmos-chem-phys.net/8/3769/2008/ Atmos. Chem. Phys., 8, 37682008
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Fig. 8. Differences in the global distribution of stratiform (upper row) and convective (lower row) precipitation between the, GOSN
column) and GCCH (right column) simulations and CTL30 (please note the different scales).

underestimation in the midlatitudes especially on the north-The LCF, representing especially high clouds, hardly show
ern hemisphere for all simulations. Similar to the TWP, N any changes and is not affected by the amount of GCCN
is decreasing with higher amounts of GCCN. This results inand the number of sub-time steps within the prognostic rain
a quite constant & for all simulations but compared to the scheme.
observations R is underestimated. The results for CTL10 presented in Tal#eshow that
The shown simulations also contain mixed phase and iceéhe set-up of the prognostic rain scheme (namely the num-
clouds, but there is no noticeable effect of the GCCN on theber of sub-time steps) influences mainly the in-cloud prop-
ice phase. The ice water path for the ECHAM5-PROG anderties like TWP (including LWP and RWP), Mnd, conse-
ECHAM5-GCCNig 5 simulations are nearly the same @7  quently, R¢. The TWP in CTL10 is reduced in compari-
27.6, 275 gm 2, respectively). son to CTL30 due to lower LWP and RWP. The reduction
Short-wave and long-wave cloud forcing (SCF and LCF) in LWP and N is caused by higher total conversion rates
provide an estimate of the impact of clouds on the global(autoconversion+accretion) as it is shown in TatleFur-
radiative budget. The simulated SCF and LCF agree quitehermore, the number of sub-time steps within the prognostic
well with the observed values obtained from the Earth ra-rain scheme are more important than the amount of GCCN
diation budget experiment (ERBEKiehl et al, 1994) ex- in terms of the importance of the autoconversion versus the
cept in higher latitudes for the SCF and in the tropics for theaccretion rate. The lower the number of sub-time steps the
LCF. For the LCF, additional data from the TOVS-B satel- higher is the importance of autoconversion on the rain for-
lite (Susskind et al.1997) is shown which give better agree- mation. The ratio of autoconversion to the total conver-
ment with the ECHAMS data in the tropics but is lower in sion rate (AUT/(AUT+ACC)) is reduced by a factor of two
the mid-latitudes. The SCF, which is mainly affected by from 14.3% for CTL10 to 7% for CTL30. The reduction
low clouds, become less negative with increasing amounin RWP is mainly caused by a faster sedimentation of rain
of GCCN which means that the clouds influence the radia-drops for the CTL10 simulation and thus, less rain water can
tive budget slightly less either by their amount or by their accumulate within the atmosphere. Due to the reduction in
albedo. The slight decrease in the TCC might be one reasoRWP and LWP, the accretion rate for the CTL10-simulation
for the change in SCF whereas cloud albedo as function ofs lower than for the CTL30-simulation because the accre-
the cloud droplet size (&) does hardly change (see above). tion rate depends almost linearly on the cloud water and rain
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Table 4. Annual global mean of vertically integrated autoconversion (AUT), accretion (ACC) and total conversion (AUT+ACC) rate as well
as the ratio of autoconversion to total conversion rate for CTL30, G{gC8CCN; and CTL10.

CTL30 GCCNgo GCCN; CTL10

AUT kgm—2s-1 0.46 0.46 0.45 0.97
ACC kgm2s1 6.13 6.12 6.12 5.82
AUT+ACC kgm2s1 6.59 6.58 6.57 6.79
AUT/(AUT+ACC) % 7.0 7.0 6.8 14.3

water content. Another interesting feature is the similarity of significantly, autoconversion and accretion rate are hardly af-
CTL10 and the GCCRhtsimulation which can be seen from fected by the presence of GCCN (see Eiglower row and
Table3 and also from the annual zonal means in FAigThis Table 4). Compared to the patterns for the stratiform pre-
implies that the activation of GCCN into drizzle as additional cipitation it reveals a quite good correlation of 0.73 and 0.77
conversion process in the GCgiNimulation partly compen-  for GCCNjo-CTL30 and GCCN-CTL30, respectively. Pro-
sates the loss in total conversion rate compared to CTL10. cesses like evaporation below cloud base that also affect the
surface precipitation amount are not included in the correla-

3.2.2 Effect of GCCN on global distributions of cloud pa- tion.
rameters and precipitation These results imply that the reduction in TWP due to the
GCCN is not large enough to change the autoconversion and
Further insight into the impact of the GCCN on the global accretion rates significantly. One important process missing
scale are obtained by looking into the global difference dis-here is the competition effect of GCCN and CCN during ac-
tributions of precipitation (large scale and convective), of tivation. As GCCN would activate preferentially, less of the
TWP and conversion rate (autoconversion+accretion) and ogmaller CCN would activate which result in a lower num-
PPW (precipitable water) and vertical velocity due to CAPE ber of cloud droplets. This in turn could cause an increase
(convective available potential energy) which are shown inin the autoconversion rate and could lead to higher precipi-
Fig. 8-10, respectively. All shown variables are vertically in- tation rates. But, with the current activation scheme.by
tegrated annual means. The difference distributions are caland Leaitch(1997) it is not possible to consider that process.
culated between the GCCN-simulations and the control run.  Convective precipitation is not directly influenced by
Figure8 shows the global difference distributions of strat- GCCN (and aerosols, in general). Nevertheless, the incor-
iform and convective precipitation. Changes in the stratiformporation of GCCN changes the amount and location of con-
precipitation are mainly located in the midlatitudes along thevection significantly (Fig8, lower row). Differences in con-
storm tracks. It can be seen that regions of increased and derective precipitation between the GCCN simulations and the
creased precipitation rates alternate along the zonal band swontrol run have a higher magnitude than those for the strat-
that the changes cancel each other in the zonal mean. Th&rm precipitation. In both considered cases the magni-
differences in stratiform precipitation show similar patterns tude of the difference is similar but the patterns differ sub-
for both GCCN simulations with a slightly higher magnitude stantially. As there is no direct influence of the GCCN
for the GCCNg-CTL30 case. This implies that the forma- the changes must be caused by feedbacks of the convection
tion of stratiform precipitation itself depends only on whether scheme to the changes in the hydrological state of the model.
GCCN are considered and not on the concentration and the Figure 10 shows PPW (precipitable water=vertically in-
associated transfer of condensed water to the rain class. tegrated water Vapor) and the vertical Ve|ocity generated by
This is further illustrated by the global difference distribu- CAPE. It can be seen that the PPW distribution is altered
tion of TWP and total conversion rate in Figg. The TWP  significantly by incorporation of the GCCN and subsequent
shows a strong dependence on the amount of GCCN whiclehanges in the stratiform cloud scheme. The changes in-
is closely connected to the amount of GCCN and the transfeclude variations in the evaporation rate of rain below cloud
of condensed water. The higher the GCCN concentration thdase due to changed precipitation amounts as well as vari-
higher is the transfer ratio as was shown in the SCM sensiations in the evaporation of cloud droplets in cloud free air
tivity study in Sect.3.1 Thus, cloud water (i.e., the LWP) due to the changes in the cloud water content. Comparing
is reduced as large amounts of condensed water are tranthe changes in PPW (in the tropics) and in convective pre-
fered to rain water. The RWP stays fairly constant through-cipitation similar patterns are visible. The correlation coeffi-
out all simulations (with the same number of sub-time steps)cient (limited to tropical regions, 3G to 30 N) is 0.53 and
because all “excessive” rain water is removed from the at-0.51 for GCCNo-CTL30 and GCCN-CTL30, respectively.
mosphere by sedimentation. Although TWP is reduced quiteChanges in the moisture field lead inevitably to changes in
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Fig. 9. Differences in the global distribution of TWP (upper row) and total conversion rate (autoconversion+accretion, lower row) between
the GCCN (left column) and GCCH (right column) simulations and CTL30.

the large-scale moisture convergence which triggers convec- The total aerosol concentration is increasing vastly es-
tion and also determines whether the shallow or deep conpecially over the northern hemisphere. This increase is
vection scheme is used. Thus, the patterns of convection ammainly attributed to human activity and industrial develop-

altered as shown in Fid.0 (lower panel). ment. Hence, the GCCN ratio which is defined as the ra-
_ _ tio between GCCN to total aerosol concentration is decreas-
3.2.3 Present-day vs. Pre-industrial ing because the total aerosol increase is much larger than

the increase in GCCN concentrations. Hence, the influence

The difference between present-day and pre-industrial simg¢ he GCCN is larger in the present-day climate with high

ulations gives an estimate of the effect of anthropogenic,g ool concentrations than it is in the pre-industrial climate
aerosols on climate. Figulel shows the zonal mean changes 4 shown in the SCM sensitivity studies.

of the GCCN concentration from pre-industrial to present-

day climate. GCCN concentrations are closely linked to In Table 5 and Fig. 13 the differences in the annual
the 10m wind speed (Figl?). Both simulations show global and zonal means due to anthropogenic aerosols for
an increase of wind speed in the southern storm tracksthe ECHAMS simulations are summarized, respectively. The
But, GCCNyg locates it more poleward than the GCEN changes in global precipitation due to anthropogenic activity
simulation. Towards the equator a band with decreasing wind'e rather faint which is due to the application of fixed sea-
speed follows. The wind speed in the northern hemisphergurface temperatures within the simulations and, thus, fixed
does not show a similar feature. Increasing wind speed leagvaporation from the oceans no matter how many GCCN are
to an increase of GCCN (and vice versa). Thus, the GCCNPresent or how many sub-time steps are used in the prognos-
concentration increases especially over the southern hemfic rain scheme. The zonal mean differences for precipitation
sphere and to a smaller extend also over the northern hemit Fig. 13are rather noisy. Thus, the prognostic rain scheme
sphere. Note that the GCCN concentrations for the GECN and the incorporation of GCCN does not lead to systematic
simulations are generally higher due to the smaller cutoff ra-changes in the precipitation difference.

dius. The anthropogenic changes in total global cloud cover
(TCC) are also very small and have no clear tendency to more
or less cloud cover with higher amounts of GCCN. Regions
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Fig. 10. Differences in the global distribution of PPW (upper row) and vertical velocity due to CAPE (lower row) between the g(@EN
column) and GCCH (right column) simulations and CTL30.

Table 5. Annual global mean changes and interannual standard deviations of cloud properties and TOA energy budget from PD to PI.

CTL30 GCCNp GCCN; CTL10
Pot  [mmdY 0.001 0011 —0.001 +0008 0004 =+0007 0001 =0.006
TCC [%] 012 +0.18 0.18 +0.18 0.11 +014 0.12 +0.18
TWP  [gm 2 2.2 1074 21  +06 1.8 +051 2.4  +052
N, [1010m—2 0.17 +04 0.19 =05 0.16 +03 019 04
Rt [um] ~016 +002 ~016 +003  —017 003 —014 +002
SW  [Wm? ~1.05 +024 ~119 +031  —103 4023 —118 +026
LW [Wm™? 0.08 +0.14 015 +0.11 012 4022 012 +023
Net [Wm 2 —0.97 4019 —1.04 +029 —091 4027 —1.06 4035

with increased cloudiness due to the GCCN alternate withcloud drop number and radius. The TWP and cloud drop

regions with decreased cloudiness in the zonal mean differnumber differences are largest in the northern hemisphere.

ences. Industrialization in Europe, North America and, recently,
The incorporation of GCCN reduces the difference be-ASia resultin enhanced aerosol number that act as CCN and

tween present-day and pre-industrial TWP. Thus, the indnfluence cloud and precipitation formatiqn. Ashmann
crease in TWP due to enhanced, anthropogenic aerosol nun§! &l-(2007) stated the TWP increase is mainly due to a retar-

bers is partly compensated by the presence of GCCN. Cloudation of drizzle formation in clouds over the ocean. Hence,
drop number and cloud drop effective radius are almost con¢louds (and cloud water) stay longer in the atmosphere. The
stant for all considered simulations and thus, do not showPresence of GCCN causes a reduction of the TWP and cloud

any significant tendency like the TWP in the global mean drop number difference. Thus, the GCCN counteract the

differences. The annual zonal mean differences give a mor&CN increase and therefore reduce the aerosol indirect ef-
detailed insight into the anthropogenic changes of TWP andects. Nevertheless, there are also regions (like the tropics,
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Fig. 11. Difference of zonal average of giant sea salt concentration and giant sea salt fraction between present-day and pre-industrial

simulations of GCCMg (upper row) and GCCAl(lower row).

the subtropics and the high latitudes) where the incorpora2001). The incorporation of the GCCN does not lead to a fur-
tion of GCCN lead to an increase in TWP andffdm PI to ther decrease of the short-wave radiation similar to the TCC.
PD. The changes ofdg in the zonal means are only minor For the GCCNg-simulation the short-wave radiation in-
and are limited to the very high latitudes. creases te-1.19 Wm~2 whereas for the GCC§-simulation
Closely connected to the cloud cover is the TOA radia- the short-wave radiation decreases-th03 Wm 2. The an-

tive budget. The prognostic rain scheme lowers the effect ofiual zonal mean differences show that the SW radiation dif-
aerosols on the short-wave radiation. The obtained values derence is mainly increased in the northern midlatitudes be-
—1.05Wn2 for CTL30 and—1.18 Wn12 for CTL10 are  cause of the reduction of TWP in that region. Within the
almost reduced by a factor of two compared to a value oftropics and the higher latitudes the SW radiation is decreas-
—2.0Wm~2 reported byLohmann et al(2007) for the stan-  INg which is most likely due to changes in the convection
dard ECHAMS. This is caused by the much smaller increasePatterns.

in TWP from Pl to PD in these simulations. While TWP in-  The long-wave (LW) radiation budget, which is closely

creased by ® g m? from Pl to PD inLohmann et al(2007), connected to high clouds, shows much smaller differences
here the increase in TWP amounts t8-12.4 g n2 in much between Pl and PD. The prognostic rain scheme does not
better agreement to observations (e.gNakajima et al. influence the long-wave radiation radiation very much. The
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0.4 4 Conclusions
L 1 The effect of GCCN on the global climate, specifically on
= 92r 7 clouds and precipitation within a GCM, is investigated. The
= :.\ /\ ] GCCN concentration is obtained by the tail of the (solu-
e r 1 ble/mixed) coarse mode distribution within the ECHAM5-
%W O0F Y. /\\.//\’\"“/\‘/ /\\f HAM aerosol module for two different cutoff radii. GCCN
% 1 are assumed to activate directly into rain drops because of
3 02k ] their size. Within the model this is achieved by redistributing
L ] the total condensed water into cloud and rain water accord-
F — SSSN;O . ing to the number of GCCN and by assuming a rain drop size
04l ) ) ) ) ) ] of 25 pnm.
-90 -60 -30 0 30 60 90 Direct observations of GCCN are rare but measurements

latitud DUTVITDS : _
attude of sea salt size distributions are available for several locations

Fig. 12. Difference of 10m wind speed between present-day and®Ver the globe. Integration of the measg.red distributions for
pre-industrial simulations for GCGl and GCCN. sizes larger than the ch.osen cutoff radii of 5um and 10 um
gives GCCN concentrations that are compared to the GCCN
concentration obtained by ECHAMS. The natural variabil-
obtained values of.08 W2 for the CTL30 simulation and ity of the GCCN is not fully captured in the model because
of 0.12Wn2 for the CTL10 simulation are similar to the simulated sea salt emissions depend mainly on wind speed
value of 01 Wm~2 reported by-ohmann et al(2007 forthe  and not on other factors like relative humidity, stability, pre-
standard ECHAMS. The incorporation of the GCCN does cipitation history and others. The GCCN concentration for
not change LW difference very much. the 10 um cutoff agree much better with the measured con-
The difference in the net radiation between present-daycentrations. Furthermore, the concentrations are about ten
and pre-industrial climate is referred to as the anthro-times lower than for the 5um cutoff, which brings them in
pogenic aerosol effect including the direct and indirect ef- better agreement with the GCCN concentrations reported by
fects. The net radiative effect of anthropogenic aerosols igeingold et al(1999. Globally, the GCCN are concentrated
—0.97 Wm? for CTL30 and—1.06 W2 for CTL10. Sim-  in the windy regions, namely the storm tracks of the north-
ilar to the SW radiation, these values are almost a factor okern and southern hemisphere. Less GCCN are found in calm
two smaller than the net radiation value .9 Wm~2 of regions like the tropics and along the west coasts of the con-
the standard ECHAM5Lohmann et al.2007. Incorpora- tinents.
tion of the GCCN do not have much influence on the net Sensitivity studies with the SCM version of ECHAMS5 are
radiation budget and thus, on the aerosol indirect effect. Fotarried out with different GCCN and CCN concentrations as
the GCCNp-simulation the short-wave radiation increases well as with different initial rain drop sizes in order to esti-
to —1.04Wnm2 whereas for the GCCN-simulation the  mate the effect of GCCN on cloud microphysical quantities.
short-wave radiation decreases-6.91Wni 2. Again, no  The GCCN have an impact on the precipitation formation
clear tendency of the net radiation with increasing amount ofprocesses in the SCM and the used GCCN scheme is able
GCCN s given. However, the changes in the net radiation areo reproduce the results presentedAgingold et al(1999.
small compared to the interannual variability. Thus, it can beNevertheless, larger GCCN concentrations are necessary in
concluded that the AIE hardly changes due to the incorporathe SCM to obtain a noticeable effect. Too high GCCN con-
tion of the GCCN. The discussion of the annual zonal meangentrations assuming 55 pum rain drops lead to an exagger-
of the net radiation follows mainly the one for the SW radi- ated transfer of the condensed water to the rain class at the
ation. Nevertheless, the changes in the long-wave radiatioexpense of the cloud water. In this case the autoconversion
partly compensate the changes in the short-wave radiation. and accretion rates are reduced causing lower precipitation
For the present-day simulation it was found that therates. This effect is an artifact in the model because in nature
GCCN; and the CTL-simulation show similar results. Look- large drops grow slower than smaller drops and, thus, the rain
ing at the differences between PD and PI this cannot bedrops would not grow to those large sizes because of kinetic
found. CTL10 behaves much more like CTL30 than GGCN limitations.
The effect of GCCN is much stronger in PD climate as a The introduction of the prognostic rain scheme into the
higher number of CCN are present than in PI. Thus, for theECHAM5-GCM leads to a strong decrease in the AIE com-
GCCN;-PD simulation the activation of GCCN into drizzle pared to the standard ECHAM5-HAM GCM presented by
water cannot compensate anymore for the lower conversiohohmann et al(2007). This results mainly from a decreas-
rates. This causes a higher TWP for GGERD and, con-  ing importance of the autoconversion in the rain formation
sequently, a lower difference between PD and PI than foiprocess because it is the only microphysical (rain forming)
CTL10. process that depends on the cloud drop number and thus, on
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the aerosol concentration, whereas, accretion depends onhesults. This improvements will include a more sophisticated
on the mass of cloud and rain water. The size on the AlIEnumerical treatment of the sedimentation of rain drops in the
does hardly depend on the number of sub-time steps withirprognostic rain scheme. The treatment of the GCCN activa-
the prognostic rain scheme for the shown simulations with 30tion should be treated separately to include the competition
and 10 sub-time steps. Further differences due to the numbdor the available water vapor during condensational growth
of sub-time steps arise only for in-cloud properties like TWP, and to account for the preferred activation of larger CCN.
N; and Ry which are also directly affected by the changes Furthermore, the condensational growth of the GCCN and
in the conversion rates. This leads also to changes in clou€CN shall be done explicitly to avoid the application of the
cover and consequently the short-wave cloud forcing. Othewery rigid rain drop formation radius of 25 um and to avoid
variables like precipitation, and long-wave cloud forcing do unphysically high transfer ratios that might appear for quite
not show any dependence on the sub-time step number.  high GCCN concentrations.

The incorporation of the GCCN in the ECHAM5-GCM re-
sults in rather faint changes in the precipitation. In the globalAcknowledgementsThe authors thank P. Spichtinger and D. Cz-
and zonal averages hardly any differences are detectable. TH&z0 (ETH Zurich) and two anonymous reviewers for helpful
global patterns are zonally redistributed meaning that region§°mments and suggestions, P. Stier (Univ. of Oxford) and S. Fer-
with an increasing precipitation rates alternate with regionsraChat (ETH .Zu“Ch) .for their support W'.th the ECHAMS-HAM
with decreasing precipitation rates so that the zonal averagc"’amI the .SW'.SS National Supercomputing Centre (CSCS) for

) ’computation time.
does not change. Interestingly, the rather small changes in
the large-scale precipitation patterns feed back to the conveczite py: K. Carslaw
tive precipitation scheme due to changes in the global mois-
ture field. The subsequent changes in the convective pre-
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