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Abstract. Aerosols affect the climate system by changing itation by acting as cloud condensation or ice nuclei. The
cloud characteristics in many ways. They act as cloud consuite of possible impacts of aerosols through the modifica-
densation and ice nuclei and may have an influence on the hytion of cloud properties is called indirect effec@gnman
drological cycle. Here we investigate aerosol effects on con-et al, 2007). The cloud albedo effect refers to the change in
vective clouds by extending the double-moment cloud mi-the radiative forcing at the top-of-the-atmosphere caused by
crophysics scheme developed for stratiform clouds, which isan enhancement in cloud albedo from anthropogenic aerosols
coupled to the HAM double-moment aerosol scheme, to conthat lead to more and smaller cloud droplets for a given cloud
vective clouds in the ECHAMS general circulation model. water content. Estimates of the global annual mean radia-
This enables us to investigate whether more, and smalletive forcing of the cloud albedo effect range between —0.3
cloud droplets suppress the warm rain formation in the lowerand —1.8 W m? (Forster et a].2007). Feedbacks due to the
parts of convective clouds and thus release more latent heafoud lifetime effect, semi-direct effect or aerosol-ice cloud
upon freezing, which would then result in more vigorous effects can either enhance or reduce the cloud albedo effect.
convection and more precipitation. In ECHAMS, including Climate models estimate the sum of all aerosol effects (total
aerosol effects in large-scale and convective clouds (simuindirect plus direct) to be —1.2 W4 with a range from —0.2
lation ECHAMS5-conv) reduces the sensitivity of the liquid to —2.3W n72 in the change in the top-of-the-atmosphere
water path increase with increasing aerosol optical depth imet radiation since pre-industrial times, whereas inverse esti-
better agreement with observations and large-eddy simulamates constrain the indirect aerosol effect to be between —0.1
tion studies. In simulation ECHAMS5-conv with increases and —1.7 W m? (Denman et a}.2007).

in greenhouse gas and aerosol emissions since pre-industrial Rosenfeld 1999 andRosenfeld and Woodleg2000 an-
times, the geographical distribution of the changes in precip-alyzed aircraft data together with satellite data suggesting
itation better matches the observed increase in precipitatioshat pollution aerosols suppress deep convective precipita-
than neglecting microphysics in convective clouds. In thistion by decreasing cloud droplet size and delaying the on-
simulation the convective precipitation increases the mosket of freezing. This hypothesis was supported with a cloud
suggesting that the convection has indeed become more vigesolving model Khain et al, 200]) such that supercooled
orous. cloud droplets down to —37:& could only be simulated if

the cloud droplets were small and numerous. In the same
simulation, the ice crystals were smaller than 109 so that

the collision efficiencies between ice crystals and small cloud
droplets were close to zero.

Anthropogenic aerosol particles such as sulfate and carbona- Cloud resolving studies suggest that precipitation from
ceous aerosols have substantially increased the global me&ingle-cell mixed-phase convective clouds is reduced un-
burden of aerosol partides from pre_industria| times to theder continental and maritime conditions when aerosol con-
present-day. Aerosols can interact with clouds and precipentrations are increasedi et al, 200Q Khain et al,
2004 Seifert and Behen@006. In the modelling study by
Cui et al.(2006), this is caused by drops evaporating more

Correspondence tdJ. Lohmann rapidly in the high aerosol case (see aléng et al.2006),
m (ulrike.lohmann@env.ethz.ch) which eventually reduces ice mass and hence precipitation.
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Table 1. Sensitivity simulations.

Simulation Description

ECHAMS5-acp Simulation with ECHAM5-HAM coupled to the double-moment cloud microphysics scheme only for
stratiform cloudsliohmann et aJ.2007)

ECHAMS5-strat As ECHAMS5-acp, but including some updates:

Consistent updraft velocity for transport and scavenging; depositional growth equation for deposition and sublimation;
increased entrainment rate for penetrative convection; accounting for the turbulent cooling
rate in the immersion freezing parameterization
ECHAMS5-conv As ECHAMS-strat, but employing the double-moment cloud microphysics scheme also in convective clouds
ECHAMS-strat-ghg  As ECHAMS5-strat, but using the greenhouse gas concentrations representative of 1750 and the sea surface
temperature from a coupled GCM/mixed-layer ocean simulation of a pre-industrial climate without
anthropogenic greenhouse gases and aerdseishter et al.2004
ECHAMS5-conv-ghg As ECHAMS5-strat-ghg, but employing the double-moment cloud microphysics scheme also in convective clouds

Khain et al. (2005 postulate that smaller cloud droplets, been extended to convective cloudghéng et al. 2005.
such as those originating from human activity, would changeWhereasZzhang et al(2005 only introduced microphysics
the thermodynamics of convective clouds. More, smallerfor the liquid and ice water mass mixing ratios, here the mod-
droplets suppress the warm rain formation in the lower partdfications to the number concentrations of cloud droplets and
of convective clouds. When these droplets freeze, more ligice crystals and the coupling to the double-moment aerosol
uid water is available for freezing, which releases more latenischeme ECHAMS5-HAM are included as well. As compared
heat. This can then result in more vigorous convection ando the studies byNober et al.(2003 and Menon and Rot-
more precipitation. In a clean cloud, on the other hand, rainstayn(2006), here aerosols not only modify warm convec-
would have depleted the cloud so that less latent heat is retive clouds, but influence the ice phase as well. The model
leased when the cloud glaciates, resulting in less vigorouss described in the next section. Section 3 presents a detailed
convection and less precipitation. Similar results were ob-model validation. Sensitivity studies of the cloud response to
tained byKoren et al.(2005, Zhang et al(2005, and for  anthropogenic aerosols are subject of Sect. 4 and conclusions
the multi-cell cloud systems studied Beifert and Beheng are given in Sect. 5.
(2006. For a thunderstorm in Florida in the presence of
Saharan dust, the simulated precipitation enhancement onlg
lasted two hours after which precipitation decreased as com¢
pared with clean conditiond/én den Heever et al2006.
Tao et al.(2007 obtained decreases, no change or increaseg'1 Standard model
in precipitation from deep convective cloud systems as a reyye yse the ECHAMS general circulation model (GCM)
sponse t_o a_nthropogenic aerosols depending on the evVaporgroeckner et a]2003 to estimate the importance of aerosol
tive cooling in the lower troposphere. effects on convective clouds. The version of ECHAM5 used
When aerosol effects on warm convective clouds are in4n this study includes the double-moment aerosol scheme
cluded in addition to their effect on warm stratiform clouds in EcHAMS5-HAM that predicts the aerosol mixing state in ad-
global climate models, the overall indirect aerosol effect andgition to the aerosol mass and number concentratistisr(
the change in surface precipitation can be larger or smallegt g, 2005. The size-distribution is represented by a su-
than if just the aerosol effect on stratiform clouds is ConSid'perposition of log-normal modes including the major global
ered (Nober et al, 2003 Menon and Rotstayr2006. aerosol compounds sulfate, black carbon, organic carbon, sea
The adequate treatment of convection in general circulasalt and mineral dust.
tion models (GCMs) is one of the major uncertainties in cli- A mass flux scheme is employed for shallow, midlevel,
mate modelingRandall et al.2003. Tost et al(2006 stud-  and deep convectioiedtke 1989 with modifications for
ied the influence of different convection parameterizationsdeep convection according dordeng(1994. The scheme
including the Tiedtke schem&igdtke 1989 with modifica-  is based on steady-state equations for mass, heat, moisture,
tions byNordeng(1994) that is used in this study. They con- cloud water, and momentum for an ensemble of updrafts
cluded that the differences between the different convectiveand downdrafts, including turbulent and organized entrain-
schemes are generally not very large and that each schemgent and detrainment. Cloud water detrainment in the upper
has its particular aspects for which it performs comparativelypart of the convective updrafts is used as a source term in
well or less well. Thus, it cannot unequivocally be concludedthe stratiform cloud water equations. For deep convection,
which of the schemes is superior. an adjustment-type closure is used with convective activity
In this paper the microphysics of stratiform clouds hasexpressed in terms of convective available potential energy

Model description
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Fig. 1. Annual mean liquid water path [g T¥] from SSM/I observations biferraro et al(1996, Greenwald et a1993, Weng and Grody
(1999 and from the simulations ECHAM5-conv, ECHAMS5-strat and ECHAMS5-acp.

(Roeckner et al.2006. The microphysics are very simple. melting of snow are considered, as well as sedimentation of

At temperatures below°@ only ice clouds are considered cloudice. Italso includes prognostic equations of the number

which assumes that freezing takes place instantaneously. Treoncentrations of cloud droplets and ice crystals and has been
conversion from cloud watey,, to precipitationG is a func-  coupled to the aerosol scheme ECHAM5-HAMopmann

tion of the cloud water content and the vertical extent of theet al, 2007).

cloud: The simulation with the standard model as described in
1 this subsection is referred to as ECHAMb5-acp (Tabje
G=K(p) - qu @ It is compared to a simulation that includes modifications

where K (p)=6-10"*s71 if (pp—p)>pciit. Herep, is the 10 the microphysics scheme in stratiform clouds (simu-

pressure at cloud base and the critical cloud thickness idation ECHAMS-strat). ECHAMS-strat is the basis for

given asp¢rir=150 hPa (ocean) angkx=300 hPa (land). the simulation in which the double-moment cloud micro-
The stratiform cloud scheme consists of prognostic equaPhysics scheme is included in convective clouds (simulation

tions for the water phases (vapor, liquid, solid), bulk cloud ECHAMS-conv). Both simulations are described below.

microphysics Lohmann and Roeckngt996, and an empir-

ical cloud cover schemes(ndqvist et a).1989. The mi-

crophysics scheme includes phase changes between the wa-

ter components and precipitation processes (autoconversion,

accretion, aggregation). Moreover, evaporation of rain and

www.atmos-chem-phys.net/8/2115/2008/ Atmos. Chem. Phys., 8, 21352008
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Table 2. Annual global mean cloud and aerosol properties. Aerosol optical depth (AOD) is obtained from different obsendatig)s (
2008. The liquid water path (LWP) observations stem from SSMAr¢aro et al.1996 Greenwald et a].1993 Weng and Grody1994),

and are restricted to oceans. Ice water path (IWP) has been derived from ISCCHtaiathwino et al.2008 and includes data from land and
oceans. Water vapor mass (WVM) data stem from MODIgandN; refer to the vertically integrated cloud droplet and ice crystal number
concentration, angks refers to the cloud top effective radius of liquid water clouds with cloud top temperatures warmer 273K.. Observations
of N; andre are obtained from ISCCRH@an et al, 1998 1994 and are limited to 50N to 50° S. Total precipitation Btot) is taken from

the Global Precipitation Climatology Proje@dler et al, 2003; the fraction of stratiform precipitation in the tropics (20-20° S) from

TRMM (Schumacher and Houz2003, total cloud cover (TCC) is obtained from surface observatibtah( et al. 1994, ISCCP Rossow

and Schiffer 1999 and MODIS dataKing et al, 2003. The shortwave (SCF) and longwave cloud forcing (LCF) estimates are taken from
Kiehl and Trenbertt{1997. In addition estimates of LCF from TOVS retrievaSusskind et al.1997 Scott et al. 1999 are included. In

cases where the observations are restricted geographically, the respective data from the different simulations are averages over the limite
regions as well. Note that andN; are sampled only over cloudy periods and over the cloudy part of the grid box.

Simulation ECHAM5-conv ECHAMS5-strat ECHAMS5-acp OBS

LWP, g m 2 59.3 69.2 64.6 49-84

WP, g n2 17.2 17.0 27.7 29

Ng, 1010 m—2 8.2 9.3 11.4 4

N;, 1010 m—2 0.6 0.6 0.7

fe, M 10.2 10.8 10.5 11.4

WVM, kg m—2 25.4 26.1 26.0 25.1

TCC, % 61.4 65.1 62.5 62-67

Ptot, mm d1 2.99 291 2.89 2.74

Pstrat mm d~1 1.76 1.29 1.07

Pconv, mm d1 1.23 1.62 1.82

(%t) . % 43 24 7 40
tot /20S-20N

SCF, W n12 -51.3 -53.8 -52.4 -50

LCF, W m—2 29 30.3 29.2 22-30

AOD 0.179 0.182 0.176 0.15-0.19

Table 3. Annual global mean changes in AOD, the hydrological cycle and the TOA radiative budget from 1750 to present-day. Note that
total water path changes here refer to the average over land and ocean. As upward fluxes such as the outgoing longwave radiation (OLR) ar:
negative in ECHAM, positive changes in OLR denote a decrease.

Simulation ECHAM5- ECHAM5- ECHAM5- ECHAM5- ECHAMS-
conv strat acp conv-ghg strat-ghg
AOD 0.039 0.042 0.042 0.042 0.043
Total water path, g m? 4.5 6.1 6.9 35 55
Total cloud cover, % 0.5 0.5 0.25 -0.4 -0.2
Total precip., mm a1 -0.012 -0.018 —0.008 0.01 0.012
Conv. precip., mm dl 0. —0.005 —0.006 0.02 0.013
Shortwave radiation TOA, W m? 1.7 -1.9 2.0 -0.4 -1.0
Outgoing longwave rad., W ii? 0.2 0.3 0.1 0.5 0.7
Net radiation TOA, W 2 -1.5 -1.6 -1.9 0.0 -0.3

2.2 Microphysics in convective clouds and modifications to cloud liquid water and cloud ice and their conversion rates

the standard model into convective clouds. Here we extend that approach to
the number concentrations of cloud droplets and ice crys-

In simulation ECHAMS5-conv the simplified microphysics tals and couple the convective microphysics scheme to the

scheme in convective clouds is replaced by the double-aerosol scheme ECHAM5-HAM. The cloud optical proper-

moment cloud microphysics scheme in stratiform cloudsties remain unchanged.

(Lohmann et a].2007) retaining the critical cloud thickness ~ The aerosol activation in convective clouds is parameter-

before precipitation commences. A first study along thesezed according tdin and Leaitch(1997):

lines was carried out bghang et al(2005, who introduced 1

the bulk microphysics scheme for the mass mixing ratios of@nuc = (0-1(N1max)l‘27) )

Atmos. Chem. Phys., 8, 2118131, 2008 www.atmos-chem-phys.net/8/2115/2008/
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Fig. 2. Annual mean precipitation [mm from GPCP observationsAgller et al, 2003 and from the simulations ECHAM5-conv,
ECHAMS5-strat and ECHAMS5-acp.

where N, is the number concentration of the internally mixed

max (Na — Njodw aerosols beyond a certain wet radius. While the cutoff of

! (3)  35nm was chosen in stratiform cloudsohmann et al.
2007, we chose 25nm for convective clouds. Because the
for N;,™in cm~3, w in cm st and andv=0.023crt s™1.  vertical velocity is higher in convective clouds, more and
The updraft velocityw is obtained as the sum of the grid smaller aerosols are activated according thk€r theory. To
mean vertical velocity and a turbulent contribution expressedake that into account, we potentially allowed all aerosols
in terms of the turbulent kinetic energy (TKE) for stratiform with wet radii larger 25nm to be activated in convective
clouds (ohmann et al.1999. For convective clouds also clouds.

a contribution of the convectively available potential energy  The other microphysical conversion rates inside convec-

 w+a(Ny — Niold)w

(CAPE) (Lohmann 2002 has been added: tive clouds are autoconversion of cloud droplets to form
rain drops, heterogeneous contact and immersion freezing of
W + 1.33VTKE stratiform clouds cloud droplets, aggregation of ice crystals to form snow and

w = {EJF 2/CAPE -+ 1.33/TKE convective clouds (4) ac_:cretion of rain drops with cloud droplets and snow flakes
with cloud droplets and ice crystalghang et al(2005 ne-

The contribution to the vertical velocity from CAPE fol- glected the accretion of rain and snow falling into the grid
lows elementary parcel theoriR@gers and Yaul989. Ele- box from above with cloud droplets and ice crystals, because
mentary parcel theory yields that the vertical velocity is pro- the microphysics inside convective clouds are only calculated
portional to 2/CAPE. This is an upper estimate that can be in rising updrafts. Contrary to that, we now take advantage
found in convective cores in the absence of entrainment.  of the preliminary calculations of the cloud updraft including

www.atmos-chem-phys.net/8/2115/2008/ Atmos. Chem. Phys., 8, 21352008



2120

U. Lohmann: Aerosol effects on convective clouds

% lce water path [g m™] %‘(I)oud droplet number conc. [10" m™]
ECHAM5—conv ECHAM5-acp
60 ECHAMS5—strat OBS !

40 4

20 -

Y
\
\
\
1
L}
[}
[}
1
1
[}
[]
[}
[]
1
[}
[}
[}
\
]
1
\

0 T T T N.--‘Il T o T T T T T

60S 40S 205 EQ 20N 40N 60N 60S 40S 205 EQ 20N 40N  6ON
1(éiloud droplet effective radius [10™® m] 100 Total cloud cover [%]

14

12 -

10 PO LTl g oo 9\..'::;’_:;‘:;
8 -
6 T L J L] L] 40
60S 40S 20S EQ 20N 40N

60N 60S 40S 20S EQ 20N 40N 60N

Fig. 3. Annual zonal means of ice water path (IWP), vertically integrated cloud droplet number concentétjoieléud top effective
radius ¢.) over oceans (solid lines) and over land (dotted lines), and total cloud cover from different model simulations described.in Table
and from observations described in TaBleDotted black lines refer to ISCCP data for IW¥;, r. and total cloud cover. The dashed line

refers to surface observations of total cloud covaltin et al. 1994. Note that, and N, are sampled only over cloudy periods and over
the cloudy part of the grid box.

the microphysical processes in ECHAM that are conductedstratiform clouds, then the difference is added to the respec-
to estimate the vertical extend of the convective clouds andive number concentration in stratiform clouds.

the level of neutral buoyancy. From these preliminary updraft  |n ECHAMS5-conv the updraft velocity in convective cores
calculations, we save the amount of rain and snow produceg,, =2 m s-1 is used to obtain cloud cover from the upward
to calculate the accretion processes in the final updraft calcumass fluxa,,:

lation.

Since supercooled cloud droplets can now exist down to

conv __
—35C in convective clouds, we use the vapor pressure ovef = Mu/(Wup) ®)
liquid water and latent heat of vaporization as long as the ice

water mixing ratio is below a threshold value of 0.5mg/kg Where p is the air density. This formula is used in pene-
and switch to vapor pressure over ice and latent heat of subtrative updrafts for the calculation of microphysics, for the

limation otherwise. This treatment is consistent with what evaporation of precipitation and for wet scavenging. While
is done for stratiform clouds in ECHAM3_0hmann et al.

this value was also used in ECHAMS5-acp for the convective
2007).

cloud cover in the calculation of wet scavenging, a convec-
In ECHAM5-acp and ECHAMS-strat only the detrain- tive cloud cover of 5% was assigned for the calculation of the

ment of cloud condensate as a source for the stratifornfvaporation of precipitation. Eg5Xis now also applied in
cloud liquid and ice mass mixing ratios is considered, butECHAMS-strat for the calculation of the evaporation of pre-
the number concentrations were obtained independentlycipitation. In order to re-adjust the models radiation balance,
With the introduction of sources and sinks for the cloud the organized entrainment rate for penetrative convection has
droplet and ice crystal number concentrations in convecbeen doubled to210~*m~! in simulations ECHAMS5-conv

tive clouds, ECHAMS5-conv also includes detrainment of the ahd ECHAMS-strat.
cloud droplet and ice crystal number concentration from con-

In addition to the changes in the convection scheme, two
vective clouds as a source for stratiform clouds. When theémprovements were made to the microphysics in stratiform

cloud droplet respectively ice crystal number concentrationclouds in ECHAMS-strat and ECHAMS5-conv that are differ-
from convective clouds exceeds the number concentration irent from what has been used in ECHAM5-acp:

Atmos. Chem. Phys., 8, 2118131, 2008 www.atmos-chem-phys.net/8/2115/2008/
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Fig. 4. Annual zonal mean latitude versus pressure plots of the grid-average mass mixing ratios (LWC, IWC) and cloud cover for simulations
ECHAMS5-conv and ECHAMbS-strat.

1. The depositional growth equation for ice crystals, which direct effect and aerosol effects on ice clouds and allows ad-
was only applied for the growing crystals, is now also justments of atmospheric temperatures.
used to calculate sublimation of the ice crystals

2. The cooling rate that is used in the parameterization of In order to compare the change in precipitation over the
immersion freezing of black carbon and dust aerosolslast century with the sensitivity studies of the anthropogenic
now considers the enhanced cooling due to turbulen@erosol effect on both stratiform and convective clouds, we
motions. The turbulent motions are obtained from TKE need to account for the changes in greenhouse gases and
as described in Eq. (4) and oose et al(2008. SST in addition to anthropogenic aerosols. Thus, we have

repeated the pre-industrial simulations using pre-industrial

greenhouse gas concentratio@olpmon et al. 2007 and
2.3 Set-up of the simulations added the difference in SST from a coupled GCM/mixed-

layer-ocean (MLO) simulation between the present-day and
The ECHAMS simulations have been carried out in T42 hor-a pre-industrial simulation in which anthropogenic green-
izontal resolution (2.8125¢2.81258) and 19 vertical levels house gases and aerosols have been turneBeaff{ter et al.
with the model top at 10 hPa and a timestep of 30 minutes2004) (simulations ECHAM5-strat-ghg and ECHAM5-conv-
All simulations used climatological sea surface temperatureghg, see Tablg). The global mean change in surface temper-
(SST) and sea-ice extent. They were simulated for 5 yearsture in these MLO simulations due to anthropogenic green-
after an initial spin-up of 3 months using aerosol emissionshouse gases and aerosols amounts to 0.6 K in good agreement
for the year 2000 (Dentener et al., 2006). To isolate the totalwith the observed warming during the 20th centu¥gi¢hter
anthropogenic aerosol effect, all simulations were repeate@t al, 2004. The difference in SST between the present-
with aerosol emissions for pre-industrial times representativeday and the pre-industrial MLO simulation is used rather
for the year 1750@entener et al.200§. The total anthro-  than the pre-industrial SST itself in order to avoid spurious
pogenic effect investigated in this paper is not a forcing in SST changes stemming from differences in the climatolog-
the IPCC'’s definition of aerosol radiative forcing because itical present-day SST and the present-day SST in the MLO
includes feedbacks from the cloud lifetime effect, the semi-simulation.

www.atmos-chem-phys.net/8/2115/2008/ Atmos. Chem. Phys., 8, 21352008
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Effective cloud amount, tropics 3 Model evaluation

0.16

0.16 T T T
——— ECHAM5-con
o4l Eéﬁﬁmgf"ﬁt lo1a The validation of the coupled aerosol-cloud microphysics
Nt~ " ' scheme in stratiform clouds has been describddbimmann
= 012 [ Jo.12 et al.(2007). Here we focus on the differences of ECHAMS5-
3 conv and ECHAMb5-strat, and between ECHAMb5-strat and
: |
g oyt J0.1 ECHAMS-acp.
=] -
3 o8 i An overview of the global-mean cloud and aerosol proper-
S 0.08) 0.08
2 ties is given in Tabl@. The simulations are conducted such
8 008 I 70.06 that the global annual mean radiation budget is balanced to
" ool | ! Joos within 1 W m~2 at the top-of-the-atmosphere (TOA) and that
' I NN [ I ' the values of the shortwave and longwave cloud forcing are
0.02- H— . & — L 002 within the uncertainty of the radiative flux measurements of
| — +5W m~2 as reported b¥iehl and Trenberttf1997).
% 100 200 300 42?6555306 [hgf;ci 700 800 900 1080 The largest difference between ECHAMS5-strat and
Effective cloud amount, SH mid latitudes EC_HAMS-acp is the deprease in the stratifprm ice water path.
0.16 : : : 0.16 This is due to the re-adjustment of the radiation balance after
J
—— ECHAM5-con _ . . .
o.14| —— ECHAMS—strat J loss inclusion of the changes to the model as described above and
T ove P ' in Table1. It required a slight enhancement of the autocon-
012 1012 version rate resulting in more precipitation, especially strati-
c
2 form precipitation, at the surface and fewer cloud droplets in
o ’
£ 01 10.1 th
8 e atmosphere.
e}
3 ooa ] The most noticeable difference between ECHAMS5-conv
S 0.08 0.08
2 I I and ECHAMS5-strat is the different contribution from con-
E 0.06- 1006 vective versus stratiform clouds of the total precipitation. In
w ool T lo.oa ECHAMS5-conv, the convective contribution of the total pre-
‘ 1 ' cipitation is markedly decreased, from 56% in ECHAM5-
002 - % lo.02 strat to 41% in ECHAMS5-conv because the precipitation for-
mation in convective clouds is slower in ECHAM5-conv with
% 100 200 300 400 500 600 700 800 900 1090 the double-moment microphysics scheme over both land and
_ pressure [nPa] oceans. While no observations are available that suggest
. Effective cloud amount, NH mid latitudes how much of the precipitation should originate from convec-
0.1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.16 . AR P p g ) .
—Eg:mgzgggﬂ tive precipitation globally, TRMM observations in the trop-
0.14| —— ECHAMS-acp 10.14 ics (20 N-20° S) suggest that 40% of the precipitation stems
—TOVS :
from stratiform clouds $chumacher and Houz2003. In
g 017 1012 ECHAMS5-strat the stratiform precipitation fraction in the
% 0l Joa tropics only accounts to 24% while it accounts to 43% in
3 ECHAMS5-conv in better agreement with the observations.
§0-08* 1] T*O-OS As a result of the larger amount of total precipitation in
g 008 T oos ECHAMS5-conv, the wet scavenging of aerosols is slightly
2 1T ' enhanced causing the global mean aerosol optical depth to
0.04- J T J0.04 be a little bit smaller than in ECHAMS5-strat (Tal?.
I T FI_ Even though detrainment from convective clouds is an ad-
007 S ESSESEY oo 002 ditional a source for the stratiform cloud droplet number con-
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ 9 centrations in ECHAM5-convy, the vertically integrated cloud
0 100 200 300 A% e e 0 B0 900 10%0 droplet concentrations within the cloudy part of the grid box

in stratiform clouds is actually smaller in ECHAM5-conv
than in ECHAMb5-strat (Tabl®). This results from having

Fig. 5. Effective cloud amount (fraction) versus pressure in the . . . . . )
tropics (-13 S to 1 N), Southern (SH) and Northern (NH) Hemi- increased the autoconversion rate in this simulation as de

sphere midlatitudes (3260° S/N) from collocated TOVS-LITE scribed below. It is, however, at least ,thce "?‘S Iarge as ob-
data Gtubenrauch et al2005 for September 1994 with simu- served from ISCCP b¥an et al.(1998 in all simulations.

lated data for September from ECHAMS5-conv, ECHAMS-strat and NOte that the_ previous good agreementListhmann et al.
ECHAMS5-acp. (2007) is fortuitous because there we erroneously compared

the simulated averaged cloud droplet number concentration
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Fig. 6. Observed relationships between aerosol optical depth (a)thquid water path(b) total water path (sum of liquid and ice water
path), (c) total cloud cover andd) water vapor mass obtained from the MODIS instruments on board the AQUA and TERRA satellites
(Myhre et al, 2007 and compared to the simulated relationships from ECHAM5-conv, ECHAM5-strat and ECHAM5-acp.

over clear and cloudy periods with the observed cloud droplet decrease in the size of the droplets per given liquid water
number concentration sampled only over cloudy events.  content and increases the shortwave cloud forcing. Thus, less

. _ shortwave radiation is absorbed at the top-of-the-atmosphere
The global mean cloud top effective radius of warm clouds causing an imbalance in the net radiation. In order to bring

(with cloud top temperatures-0°C) sampled only over the top-of-the-atmosphere radiation balance back into equi-
cloudy events in the cloudy part of the grid box is smaller in |iprjum, the autoconversion rate in stratiform clouds is en-
all simulations than estimated from ISCQfPah et al, 1994). hanced by 60% in simulation ECHAMS5-conv. In principle
It is 0.6um smaller in ECHAMS5-conv than in ECHAMS-  one could have adjusted other parameters, but this parame-
strat because a larger number of activated cloud droplets ifer js the most straight forward as an increase in autocon-
convective clouds than in stratiform clouds is a source foryersion rate causes a reduction in the liquid water path and

droplets in stratiform clouds in ECHAMS5-conv. This leads the Vertica”y integrated cloud dr0p|et number (Tab)ﬁthus
to an increase in the cloud droplet number concentration and
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Fig. 7. Observed relationships between aerosol optical depth with cloud top pressure of convective clouds and cloud cover obtained from
MODIS satellites over the North Atlanti&6ren et al, 2005 and compared to the simulated relationships from ECHAM5-conv, ECHAM5-
strat and ECHAMS5-acp.

reducing the shortwave cloud forcing and increasing the netipitation in the ITCZ, SPCZ and secondary maxima in the
shortwave radiation at the top-of-the-atmosphere. The differ-Southern and Northern Hemisphere storm tracks. All simula-
ences in the shortwave and longwave cloud forcing are smaltions overestimate precipitation in the Pacific Warm Pool re-
between the different simulations and agree to within 4 Wgion and the monsoonal precipitation. Precipitation along the
m~—2 with the ERBE observations (Tab. ITCZ is underestimated in ECHAM5-conv and ECHAM5-

The annual mean liquid water path from stratiform clouds strat but captured in ECHAMS5-acp. The agreement between
including detrainment from convective clouds is shown in simulated and observed precipitation is better in the extrat-
Fig. 1. Maxima in observed liquid water path are found in ropical storm tracks which suggests that improvements in the
the Intertropical convergence zone (ITCZ) and in the extra-convection scheme besides the cloud microphysics would be
tropical storm tracksHerraro et al.1996 Greenwald et a].  necessary. Overall, the three simulations are closer to each
1993 Weng and Grody1994. The retrievals differ by afac- ~ other than any of them with the observations.
tor of two regarding the liquid water path in the tropics and The ice water path is considerably smaller in simulations
by over 60% in the global mean, highlighting the problems ECHAMS5-conv and ECHAM5-strat than in ECHAM5-acp
that still exist with these observations. Only in the retrieval and as derived from ISCCP (Fi§). However, one has to
by Ferraro et al(1996), the South Pacific convergence zone keep in mind that the ice water path retrieval is even more
(SPCZ) is apparent. All simulations reproduce the liquid uncertain than retrievals of the liquid water path.
water path maxima in the extratropical storm tracks where The cloud droplet number concentration refers to the con-
the simulated values are encompassed by the measuremesgntrations within the cloudy part of the grid box, sampled
uncertainty. However, the liquid water path in the Pacific over cloudy periods only. Note that the annual mean cloud
Warm Pool is underestimated in simulations ECHAMS5-acp droplet number concentration as deduced from ISCCP by
and ECHAMS-strat. In better agreement with observations,Han et al.(1998 is an average of only 4 months (January,
ECHAMS5-conv simulates a higher liquid water path in the April, July and October 1987) and therefore has to be re-
Intertropical and South Pacific convergence zones. It regarded with caution. While the latitudinal distribution of
sults from the slower precipitation formation in convective the cloud droplet number concentration with maxima in the
clouds in ECHAMS5-conv as compared to ECHAMS5-strat Northern Hemisphere mid latitudes is captured rather well,
and ECHAMS5-acp (cf. Tablg). This causes more cloud wa- the magnitude is more than twice as large as observed in all
ter and ice to be detrained from convective clouds, whichsimulations. It is actually smallest in ECHAM5-conv, and
then is a source for stratiform cloud water and ice (E)g. therefore is in best agreement with the observations.

The annual mean precipitation is shown in FZgThe ob- The cloud top effective radius of warm clouds (with cloud
servational data from the Global Precipitation Climatology top temperatures-0°C) has been derived separately over
Project (GPCP)Adler et al, 2003 show maxima in pre- land and ocean from ISCCIP&n et al, 1994. It is larger
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Fig. 8. Observed changes in precipitation [mr‘ﬁ]t] between the 10-year average from 1989-1998 minus the 10-year average from 1901—
1910 Hulme et al, 1999 as compared to simulated changes between the present-day and pre-industrial conditions for simulations ECHAM5-
conv-ghg and ECHAMS5-strat-ghg. The simulated precipitation changes are shown only for data points where observational data are available.

over the oceans than over land and larger over the Souther8.1 Evaluation of cloud altitudes
Hemisphere than in the Northern Hemisphere. All simula-
tions capture the size of the continental cloud droplets veryincluding cloud microphysics in convective clouds has impli-
well, but underestimate the size of the oceanic cloud dropletsations for the vertical distribution of cloud cover and cloud
(Fig. 3). condensate. As shown in Fig, the stratiform cloud liquid
water extends to higher altitudes in simulation ECHAMS5-
Total cloud cover from stratiform clouds is reduced conv. On the other hand, fewer tropical cirrus clouds are
in simulation ECHAM5-conv as compared to simulation found in ECHAMS5-conv because the convective cloud tops
ECHAMB5-strat in worse agreement with observations. Thisdo not extend as high vertically as in ECHAM5-strat. This
is especially pronounced in the tropics where the atmosphereeans that the detrainment occurs at lower altitudes in
is drier in ECHAM5-conv. As the Sundgvist cloud cover ECHAMS5-conv. The ice water content is very similar in both
scheme only depends on the relative humidity, the cloudsimulations.
cover is reduced as well. Convective clouds themselves are Stubenrauch et (2005 derived the pressure of the high-
considered as short-lived so that no cloud cover is assigned test cloud layer, weighted by the effective cloud amount and
them. They only contribute to the cloud cover by detraining normalized to the total cloud amount from collocated TOVS-
condensate and subsequent formation of stratiform clouds. ILITE satellite data for 10 days in September 1994 (Big.
one would assign the convective cores the same cloud coverhe statistics look similar as compared to 8 years of Sept-
that is calculated in Eq. (5), the agreement with the observaNov data from 1987 and 1994 obtained from TOVS alone
tions could be improved. (Stubenrauch et al2005. Effective cloud amount refers to
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Fig. 9. Zonal annual mean changes in total water path (sum of liquid and ice water path), total cloud cover, total precipitation, shortwave,

longwave and net shortwave radiation at the top-of-the-atmosphere due to the total anthropogenic aerosol effect for simulations ECHAM5-
conv, ECHAM5-strat, and ECHAM5-acp.

the frequency of occurrence of cloud amount multiplied by  The effective cloud amount in Southern Hemisphere mid-
its emissivity. The model data for comparison have been obiatitudes is vastly different from the tropics with the max-
tained from 5 years of September data and were calculated imum cloud amount between 800 and 900 hPa and a sec-
the same way. ondary maximum between 400 and 500 hPa (BjigAll sim-

As shown in Fig5, the effective cloud amount from strat- ulations capture the maximum between 800 and 900 hPa but
iform clouds in the tropics peaks between 200 and 300 hPa&everely underestimate the cloud amount at higher altitudes.
with a secondary maximum at the top of the boundary layerThe slight increase in effective cloud amount in ECHAM5-
between 700 and 800 hPa. The satellite data suggest a mudonv at altitudes above 700 hPa again is a small improvement
larger cloud amount above 300 hPa than simulated in anyowards higher cloud amounts.

ECHAMS5 simulation. The increase in cloud amount in

. : . The effective cloud amount in Northern Hemisphere mid-
ECHAMS-conv at altitudes above 400 hPa is a small step "Matitudes peaks between 300 and 400 hPa with a secondary

the right direction, but the agreement at lower altitudes IS aximum between 700 and 800 hPa (Y. Al simula-
WOrse. tions produce the highest cloud amount below 800 hPa. In
ECHAMS5-conv, a secondary maximum between 300 and

Atmos. Chem. Phys., 8, 2118131, 2008 www.atmos-chem-phys.net/8/2115/2008/



U. Lohmann: Aerosol effects on convective clouds 2127

400 hPa is hinted at, but is far too small as compared tareversed such that the cloud cover decreases at small val-
observations. As for the Southern Hemisphere, the small inues of AOD and increases at higher values. This may be
crease in cloud amount at altitudes above 700 hPa and than artifact of the Sundqvist cloud cover scheme that depends
small decrease below 900 hPa in ECHAMS5-conv slightly im- only on relative humidity and hence is not very sensitive to
proves the vertical distribution of effective cloud cover. changes in cloud condensate. On the other hand, multi-year
The slight increase in effective cloud cover in simulation analyses of data at the ARM site show that cloud fraction
ECHAMS5-conv in the mid troposphere that is apparent in allincreases with AOD only for clouds of less than 1 km but
plots of Fig.5 stems from the larger amount of supercooled decreases with increasing AOD for larger cloudagsianov
water in these clouds (cf. Fig) which increases their emis- et al, 2007). Thus, the global correlations have to be viewed
sivity. The overall underestimation of high clouds can partly with caution.
be explained by a higher sensitivity of the satellites to opti- Water vapor mass is very sensitive to increases in AOD
cally thin cirrus clouds than present in ECHAMS. It could in simulation ECHAM5-conv and to a lesser extent in
also point to the importance of cloud dynamics as opposedECHAMb5-strat. This suggests that data points with low val-
to cloud microphysics as the reason for this discrepancy beues of AOD in ECHAMS5-conv stem from drier geographical
cause the differences between the observations and the modegions than in the other two simulations and in the obser-
simulations are larger than the inter-model differences. Thisvations. These low values of water vapor mass of less than

will be subject to further investigations in the future. 20kg nT2 are limited to orographic terrain and mid- to high
latitudes. In simulations ECHAMS5-acp and ECHAMS-strat,
3.2 Evaluation of aerosol-cloud interactions on the other hand, low values of AOD can also be found in

more humid regions causing a higher average water vapor
Aerosol-cloud interactions are validated using observationgmass for low values of AOD in better agreement with obser-
from the MODIS satellites between 58 and 50 N for two vations.
full years (2001 for MODIS on board of the Terra satellite  koren et al.(2005 analyzed the cloud top heights from
and 2003 for MODIS on board the Aqua satellite) follow- MODIS satellite data as a function of AOD for convective
ing Myhre et al.(2007). The observations show a modest clouds over the Atlantic. As found globally Bylyhre et al.
increase of liquid (LWP) and total water path (TWP, sum of (2007, cloud cover increases with increasing AOD. More
liquid and ice water path) with aerosol optical depth (AOD) interesting though, the convective clouds extend to higher
and a rather strong increase of cloud cover with AOD espeqjtitudes when AOD increases (Fig). The authors thus
cially for AOD <0.2 (Fig.6). As suggested by the authors, syggest that aerosols invigorate convective storms by sup-
this strong increase in cloud cover with AOD for AGD.2  pressing drizzle so that more cloud water is available for
is aresult of aerosol-cloud interactions and a prolonged C|0UGfreezing. This results in a larger latent heat release as com-
lifetime. Large and mesoscale weather systems seem N@fared to clean clouds and allows the clouds to penetrate to
to be a cause for the increase in cloud cover with AOD in higher altitudes (see alsghain et al.(2005 discussed in
this range. Add|t|0na“y, part of the observed relationship of the introduction)_ In ECHAM5-acp and ECHAMS_Strat' the
AOD with cloud cover can be explained by the larger water giagnosed convective cloud top heights show the opposite
uptake close to the clouds since relative humidity is higher intrend with AOD. They decrease from 300 hPa at the cleanest
regions with higher cloud cover. At AOB0.2, LWP, TWP,  AOD to 600 hPa for the highest AOD. While ECHAM5-conv
cloud cover and water vapor mass decrease with increasingnderestimates the diagnosed convective cloud top heights

AOD. _ _ ' throughout, it nevertheless predicts the right trend of an in-
The increase in LWP and TWP with AOD for small AOD crease in convective cloud top height for AOD value 2.

values (AOD <0.1) as observed is captured in all model

simulation. While the observed decrease in LWP for AOD

>0.2 is not reproduced in any simulation, the sensitivity of 4  Sensitivity studies of the anthropogenic aerosol effect

LWP and TWP changes with increasing AOD is smallestin  on stratiform and convective clouds

simulation ECHAM5-conv in best agreement with the ob-

servations. On the other hand, the sensitivity of the wa-The observed change in precipitation from 1900 to 1998 has

ter vapor mass with increasing AOD is vastly overestimatedbeen reported by{ulme et al.(1998. While the observa-

in this simulation. Part of the differences in sensitivity be- tions show an increase of 0.02 mm/d since the beginning

tween ECHAM-acp and ECHAMS5-conv stem from the mod- of the last century, the precipitation decreases in simulations

ifications to the large-scale microphysics scheme because tHeCHAM5-acp, ECHAM5-strat and ECHAM5-conv through

slopes the increases in LWP and water vapor mass with indirect, semi-direct and indirect aerosol effects on the hydro-

creasing AOD in ECHAMS5-strat lie between the slopes for logical cycle (Table3). Whereas the decrease in precipita-

ECHAMS5-acp and ECHAMS-conv (Fid). tion is dominated by convective precipitation in ECHAM5-
The increase in cloud cover with AOD at AOR0.2 is  acp, the convective precipitation remains constant in simu-

not captured in any model simulation. Instead the trend isation ECHAM5-conv. Because the change in precipitation
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over the last century is influenced by changes in greenhoussions. The increase in total water path is smallest in simu-
gases in addition to changes in aerosols, the pre-industridhtion ECHAM5-conv consistent with the smaller sensitivity
simulations ECHAMb5-strat and ECHAMb5-conv have been of the change in total water path with increasing AOD in this
repeated using pre-industrial greenhouse gas concentratiossmulation (cf. Fig.6). This is a step in the right direction
and pre-industrial sea surface temperatures (cf. Tgblén as large eddy model simulations suggest that the total water
these simulations (ECHAMS5-conv-ghg and ECHAMS5-strat- path may even decrease when adding aerosols, Acier-
ghg) the observed global mean temperature increase of 0.6 kKhan et al. 2004 Jiang et al.2006. Cloud cover increases
over the 20th century is taken into account. This results inbetween 0.25 and 0.5% globally in the simulations due to
a global mean increase of precipitation since pre-industriathe cloud lifetime effect with the largest increase in Northern
times of 0.012 mm/d in simulation ECHAMS5-strat-ghg and Hemisphere mid latitudes where the increases in total water
of 0.01 mm/d in simulation ECHAM5-conv-ghg (TabB. path are highest (Fi).
The observed increased in precipitation over the 20th century The decrease in TOA shortwave radiation of —=1.9 to —2W
calculated from the data in Fi§.amounts to 0.02mm/d. The m~2is comparable in ECHAMS5-acp and ECHAM5-strat be-
simulated change in precipitation sampled over the availableause it depends on the increase in total water path and in
data points from Fig8 only, results however in a decrease total cloud cover. The smaller increase in total water path
of —-0.02 mm/d in ECHAMb-strat-ghg and of —0.01 mm/d in in simulation ECHAM5-conv as compared to ECHAM5-acp
ECHAMS5-conv-ghg. The increase in convective precipita- and ECHAMS5-strat results in a smaller decrease in short-
tion exceeds the increase in total precipitation in simulationswave radiation at TOA of —1.7 W nf. The outgoing long-
ECHAM5-conv-ghg and ECHAMS-strat-ghg suggesting a wave radiation (OLR) also decreases because of the increase
strengthening of the convective activity in a warmer climatein cloud cover. Thus it slightly compensates the decrease
in these simulations. This is opposite to the small changes$n shortwave radiation at TOA. The decrease in OLR is
in convective activity found when doubling G@n the GISS  largest in simulation ECHAMS5-strat such the decrease in net
GCM (Del Genio et al.2007). radiation is comparable in simulations ECHAM5-conv and
Figure 8 shows the observed change in precipitation be-ECHAMS5-strat with —1.5 to —1.6 W m? (Table3).
tween the 10-year average from 1989-1998 minus the 10-
year average from 1901-1910. Increases in precipitation can
be seen in eastern North America, Northern Europe, North5 Conclusions
ern Asia, India, Brazil and Argentina, whereas precipita-
tion decreased in the Pacific Warm Pool, in the Sahel zoneln this study, the double-moment cloud microphysics scheme
Central America and off the east coast of America. Thedeveloped for stratiform clouds of the ECHAM5 GCM has
decrease in the Sahel zone has partly been attributed to laeen extended to convective clouds. This includes the pro-
cooling of the Northern Atlantic possibly enhanced by an- cesses of aerosol activation, precipitation formation via the
thropogenic aerosolsi(lliams et al, 2001, Rotstayn and warm and ice phase, freezing depending on the availability
Lohmann 2002 Held et al, 2005. of ice nuclei and detrainment of the cloud droplet and ice
ECHAMS5-conv-ghg captures the increase in precipitationcrystal number concentrations and mass mixing ratios to the
in northern South America, Southern Africa, Western Europestratiform cloud scheme. Previously cloud water in convec-
and Eastern North America as well as the decrease in precipiive cores froze immediately upon supercooling bel6\CO
tation in the Sahel zone, in the Eastern North Pacific and partdlow cloud droplets remain supercooled up to <35de-
of Indonesia. However, the observed increases in precipitapending on the liquid water content, the cloud droplet num-
tion in Northern Asia and in India are missing in this simula- ber concentration and the availability of freezing nuclei. In
tion. Some of these features are also apparent in simulationrder to account for the accretion process, rain and snow that
ECHAM5-strat-ghg. In this simulation even the increase in were formed in the preliminary updraft calculation have been
precipitation in Northern Asia is captured, but therefore thesaved for the final updraft calculations.
increase in precipitation in North America is shifted fromthe  The results of the simulations for the present-day climate
coast too far inland. show that the higher amount of supercooled water in the mid
The annual zonal mean changes in total water path (sum dfroposphere increases the effective cloud amount in slightly
liquid and ice water path), total cloud cover, total precipita- better agreement with observations. In terms of precipita-
tion, shortwave, longwave and net radiation at the top-of-thetion changes over the 20th century, many observed features
atmosphere due to the total anthropogenic aerosol effect arguch as the decrease of precipitation in the Sahel zone or
shown in Fig.9. The increase in AOD, which can be taken the increase in precipitation over South America and Cen-
as a surrogate for the aerosol forcing, is smallest in simulatral Africa are captured in the simulations that are forced by
tion ECHAMS5-conv, where the autoconversion rate and thusthe changes in anthropogenic greenhouse gases and aerosols.
the wet scavenging is highest (Tal3le Total water path has In this simulation the convective precipitation increases the
increased the most in Northern Hemisphere midlatitudes asnost suggesting that the convection has indeed become more
a response to the maximum in anthropogenic aerosol emisvigorous as hypothesized §hain et al.(2005.
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The total anthropogenic aerosol effect defined as the
difference in net radiation at TOA between pre-industrial
and present-day times is slightly smaller in simulation
ECHAMS5-conv amounting to —1.5 W 1t as compared to —
1.6 W nT2 in ECHAMS-strat and —1.9 W ¥ in ECHAM5-
acp.

As concluded in the Fourth IPCC report, the response of
deep convective clouds to global warming is a substantial
source of uncertainty in projections since current models pre-
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