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Abstract. Aerosols affect the climate system by changing Clouds themselves are an important regulator of the
cloud characteristics in many ways. They act as cloud conEarth’s radiation budget. About 60% of the Earth’s surface is
densation and ice nuclei, they may inhibit freezing and theycovered with clouds. Clouds cool the Earth-atmosphere sys-
could have an influence on the hydrological cycle. While thetem on a global average basis at the top-of-the-atmosphere.
cloud albedo enhancement (Twomey effect) of warm cloudsLosses of 48Wm? in the solar spectrum are only par-
received most attention so far and traditionally is the onlytially compensated (30 W nf) by trapped infrared radiation.
indirect aerosol forcing considered in transient climate sim-Measurements of the Earth Radiation Budget Experiment
ulations, here we discuss the multitude of effects. Different(ERBE) (Collins et al, 1994 indicate that small changes
approaches how the climatic implications of these aerosol efto macrophysical (coverage, structure, altitude) and micro-
fects can be estimated globally as well as improvements thaphysical properties (droplet size, phase) have significant ef-
are needed in global climate models in order to better reprefects on climate. For instance a 5% increase of the short-
sent indirect aerosol effects are discussed in this paper. wave cloud forcing would compensate the increase in green-
house gases between the years 1750-2G0dmagswamy
et al, 2001). Consequently the growing interest in the im-
pact of aerosols on climate stimulated the development of
1 Introduction better physically based parameterizations in climate models.
Nevertheless, the lack of understanding feedbacks of external

Anthropogenic aerosol particles such as sulfate and carbona(g,rcmgS on ClO_UdS remajns one of the Iarge.st'uncertainties in
ceous aerosols have substantially increased the global meaﬁjl'mate modeling and climate change predictiare¢s et aJ.
burden of aerosol particles from preindustrial times to the 1290 Houghton et al.199§.

present-day. Aerosol particles affect the climate system via A summary of the different anthropogenic aerosol effects
the following physical mechanisms: First, they scatter andon clouds is given in Tabl& while the effects are discussed
can absorb solar radiation. Second, they can scatter, abin detail in the subsequent chapters. Most transient climate
sorb and emit thermal radiation. Third, aerosol particlesmodel simulations allow for a cooling by aerosols in order
act as cloud condensation nuclei (CCN) and ice nuclei (IN).to achieve good agreement with the observed temperature
The first two mechanisms are referred to as direct effectsecord. However, these studies usually ignore aerosol indi-
and are not subject of this paper but are discussed in detarect effects beyond the Twomey effeBtdeckner et a]1999

in e.g.,Haywood and Bouchef2000. The last one is re- Boer etal,2000. Here we illustrate that radiative forcings of
ferred to as indirect effect. It will be the subject of this re- other indirect aerosol effects exist and need to be considered
view together with other atmospheric properties influencedin future transient simulations. A positive forcing is associ-
by aerosols (e.g. semi-direct effect, suppression of convecated with a warming or energy gain of the Earth-atmosphere
tion). Even though the semi-direct effect is a consequencesystem while a negative forcing represents a cooling or en-
of the direct effect of absorbing aerosols, it changes cloudergy loss. When available from the literature, we focus on the
properties in response to these aerosols and therefore is paglobal aspect of these various anthropogenic indirect aerosol

of this review on aerosol-cloud-interactions. effects because a review of all regional studies on indirect
aerosol effects would be beyond the scope of this study. We

Correspondence tdJ. Lohmann concentrate on studies that have been published since the
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Table 1. Overview of the different aerosol indirect effects and range of the radiative budget perturbation at the top-of-the atmBgphgre (
W m*Z], at the surfaceKs ) and the likely sign of the change in global mean surface precipitation (P) as estimated fré@afdgfrom
the literature cited in the text.

Effect Cloud type Description Froa Fspc P
Indirect aerosol effect for All clouds The more numerous smaller —0.5  similar n/a
clouds with fixed water amounts cloud particles reflect to to
(cloud albedo or Twomey effect) more solar radiation -19 Froa
Indirect aerosol effect with All clouds Smaller cloud particles —0.3 similar decrease
varying water amounts decrease the precipitation to to
(cloud lifetime effect) efficiency thereby prolonging —14  Froa
cloud lifetime
Semi-direct effect All clouds Absorption of solar radiation  +0.1 larger decrease
by soot may cause evaporation to than
of cloud particles —-05 Froa
Thermodynamic effect Mixed-phase  Smaller cloud droplets delay ? ? increase or
clouds the onset of freezing decrease
Glaciation indirect effect Mixed-phase  More ice nuclei increase the ? ? increase
clouds precipitation efficiency
Riming indirect effect Mixed-phase Smaller cloud droplets decrease ? ? decrease
clouds the riming efficiency
Surface energy All clouds Increased aerosol and cloud n/a—1.8 decrease
budget effect optical thickness decrease the to
net surface solar radiation —4
2 Aerosol effects on water clouds black carbon with respect to the cloud as discussed in chap-

ter 6. Both the cloud lifetime effect and the semi-direct effect

The IPCC Third Assessment Report concluded that thenvolve feedbacks because the cloud lifetime and cloud lig-
Twomey effect of anthropogenic aerosol particles amounts,id water content change. Therefore they were not included
to 0 to —2Wm~2 in the global meanRamaswamy et al.  in the radiative forcing bar chart of the IPCC (2001) assess-
2001). The Twomey effect refers to the enhanced reflec-ment.
tion of solar radiation due to the more but smaller cloud
droplets in a cloud whose liquid water content remains con-2.1 Evidence of aerosol effects on warm clouds from ob-
stant Twomey; 1959. Based on studies since the 2001 IPCC servational data
report as shown in Fid., the upper negative bound is slightly
reduced to-1.9WnT 2. On the other hand, there is no cli- The indirect aerosol effect of changing cloud albedo and
mate model that suggests that the Twomey effect is close taloud lifetime due to anthropogenic emissions of aerosols
zero, but the smallest cooling is0.5 W n2 (Table1). and their precursors has been evaluated from observational

In addition, the more but smaller cloud droplets reduce thestudies, starting with observations of ship tracks perturb-
precipitation efficiency and therefore enhance the cloud life-ing marine stratus cloud decks off the coast of California,
time and hence the cloud reflectivity, which is referred to ase.g. Ferek et al(1998 and lately also over continental ar-
the cloud lifetime or second indirect effe&lbrecht 1989. eas Feingold et al. 2003 Penner et a).2004. Investiga-
This effect is estimated to be roughly as large as the Twomeyions by Brenguier et al(2000 and Schwartz et al(2002
effect as will be discussed below. Absorption of solar ra- over the Atlantic Ocean showed that the cloud droplets were
diation by aerosols leads to a heating of the air, which cansmaller in the polluted clouds than in the clean clouds. This
result in an evaporation of cloud droplets. It is referred to ascontrast between polluted and clean clouds is partially off-
semi-direct effectGral3| 1979 Hansen et al.1997. This set because both papers found that the polluted clouds were
warming can partially offset the cooling due to the indirect thinner as they originated over the continents, which causes
aerosol effect. Conversely, as shownRsnner et al(2003, them to be drier than their counterpart marine clean clouds
Johnson et a[2004 and indicated in Tabl& the semi-direct  (Lohmann and Lesin2003. Since the cloud albedo de-
effect can resultin a cooling depending on the location of thepends on both the cloud droplet size and the cloud thickness
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these competing effects partially cancel each other makingit  ~  ~ w s
more difficult to detect an indirect aerosol effect. '

These systematic differences in cloud thickness between
clean and polluted clouds also affect the correlation between< -5
optical thickness and effective radius as investigateBrieyn- 3
guier et al(2003. This correlation is negative, as anticipated
by Twomey(1977) if only cases of comparable values of ge-

ometrical thickness are considered. On the other hand, if the oo
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ner, than the marine and intermediate cases. Likewisag

et al.(2002 showed that the slope between optical thickness
and effective radius is positive for polluted clouds due to the %
increase in liquid water content and absence of drizzle size ¢ _.,}
drops and vice versa for clean clouds.

Feingold et al.(2003 studied the indirect aerosol effect
from ground-based remote sensing at the Atmospheric Radi-  **~75 % "~ Y % o,
ation Measurement (ARM) site in Oklahoma using observa- Ty
tions of subcloud Raman lidar aerosol extinctioat 355 nm e,
and cloud droplet effective radius to define the aerosol in- . o
direct effect (IE) as the partial derivative of the logarithm Fig. 1. Global mean Twomey effect and its contribution on the

of cloud droplet radius with respect to the logarithm of the NO'thérn and Southemn Hemisphere (NH, SH) and the ratio SH/NH
aerosol extinction: of anthropogenic sulfate aerosols (red bars) fRotstayn and Pen-

ner (200J), Rotstayn and Liu(2003 and Jones et al(200]), of
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dlnr, anthropogenic sulfate and organic carbon (blue bars) ftenon
"9 na (1) et al. (20023; Quaas et al(2004, of anthropogenic sulfate and
. . black, and organic carbon (turquoise bars) fr@huang et al.
Feingold et al(2003 obtained IE values between 0.07 and (2009 and the mean plus standard deviation from all simulations
0.11 over the ARM site for liquid water paths between 100 (olive bars). The results fromvlenon et al.(20023 are averaged

and 130 gm2. They showed that for a homogeneous cloud over both simulations of the Twomey effect.

with a constant liquid water content for which cloud opti-

cal depth is proportional t(NL}/ 3, one can bracket IE to be

between 0 and 0.33. This derivative of the indirect aerosolpurely from observations permits estimates of the anthro-

effect can be used for model validation. For example, modelpogenic indirect aerosol effect globally.

simulations byLohmann and Lesin&003 obtained larger

slopes than observed, suggesting an overestimate of the irf2.2 Global estimates of indirect aerosol effects on warm

direct aerosol effect. There is, however, some uncertainty in clouds

this estimate related to different observing platforms. The

estimate of the indirect effect Byeingold et al(2003 atthe  Aerosol indirect effects are estimated from general circula-

ARM site is larger than estimated from POLDER satellite tion models (GCMs) by conducting a present-day simulation

data byBréon et al(2002. Rosenfeld and Feingol2003 and a pre-industrial simulation in which the anthropogenic

pointed out that limitations of the POLDER satellite retrieval emissions are set to zero. The difference in the top-of-the-

could explain this discrepancyPenner et al(2004 com- atmosphere radiation budget of these multi-year simulations

bined ARM data together with a Lagrangian parcel model atis then taken to be the anthropogenic indirect aerosol effect.

the ARM sites in Oklahoma as a surrogate for a polluted siteThe aerosol mass or number is then either empirically re-

and Alaska as a surrogate for a clean site to provide obsetated to the cloud droplet number concentratiBocher and

vational evidence of a change in radiative forcing due to theLohmann 1995 Menon et al. 20023 or is obtained by us-

anthropogenic indirect aerosol effect. ing a physically-based parameterizatidb@ul-Razzak and
Long-term observations from satellites over Europe andGhan 2002 Nenes and Seinfe]@003. Warm clouds form

China show evidence for the semi-direct effect, i.e. a reduc{precipitation-size particles by the collision/coalescence pro-

tion in planetary albedo that can be attributed to absorbingcess. In GCMs this is divided into the autoconversion (col-

aerosols in winterKruger and Graf3l2002 2004 Kriger  lisions and coalescence among cloud droplets) and the ac-

et al, 2004. In summer, on the other hand, when more sul- cretion of rain drops with cloud droplets. The former is ei-

fate is produced, the Twomey effect is larger. So far, nonether solely a function of the liquid water conte@undqvist

of the techniques used to derive the indirect aerosol effectl978 and the cloud droplet size or concentratigéirout-

IE =

www.atmos-chem-phys.org/acp/5/715/ Atmos. Chem. Phys., 5,781/52005
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Twomey effect Lifetime effect the-atmosphere. The difference between these definitions is
' small because the contribution of the longwave radiation to
the Twomey effect is below 0.1 W (Menon et al.2002a
Rotstayn and Penne2001). Also the clear-sky radiation will
remain the same in the absence of changes in temperature
and differences in ice and snow cover between pre-industrial
and present-day conditions. This latter constraint does not

Wioesoson s el nono, oS orn g el no, apply any longer when feedback processes are included. In
5%, 7 Oy s 5%y 7, 7, st . . .
%0, ° e, %o, ® o, general, the ratio of cooling of the Northern Hemisphere to
Both hEs 5o tifetime/Twomey effect the cooling of the Southern Hemisphere is larger when only

sulfate aerosols are considered because biomass burning is
only a minor source for sulfate but a large source for car-
0 | bonaceous aerosols (Fitj). The lowest ratio is simulated

by Quaas et al(2004) who used the empiricd8oucher and
Lohmann(1995 relationship but using the maximum of the

IAE [Wm™)

0o three hydrophilic species (sulfate, sea salt, organic carbon)

Mo on ek, AR AN i d of j If | for all i
ety o oo e, et o Uontn s o, instead of just sulfate aerosols as a surrogate for all species.
? % K % Here sea salt has a more prominent role causing the anthro-

pogenic emissions on the Southern Hemisphere to only play
Fig. 2. Global mean Twomey effect, lifetime effect, both effect a minor role.
and the ratio lifetime effect/Twomey effect of anthropogenic sulfate
aerosols (red bars) froWvilliams et al.(200), Rotstayn and Penner - 2 4 Twomey versus cloud lifetime effect
(2001, Ghan et al(2001) andJones et a2001), of anthropogenic
sulfate and black carbon (green bars) frimistjansson(2002), of

anthropogenic sulfate and organic carbon (blue bars) Memon Climate model estimates of the cloud lifetime effect and the

et al. (20024: Quaas et al(2004), of anthropogenic sulfate and semi-direct aerosol effect are at least as uncertain as of the

black, and organic carbon (turquoise bars) fraobhmann et al. Tvyo_mey effect. As shown in Fig, Kristjanssor(2002 and
(2000); Takemura et al(2009 and the mean plus standard devia- Williams et al.(200]) concluded that the Twomey effect at
tion from all simulations (olive bars). The results frdenon etal.  the top-of-the atmosphere is four times as important as the
(20023 andGhan et al(2001) are taken to be the averages of the cloud lifetime effect whereasohmann et al(2000, Ghan
simulations for only the Twomey effect and for both effects. et al.(2001) andQuaas et al(2004) simulated a cloud life-
time effect that is larger than the Twomey effect. This dis-
crepancy is independent of the chemical nature of the anthro-
dinov and Kogan200Q Liu et al., 2004. Once the autocon- pogenic aerosol species that are used in these different sim-
version rate depends on the size or number of cloud dropletgjlations. Likewise, the estimates of both indirect aerosol ef-
the Twomey and cloud lifetime effect cannot be calculatedfects are smallest for the climate models that use the most an-
separately any longer without changing the reference statehropogenic species (Fig). One reason for the large aerosol
Estimates of the separate effects are then conducted by eithérdirect effects obtained bilenon et al.(20023 could be
prescribing a constant cloud droplet number concentratiordue to their empirical treatment between the aerosol mass
(Lohmann et al.2000 or by calculating the cloud water con- and the cloud droplet number because sensitivity simulations
tent three times, once for advancing the model, and twice folby Lohmann et al(2000 yielded a higher total indirect effect
diagnostic purposes. The difference in the latter two stemsvhen an empirical relationship instead of a mechanistic rela-
from the different precipitation efficiencies of the clouds in tionship was used. However, other models that use an empiri-
response to pre-industrial and present-day aerosol concentraal relation such ad/illiams et al.(2001) obtain a smaller in-

tions (Kristjansson2002. direct aerosol effect. Another reason for the discrepancy be-
tween models could be the dependence of the indirect aerosol
2.3 Twomey effect effect on the background aerosol concentration. Sensitivity

studies byl ohmann et al(2000 showed that reducing the
The estimates of the global mean Twomey effect and its divi-minimum number of cloud droplets (which can be regarded
sion into the Northern and Southern Hemisphere are showias a surrogate for the background aerosol number concentra-
in Fig. 1. Note that the definition of the Twomey effect is not tion) from 40 cnt2 to 10 cn1 3 increased the indirect aerosol
unique. WhileChuang et al(2002, Rotstayn and Lif2003  effect from—1.1Wnm2 to —1.9Wn1 2. Likewise differ-
andQuaas et al(2004) define the Twomey effect as the net ences in the cloud microphysics scheme, especially in the au-
change in the shortwave flux at the top-of-the-atmospheretoconversion rate, cause uncertainties in the indirect aerosol
Menon et al(20023 defined the Twomey effect in terms of effect estimateslohmann and Feichted997 Jones et a).
the change in the net cloud radiative forcing at the top-of-2001, Menon et al.2002g 2003.

Atmos. Chem. Phys., 5, 71837, 2005 www.atmos-chem-phys.org/acp/5/715/
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2.5 Land versus ocean Lond Ocean

Most models suggest that the total indirect effect is at least
as large over land as over the oceans (B)g.The only ex-
ception are the simulations Wyotstayn and Penné2001)

in which different empirical formulas were used for relating
sulfate mass as a surrogate for all aerosols to cloud droplet

number (relationship A frorBoucher and Lohman{i1995). EX %m;v%go%%w G%A”Z% o m;wsq% %%w Gc,/e%
This parameterization causes clouds over oceans to be more w7 G %, o %0,
susceptible to increases in CCN. The flatter form of thispa- o U ‘Oc‘em/m‘nd‘ _
rameterization over land than over ocean is broadly consis- | ]

tent with the idea that continental clouds are less susceptible T

to the effects of anthropogenic increases in CCN, becauseg

there are more natural CCN over land than over ocean. This ¢ -z °
conclusion is also consistent with the estimate of the total -} 05r
indirect aerosol effect as derived from combining POLDER o
4y,

satellite data and ECHAM4 GCM resulttaghmann and %ﬁs g oo %ﬁ ‘Mgf 837 . ’P°fsf°of'sf’%§’ “’%‘%%j@;%
Lesing 2002 that suggest a larger indirect aerosol effect over o oo,

the oceans than over land. These satellite data, nevertheless,

have to be viewed with caution, because the retrieval from therig. 3. Global mean total indirect aerosol effects and their contribu-
POLDER satellite is limited to clouds with a rather narrow tion over the oceans, over land and the ratio ocean/land of anthro-

cloud droplet size distribution that produce a gloRoéen-  pogenic sulfate (red bars) frodones et al(200J), from anthro-

‘”{
%o

feld and Feingold2003. pogenic sulfate and black carbon (green bars) fidristjansson
(2002, of anthropogenic sulfate and organic carbon (blue bars)
2.6 Constraints on the indirect aerosol effect from Menon et al.(20023; Quaas et al.(2004, of anthro-

pogenic sulfate and black, and organic carbon (turquoise bars) from
f Lohmann and Lesin€002; Takemura et al(2005, from a com-

. - r cl
The cooling from both indirect effects on water clouds o bination of ECHAM4 GCM and POLDER satellite results (black

sulfate and carbonaceous aerosols has been estimated frgm ars) byLohmann and Lesin€2002 and the mean plus standard

climate m(;d_els since the last IPCC report to.b& to deviation from all simulations (olive bars). The results fritanon
—4.4WnT< in the global meanGhan et al. 2001 Jones ¢ 51 (20024 are averaged over the three simulations for both ef-
et al, 2001, Lohmann and Feichtef002;, Williams et al, fects.

2001, Menon et al. 20023. This is larger than estimated
from inverse calculations which start from historical climate
record data of oceanic and atmospheric warming. They typrect effect. Assuming that the column aerosol number con-
ically use ensembles of simulations with climate models ofcentration increased by 30%, the total global mean indirect
reduced complexity and estimate a smaller anthropogenic ineffect on warm clouds is estimated to be betweénh6 and
direct aerosol effect within the range of 0t® W m~2 (For- —1.2Wnt2. A smaller indirect aerosol effect is also ob-
est et al. 2002 Knutti et al, 2002 Anderson et a).2003. tained when constraining the total indirect aerosol effect by
If internal variability is thought to be averaged out over the taking the difference in the slope of the cloud droplet effec-
anthropocene, then the total aerosol effect can solely be detive radius-aerosol index relationship between the POLDER
duced from the greenhouse gas forcing and the increase igatellite data Bréon et al. 2002 and the ECHAM GCM
land surface temperature and ocean heat contenttfen  results into accountLohmann and Lesin2002. This re-
and Ramanathar2003. They obtain a cooling effect of duces the total global mean aerosol effect freh4 W 2
aerosols between0.7 and—1.7 W n2 similar to the values  to —0.85W nt2. Indirect evidence for the existence of a
obtained by inverse models. The constraints from these in¢loud lifetime effect on a global scale was reache®hyuki
verse models or thermodynamic considerations are, howevegt al.(2004 when comparing simulations with and without a
not restricted to the indirect aerosol effect on water cloudscloud lifetime effect with AVHRR satellite data of liquid wa-
only even though it is traditionally understood in this con- ter path as a function of column aerosol numb¢akajima
text. Instead, the range encompasses all indirect aerosol eét al, 2001).
fects and other effects currently not included in climate mod-
els. We will revisit this issue in the conclusions and outlook 2.7 Dispersion effect
section.

Sekiguchi et al(2002 used different correlations between Liu and Daum(2002 estimated that the magnitude of the
aerosol and cloud parameters derived from satellite remotdwomey effect can be reduced by 10-80% by including the
sensing to estimate the radiative forcing of the aerosol indi-influence that an increasing number of cloud droplets has

www.atmos-chem-phys.org/acp/5/715/ Atmos. Chem. Phys., 5,781/52005
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3 Aerosol effects on mixed-phase clouds
| Cloud albedo |
@T AO 3.1 Aerosol effects on large-scale mixed-phase clouds
| Cloud fraction and lifetime | Since most precipitation originates via the ice phdsau(
) n and Wy 2003, aerosol effects on ice clouds might have
@T ‘0 larger consequences for the hydrological cycle than aerosol
— effects on water clouds. Precipitation originating from su-
| Precipitation | percooled liquid water clouds where the temperatures are too
o A@ warm for homogeneous freezing of supercooled aerosols or
? cloud droplets to occur (F—35°C) requires an aerosol sur-
| CDNC ‘ .@>|l\[ixed phase cloud hydrometeors|<@- ‘ P | face to provide_ a substrate fpr ice initiation_. This_ influen_ce
A of aerosol particles on changing the properties of ice forming
T@ Q) nuclei (IN) is poorly understood because of the variety of het-

- ® ® ' erogeneous ice crystal nucleation modes. Aerosols can act as

CON | == | Acrosol mass | = > IN by coming into contact with supercooled cloud droplets
T® (contact freezing), or by initiating freezing from within a

cloud droplet by immersion or condensation freezing, or by

acting as deposition nuclei. Ice nuclei that initiate freezing

are also referred to as freezing nuclei. Contact nucleation

Fia 4. Sch © di f ih i | off is usually the most efficient process at slight supercoolings,

9. 4. Schematic diagram of the warm indirect aerosol efect ;e ot jower temperatures immersion freezing can be more

(solid arrows) and glaciation indirect aerosol effect (dotted arrows) o . .
prevalent. Deposition nuclei are generally least efficient be-

(adapted fromLohmann 20029. CDNC denotes the cloud droplet .

number concentration and IP the number concentration of ice parti-Cause the energy barrier that nee_ds t_o be overcome for the

cles. phase change of water vapor to ice is larger than that re-
quired for the freezing nuclei modes. Unlike CCN, ice nu-
clei are generally insoluble particles, such as certain mineral

on the shape of the cloud droplet spectrum (dispersion efdusts, soot, as well as some biological materials, beyin

fect). Taking this dispersion effect in global climate models and Yankofsky(1983; Diehl et al.(2001); Gorbunov et al.

into account, this reduction is rather moderate and amount§2001). Ice nuclei may lose their nucleability, if foreign gases

only to 15-35% Peng and Lohmanr2003 Rotstayn and  such as sulfur dioxide (Spor ammonia (NH) occupy their

Liu, 2003. Rotstayn and Li(2005 obtained a similar re-  active sitesPruppacher and Klgt1997).

duction also for the cloud lifetime effect when including the  If some cloud droplets freeze in a supercooled water cloud,

dispersion effect. then ice crystals will grow at the expense of cloud droplets
o because of the lower saturation vapor pressure over ice than
2.8 Semi-direct aerosol effect over water (the so-called Bergeron-Findeisen process). This

leads to a rapid glaciation of the supercooled water cloud.
Because the precipitation formation via the ice phase is more
efficient than in warm clouds, these glaciated clouds have a
shorter lifetime than supercooled water clouBagers and

Lohmann and Feicht€2001); Kristjanssor{2002, andPen-
ner et al.(2003 concluded that the semi-direct effect is only
marginally important at the top of the atmosphere in the
global mean wherea%acobsor(2002 pointed out that the Yau, 1989
climatic effect of black carbon is strongly positive. The influ- ’ i o . .

. : 7 . Lohmann(20023 showed that if, in addition to mineral
ence of black carbon is dominated via its absorption of solar . . . .

dust, a fraction of the hydrophilic soot aerosol particles is

radiation within the atmosphere, which also leads to a large . .
assumed to act as contact ice nuclei at temperatures between

negative forcing at the surface. The net reduction in short- °C and—35°C. then increases in aerosol concentration from

wave radiation at the surface from all aerosol direct and indi-~ ~. o -
rect effects is estimated to be between. 8 and—a W m-2 pre-industrial times to present-day pose a new indirect effect,
: a “glaciation indirect effect”, on clouds as shown in FHg.

(Ramanathan et al2001a Lohmann and Feichte2001 Here increases in contact ice nuclei in the present-day cli-

Liepert et al, 2004. mate result in more frequent glaciation of supercooled clouds
and increase the amount of precipitation via the ice phase.
This reduces the cloud cover and the cloud optical depth of
mid-level clouds in mid- and high latitudes of the Northern
Hemisphere and results in more absorption of solar radiation
within the Earth-atmosphere system. Therefore, this effect
can at least partly offset the cloud lifetime effect. Laboratory

Atmos. Chem. Phys., 5, 71837, 2005 www.atmos-chem-phys.org/acp/5/715/
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measurements b@orbunov et al(2001)) yield evidence for
hydrophilic soot as ice nuclei. In addition, evidence of ef-
fective ice nuclei was recently measured with the continu-

[ More pollution aerosols ]

ous flow diffusion chamber when sampling Asian dust parti- [ More and smaller cloud
cles DeMott et al, 2003. In case of Saharan African dust, droplets
mildly supercooled clouds at temperatures betweénto l

—9°C were already glaciate@assen et gl2003.
Observations byBorys et al.(2003 in midlatitude oro-
graphic clouds show that for a given supercooled liquid water

[ Less rain production ]

content, both the riming and the snowfall rates are smaller if [ Cloudslastlonger |
the supercooled cloud has more cloud droplets as, for exam- / \
ple, caused by anthropogenic pollution. Examination of this - - ——

. . h ) . . . [ Microphysical effects: ] [ Climatic impacts: ]
effectin global climate model simulations with pre-industrial
and present-day aerosol concentrations showed that while ths l
riming rate in stratiform clouds has indeed decreased duef [ess efficient collection [ Sunlight ¥ ]
to the smaller cloud droplets in polluted clouds, the snow- of cloud droplets by
fall rate has actually increased (Fif).. This is caused b snowflakes entering the

as & y . . y cloud from above Temperature ¥ ]

the pollution induced increase in aerosol and cloud optical
thickness, which reduces the solar radiation at the surface l
and causes a cooling that favors precipitation formation via [ Snowfall rate ] [ Snowfall rate T ]

the ice phaseliohmann 2004).
Fig. 5. Schematic diagram of the effect of pollution on snow

3.2 Aerosol effects on deep convective clouds (thermody-showing the microphysical and climatic implications (adapted from
namic effect) Lohmann 2004).

Andronache et al(1999 showed that an increase in sul-
fate loading during the TOGA-COARE experiment causes a Khain et al. (2004) postulate that smaller cloud droplets,
significant decrease of the effective radius of cloud dropletssuch as originating from anthropogenic activity, would re-
(changes up to 2m on average) and an increase in the num-duce the production of drizzle drops. When these droplets
ber concentration of cloud droplets of 5-20chover alim-  freeze, the associated latent heat release results in more vig-
ited domain of 500 km. The change in the average net shortorous convection. In a clean cloud, on the other hand, driz-
wave radiation flux above the clouds was estimated to be ozle would have left the cloud so that less latent heat is re-
average—1.5W nT2, with significant spatial and temporal leased when the cloud glaciates resulting in less vigorous
variations. The changes in the average net longwave radiconvection. Therefore, no squall line is formed with mar-
ation flux above the clouds were negligible, but significant itime aerosol concentrations, but the squall line arises under
variations betweer-10 W n12 and 10 W n72 near the sur-  continental aerosol concentrations and results in more pre-
face associated with changes in cloud water path of abou€ipitation after 2 h of simulations with a detailed cloud mi-
10-20% were simulated. crophysics model. More precipitation from polluted clouds
Rosenfeld1999 andRosenfeld and Woodlef200Q an- ~ Was also simulated for different three-week periods over the
alyzed aircraft data together with satellite data suggestingAtmospheric Radiation Measurement Program (ARM) site
that pollution aerosols suppress precipitation by decreasingd Oklahoma Zhang et al. 2009 as well as for multicell
cloud droplet size. This hypothesis was confirmed by a mod-cloud systems bySeifert and Behen@009.
eling study with a cloud resolving model ghain et al. On the contrary, cloud resolving model simulations of
(2001) who showed that aircraft observations of highly su- mixed-phase shallow cumuli revealed decreasing precipita-
percooled water in deep convective clouds can only be reprotion efficiency with increasing atmospheric concentrations of
duced if large concentrations of small droplets exist but notCCN because of the dominance of warm-rain processes in
if the cloud is rather clean. Taking these results to the globathese simulationsRhillips et al, 2002. Likewise precipita-
scale Nober et al(2003 evaluated the sensitivity of the gen- tion from single mixed-phase clouds is reduced under conti-
eral circulation to the suppression of precipitation by anthro-nental and maritime conditions when aerosol concentrations
pogenic aerosols by implementing a simple warm cloud mi-are increased (Khain et al., 2004
crophysics scheme into convective clouds. They found large
instantaneous local aerosol forcings reducing the warm phase
precipitation, but the precipitation change at the surface was 1knain, A., Rosenfeld, D., and Pokrovsky, A.: Aerosol impact
guided by feedbacks within the system. Hence, no estimaten the dynamics and microphysics of convective clouds, Q. J. R.
of the aerosol forcing on convective clouds can be given.  Meteorol. Soc., submitted, 2004.
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Tropical biomass burning aerosols could have led to a refied from analyzing ISCCP data over Eurofgtdrdal et al.
duction of ice crystal size in tropical deep convective clouds2004).
(Sherwood 2002. These smaller and more numerous ice  Ponater et al(2002 and Marquart et al.(2003 studied
crystals would then lead to more scattering of solar radiationthe climate effect of contrails using a global climate model,
i.e. exert a Twomey effect as discussed above. However, ndut so far related the contrail formation only to relative hu-
global mean radiative forcing was deduced by Sherwood formidity but did not link it to aerosol properties. The study
this effect. He used this hypothesis to explain the increasdry Lohmann and l&rcher(2002 that parameterized homo-
in stratospheric water vapor, which by being a greenhousegyeneous freezing of supercooled aerosols suggests that the
gas, provides a positive radiative forcing that would partially impact of aircraft sulfur emissions on cirrus properties via
offset the Twomey effect associated with the smaller ice crys-homogeneous freezing of sulfate aerosols is small. Hence
tal size in these deep convective clouds. This demonstratethe question has been raised whether aircraft-generated black
the complex interactions between the different forcing agentsarbon particles serving as heterogeneous ice nustéira
that need to be understood and the difficulties to disentanand Ohlsson1998 may have a significant impact on cirrus
gle forcings and feedbacks. Both issues will be revisited incloudiness and cirrus microphysical properties.
Sect. 7. Hendricks et al.(2004 performed climate model simu-
lations that revealed that the large-scale impact of aviation
black carbon (BC) emissions on the upper troposphere/lower
stratosphere (UTLS) BC mass concentration is small. Nev-
ertheless, the simulations suggest a significant aviation im-
. . S pact on the number concentrations of UTLS BC particles and
Conden;atlc_)n (con_) trails left behlnd Je.t alrcra}fts form Whe_n potential heterogeneous IN (BC and mineral dust particles).
hot humid air from jet exhaust mixes with enwronmgr?tal ar Large-scale increases of the potential heterogeneous IN num-
of low vapor pressure and low temperature. The mixing is per concentration of up to 50% were simulated. Provided that

res_ult of turbulenge_gen_erated by the engine ex_haust. Cong particles from aviation serve as efficient heterogeneous
trails cannot be distinguished any longer from cirrus cloudsIN maximum increases or decreases in ice crystal number

once they Io§e their line-shape. While tr_lere are only a feWconcentrations of more than 40% were simulated assuming
general studies on aerosol effects on cirrus, many investi

i lvzed the effect of aircraft emissi limat that the “background” (no aviation impact) cirrus cloud for-
gations analyzed Ine €eflect of aircralt émissions on CliMale,, 444y js dominated by heterogeneous or homogeneous nu-

Therefore we will discuss these two effects separately belowcleation, respectivelyHendricks et al.2003.

4 Aerosol effects on ice clouds

4.1 Aerosol effects on contrails 4.2 Aerosol effects on cirrus clouds

The IPCC aviation reporfRenner et al.1999 identified the  An increase in the number of ice crystals in cirrus clouds
effects of aircraft on upper tropospheric cirrus clouds as awould also exert a Twomey effect in the same way that the
potentially important climate forcing. One aspect may be Twomey effect acts for water clouds. In addition, a change in
described as the “direct” effect due to the formation of con-the ice water content of cirrus clouds could exert a radiative
trails as a result of supersaturated air from the aircraft. Theeffect in the infrared. The magnitude of these effects in the
“indirect” effect is due to the impact of an increase in FN global mean is not known yetohmann and krcher(2002)
(freezing nuclei) in the upper troposphere regions due to pareoncluded that such an effect based solely on homogeneous
ticulates from aircraft emissions. These FN act as nuclei forffreezing is small because the number of ice crystals is rarely
ice crystals which form cirrus clouds. First evidence of a limited by the number of supercooled aerosols. Exceptions
climate effect by air traffic was provided Boucher(1999 are areas of large vertical updrafts, such as the upper tropical
who used ship based measurements of cloud cover togeth&oposphere. A testbed for an aerosol effect on cirrus clouds
with fossil fuel consumption data for aircraft to show that is the Mt. Pinatubo eruption in 1991. Global climate model
increases in air traffic fuel consumption in the 1980s are actesults suggest that effects from the Mt. Pinatubo eruption
companied by an increase in cirrus cloudiness. Evaluation obn clouds and climate considering only homogeneous freez-
a longer surface dataset over the United States from 1971 tmg are small lohmann et al.2003. These findings are
1995 byMinnis et al.(2004 confirmed an increase in cirrus consistent with the newer satellite analysis of three satellite-
over the northern oceans and the United States. Statisticallpased cirrus datasets lhyio et al. (2002 who found that
significant increases in cirrus cloud cover of more than 2%the Mt. Pinatubo volcanic aerosol did not have a significant
per decade were found in the summertime over the Norttsystematic effect on cirrus cloud coverage and the brightness
Atlantic and in the wintertime over North America by an- temperature difference, which is a surrogate for cloud optical
alyzing satellite data from the International Satellite Cloud thickness.

Climatology Project (ISCCP)refos et al.2003. A simi- Karcher and Lohman(2003 developed a parameteriza-
lar increase of 2% cirrus cloud cover per decade was identition for heterogeneous immersion freezing of cirrus clouds.
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They concluded that if only one type of ice nuclei with sat- recent emission trends in the “old” industrial regions in the
uration ratios over ice larger than 1.3—1.4 triggers cirrus for-northern hemisphereK¢iiger and Graf3l2002 as well as
mation, then the influence of aerosols on cirrus clouds is stillwith long-term black carbon trends in the Canadian Arctic
small. However, a much stronger indirect aerosol effect on(Sharma et al2004). Thus, the increasing greenhouse effect
cirrus clouds is possible if several ice nuclei types with differ- may no longer be masked by an aerosol induced decline in
ent freezing thresholds compete during the freezing processolar radiation, resulting in the enhanced warming observed
Moreover, ice nuclei can significantly enhance the frequencyduring the 1990s.
of occurrence of subvisible cirrus clouds, even when present On a regional scale, smoke from sugarcane and forest fires
at concentrations as low as 0.01 [(Karcher 2004). was shown to reduce cloud droplet sizes and therefore tends
to inhibit precipitation Warner and Twomeyl967 Warneg
1968 Eagan et a).1974. Heavy smoke from forest fires
5 Aerosol induced changes of the surface energy budget in the Amazon Basin has been observed to increase cloud
and aerosol effects on precipitation droplet number concentrations and to reduce cloud droplet
sizes Reid et al, 1999 Andreae et a).2004. Andreae et al.
By increasing aerosol and cloud optical depth, human emis(2004 suggested that this delayed the onset of precipitation
sions of aerosols and their precursors cause a reduction @fom 1.5 km above cloud base in pristine clouds to more than
solar radiation at the surface (“solar dimming”). Such are-gkm in polluted clouds, and to more than 7km in pyro-
duction has been observed in the industrial regions of theguds. They suggested also that elevating the onset of pre-
Northern HemisphereGilgen et al. 1998 Liepert 2002 cjpitation released latent heat higher in the atmosphere and
Stanhill and Cohen2001, Wild et al, 20043. According  allowed invigoration of the updrafts, causing intense thun-
to Liepert (2002 this decline of solar radiation from 1961 gerstorms and large hail. Together, these processes might
to 1990 amounts to 1.3% per decade over land surfaces offfect the water cycle, the pollution burden of the atmo-
the Northern Hemisphere. In order for the surface energyspnere, and the dynamics of atmospheric circulation. Also,
balance to reach a new equilibrium state, the surface energyate|lite data revealed plumes of reduced cloud particle size
budget has to adjust: and suppressed precipitation originating from some major ur-
ban areas and from industrial facilities such as power plants
(Rosenfeld2000. However, precipitation from similar pol-

Here F,,, is the net shortwave radiation available at the sur-Uted clouds over oceans appears to be much less affected,

face. This incoming energy has to be balanced by the nePossibly becquse giant sea salt nuclei override the precipita—
outgoing longwave radiationF,,), the latent heat fluxk), tion suppression effect of the large number of small pollution

the sensible heat flux) and the conductive flux from be- nuclei Feingold et al. 1999 Rosenfeld et a].2002. Here,
low the surface F.ong). large droplets initiated by large sea salt aerosols may grow to

As shown in model simulations hyiepert et al (2004 and precipi_tation sizg by collecting small cloud droplets, thereby
Feichter et al(2009 that use a global climate model cou- cIegnsmg the air. If these giant CCN are however covered
pled to a mixed-layer ocean model with increasing aerosolby film-forming compounds, then their impact would be less

particles and greenhouse gases due to human activity, the déhan previously esfn.maFed/l(edlna and Nene£004. ,

crease in solar radiation at the surface resulting from the in- Observed precipitation trends over land for _the pen(_)d
creases in optical depth due to the direct and indirect anthro-l_goo__1998 _ShOW a comple_x pattern in the_trop|cs bUt’_ In-
pogenic aerosol effects is more important for controlling thed'cat'ng’ for instance, a drying of the Sahel in North Africa

surface energy budget than the greenhouse gas induced ifHulme et al, 1998. Dry conditions in the Sahel are as-

crease in surface temperature. The conductive flux from beSCCiated with a near-global, quasi-hemispheric pattern of
ontrasting sea surface temperature anomalies (cooler in

low the surface is negligible in the long-term mean. The three® h hemisph d in th h hemi
other components of the surface energy budget decrease H?eh nort elrJn_ emlspl (E)rel alr_1 warme;w:/t © SdOlIJt erm hemi-
response to the reduced input of solar radiation. This mechSPhere). Using a global climate model/mixed-layer ocean

anism could explain the observations of decreased pan eva[BUOdel Williams et al. (200]) a_nd Rotstayn and _Lohmann
oration over the last 50 years reportedRgderick and Far- _(200_2) shoyved'that the dynamical gnd_ hydrological changes
quhar(2002. As evaporation has to equal precipitation on In thls_reglon In response to .thE_} indirect effect of anthro-
the global scale, a reduction in the latent heat flux leads to dogenic sulfate aeros_ols are_5|m|Iar to th_e observed changes
reduction in precipitation. Recent surface observations shOV\tIhat have been associated with the Sahelian drodgiiiahd

that the decline in solar radiation at land surfaces disappear t al, 1h986 Giar.mini et all, 20?3' dThi$ is, in theh modelh
in the 1990s (Wild et al., 2004&) This is in agreement with 1€ anthropogenic aerosol cooling dominates on the Northern
Hemisphere, which causes a southward shift of the intertropi-

2Wild, M., Gilgen, H., Rsch, A., and Ohmura, A.: From dim-  €al convergence zone. If, on the contrary, the Northern Hemi-
ming to brightening: Recent trends in solar radiation inferred from Sphere surface temperature is increased more than the South-
surface observations, Science, submitted, 2004b. ern Hemisphere surface temperature due to the increase in

Fvw:Flw+Fl+Fv+Fcond (2)
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0 — served aerosol optical depths over India and China. If the
N\ aerosols were assumed to be absorbing, the atmospheric sta-
__ 200 P - bility above the boundary layer was reduced, resulting in en-
< hanced vertical motion. This affected the large-scale circula-
% tion and produced precipitation pattern in China that resem-
'6' 400 \ bled those associated with the floods and droughts that China
5 \ \ has experienced in recent years.
A 600 Over the Indian Ocean region during the dry winter mon-
Q soon season it has been estimated that anthropogenic aerosols
O 800 J especially the highly absorbing aerosols can decrease the av-
/‘ erage solar radiation absorbed by the surface in the range of
1000 15 to 35 W nT2 (Ramanathan et al20018. This results in
-1.6-12-08-04 0 0.4 an increase in the atmospheric heating between the surface

and 3km altitude by up to 60 to 100%. Similar perturba-
Fig. 6. Changes of the vertical temperature profile due to aerosoltions in the atmosphere have been observed over other re-
effects in K between pre-industrial and present-day conditions:gions namely East Asia, South America, sub-Saharan Africa,
40° S—40 N (red), 40 N-90° N (green), 46 S-90 S (blue) based  which are subjected to large loading of absorbing aerosols.
onFeichter et al(2004. Such a perturbation imposed over the Indian Ocean in the

15°S—40 N and 50-120E region can lead to a large re-

gional cooling at the surface in the range of 0.5 to 1K ac-
fossil fuel combustion of black carbon, then the intertropi- companied by a warming of the lower troposphere by about
cal convergence zone shifts northward, strengthens the In; k a5 has been deduced from a GCM study with fixed sea

dian summer monsoon and increases the rainfall in the _Sagurface temperature€liung et al.2002. This vertical heat-
hel (Roberts and Jone004. Because the shortwave radi- jnq gradient alters the latitudinal and inter-hemispheric gra-
ation at the surface decreases over the Northern Hemisphetents in solar heating and these gradients play a prominent

both due to anthropogenic sulfate as well as due to fossil fuelgle in driving the tropical circulationRamanathan et al.

black carbon, the surface shortwave radiation is not a 900(?0010 and determining the amount of precipitatidhing
indicator of the expected changes in circulation and precipi-ang zhang2004).

tation. Additionally, temperature changes due to absorbing

aerosols can cause the evaporation of cloud droplets (semi-

direct effect), as was shown in a large eddy model simulation
6 Aerosol effects on the vertical stability of the atmo-  study that used black carbon concentrations measured dur-

sphere ing the Indian Ocean Experimem¢kerman et al.2000.

Recent LES simulations bjohnson et a(2004) obtained a
Changes in the atmospheric lapse rate modify the longwavgyositive semi-direct effect only when the absorbing aerosol
emission, affect the water vapor feedbaleki(1996 and the  |ayer was situated within the boundary layer but obtained a
formation of clouds. Observations and model studies shovhegative semi-direct effect when the absorbing aerosol layer
that an increase in the lapse rate produces an amplificatios sjtuated above the cloud layer. The negative semi-direct
of the water vapor feedbacl6inha 1999. Model simula-  effect is caused by the stronger inversion, which reduces the
tions byFeichter et al(2004 show that aerosol cooling ex-  cloud-top entrainment rate resulting in a shallower, moister
tends up to the tropopause with a maximum in the boundanpoundary layer with a higher liquid water patkoren et al.
layer of the northern mid and high latitudes. In the trop- (2004 deduced a strong anti-correlation of cloud cover and
ics aerosol cooling is at maximum in the upper tropospheregerosol optical depth from MODIS satellite data over the
(Fig. 6). The overall effect of the aerosol forcing is a cool- Amazon. The data could suggest that smoke aerosols are

ing near the surface in the polluted regions of the Northernresponsible for the evaporation of cloud droplets.
Hemisphere that stabilizes the lower atmosphere whereas the

near surface changes in temperature are smaller in the trop-

ics and the mid-latitudes of the Southern Hemisphere. The7  |ndirect aerosol effect — forcing or response?

implications of these aerosol induced lapse rate changes on

other climate feedbacks such as the water vapor feedback argven though anthropogenic aerosol effects on the hydrolog-

however, not quantified yet. ical cycle through the aerosol lifetime effect or the surface
Likewise, a destabilization of the atmosphere above theenergy budget involve fast feedbacks within the climate sys-

boundary as a result of black carbon heating within thetem and are therefore not considered a forcing in the “classi-

boundary layer was obtained in a climate model study bycal” sense, they pose a “forcing” on the hydrological cycle.

Menon et al.(20020. Their GCM was driven by the ob- Various ideas were brought forward to extend the classical
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Instantaneous Forcing Adjusted Forcing Fixed SST Response All Feedback Response
Fi R ks *'\Ts
stratospheric temperature
temperature adjusts freely
adjusts everywhere

tropopause ‘L \l’

| F; = net Fy = net Fs = net flux
flux flux imbalance net flux =0
imbalance imbalance = constant
; ; N .
radiative temperature tropospheric =3 N \[emperature adjusts
forcing tries fixed temperature everywhere

fixed with fixed

SST

to modify everywhere

temperature
(a) (b) (c) AT, (d)

Fig. 7. Cartoon comparing (a¥;, instantaneous forcing, (kj,, adjusted forcing, which allows stratospheric temperature to adjust, (c)
Fy, fixed sea surface temperature forcing, which allows atmospheric temperature and land temperature to adjust, Ena¢iilibrium
surface air temperature response (with courtesy frtansen et al2002.

forcing concepts in order to include processes that immedi- The concept of climate sensitivity holds for agents such
ately imply a feedback, such as the semi-direct effect or theas long-lived greenhouse gases and the direct effect of scat-

indirect aerosol effect. tering aerosols. However, it breaks down once an absorbing
aerosol such as black carbon is considered because its top-of-
7.1 Classical definition of forcing the atmosphere forcing may be small, but because it absorbs

large amounts of solar radiation, its surface forcing is dispro-

IPCC has summarized the global and annual mean radiaPortionately larger than one would extrapolate from the top-
tive forcing from 1750 to the present-day due to recognizedof-the-atmosphere forcingbéhmann and Feichter200%,
human-related and natural processes. It includes the contrRamanathan et al20013. This definition of forcing also
bution of the well-mixed greenhouse gases (GHG), ozoneprecludes all aerosol effects that comprise microphysically-
aerosols, aviation induced climate perturbations, and the sonduced changes in the water substance. Thus approaches
lar contribution. Here the term radiative forcing of the cli- have been developed which differ from a pure or instanta-
mate system is defined as: “The radiative forcing of theheous forcing in that fields other than the |n|t|aIIy perturbed
surface-troposphere system due to the perturbation in or theuantity have been allowed to vary.

introduction of an agent is the change in net irradiance at

the tropopause after allowing for stratospheric temperatured-2 New approaches

to readjust to radiative equilibrium, but with the surface and

tropospheric temperatures and state held fixed at the unpe?ne. new avenue for calculating the top-of-the-atmosphere
turbed values.” The definition of forcing is thus restricted forcing 1S the concept of fixed sea surface temperature forc-

to changes in the radiation balance of the Earth-tropospher?gt (seel_F(ljgth)t, Z.S mtrfot(:]uc?d bﬁessﬁet taé(lggh() and d
system imposed by external factors, with no changes i Irst appiied to studies ot the fwomey etfect Bpucher an

stratospheric dynamics, without any surface and tropospherriWL'Ohmanr(lgga' Here s.mall changes in land surface te3mper—
ature could impose a climate response (Hansen et al.;2005

feedbacks in operation, and with no dynamlcalIy—mduced__l_hiS concept was extended IBhine et al(2003 to fixing

changes in the amount and distribution of atmospheric wa: . o

ter (as termed adjusted forcinig, by Hansen et al(2002, land surface temperatures in addmon_ to sea surface temper-

see Fig7). atures (fixed ground temperature forcm_g, see also Hansen et
The instantaneous forcing (Fig. 7) is the radiative forc- al. (20055). They argue that change; n temperaturgs over

. : land and ocean are related and thus it is more consistent to

gs%ir?;tzetrgze:k?;;hi ?r:rgl?rsfgzgiée r:]haetrneeds t|0n ?rg#:iggtto fix surface temperatures globally. Doing so enables to sep-

models. These twgo guantities are ﬁ)nk:gﬂk;%cthe climate sen—a rate between forcings that change atmospheric parameters

sitivity }:;arametem defined asi—=AT, ./ F;. Provided that and those that |_nvoke surface temperature Changes. I_:or ex-

. . sfe/ i T ?mple, the forcing of black carbon on reducing cloudiness

forcings due to different agents can be added linearly and tha

the climate sensitivity is constant, the response of the surface 3 Hansen, J., Sato, M., Ruedy, R., Nazarenko, L., Lacis, A.,

temperature due to a wide range of forcings can easily beschmidt, G., Russell, G., Aleinov, I., Bauer, M., Bauer, S., et al.:

estimated. Efficacy of climate forcings, J. Geophys. Res, submitted, 2005.
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Table 2. Instantaneous Forcingg (W m™2), surface temperature resporiBg. (K), climate sensitivities. (K m2w~—1), efficaciesE

and effective forcingsF, as defined in the text for different forcing agents and from different coupled equilibrium climate model/mixed-
layer ocean simulations (asterisks denote fixed sea surface temperature forcing, WM-GHGs=well mixed greenhouse gases, AP=tropospheri
aerosol particles.)

Experiment F; Tsfe A E Fe Reference

WM-GHGs: 1860-1990 2.12 1.82 0.86 1 2.12  based on Roeckner et al. (1999)
2xC0Oy 3.48 3.52 1.01 1 3.48 Rotstayn and Penner (2001)
1880-2000 2.52 1.21 0.48 1 252  Hansen et al. (2b05)

Direct effect: SQ —0.34 -0.24 0.71 0.83 —0.28 based on Roeckner et al. (1999)
SOy —-0.80 -0.55 0.69 0.68 —0.55 Rotstayn and Penner (2001)
all AP —054 —0.28 052 1.08 —0.58 Hansen etal. (2005)

Twomey effect: SQ —-089 -0.78 0.87 1.01 —-0.90 based on Roeckneretal. (1999)
SOy —-135 -1.14 0.84 0.83 —1.12 Rotstayn and Penner (2001)
all AP -0.77% -0.38 049 1.03 —-0.79 Hansenetal. (20(55)

Lifetime effect: SQ -1.32 -1.04 0.79 0.78 —1.03 Rotstayn and Penner (2001)
all AP —1.0% -—0.45 045 093 —0.94 Hansen etal. (200)

Total indirect: SQ —257 —224 0.87 0.86 —2.21 Rotstayn and Penner (2001)

All aerosol effects —-1.40° -0.87 0.62 0.72 —1.01 Feichter et al(2009), F; from

(direct and indirect Lohmann and Feicht€2001)

on water clouds) —2.34 -1.15 049 1.02 —-2.40 Hansenetal. (200%)

(semi-direct effect) can now be isolated from the changes irclouds from all aerosol species are considered, the efficacy
surface temperature caused by black carbon. maybe larger or smaller as compared toGTable?2).

The component of the indirect aerosol effect related to
changes in precipitation efficiency (the cloud lifetime effect) 7.3 Additivity of the different forcing agents
is presently evaluated in climate models as the difference in
net radiation at the top-of-the-atmosphere between a presenGne implicit assumption is that forcings are additive, which
day and a preindustrial simulation using fixed sea surfacanay not be true. For instancBotstayn and Penné2007)
temperaturesRotstayn and Penng¢2001) have shown that showed that the combined Twomey and cloud lifetime effect
for the global-mean direct and Twomey indirect effects, theis smaller than the sum of the individual effects (TaB)e
fixed sea surface temperature forcing differed by less tharFeichter et al(2004 showed that the global warming esti-
10% from the corresponding pure forcing. Therefore themated from a global climate model/mixed layer ocean model
authors concluded that evaluation of the globally averagediue to a combined aerosol and greenhouse gas forcing is sig-
cloud lifetime effect as a fixed sea surface temperature forcnificantly smaller (0.57 K) than that obtained by adding the
ing is satisfactory. individual changes (0.85 K). Even more drastically, the pos-

Joshi et al(2003 andHansen and NazarenK@004) in- itive global hydrological sensitivity per 1K surface temper-
troduced the concept of efficacies of different forcing agents ature changeAP/AT) in the scenarios with only aerosol
“Efficacy” is defined as the ratio of the climate sensitivity forcing or greenhouse gas forcing changes into a negative hy-
parameten. for a given forcing agent to that for a given drological sensitivity when both the aerosol and greenhouse
change in CQ (E=/\co,) as shown in Tabl@. The ef-  gas forcings are applied simultaneously (see Tapléike-
ficacy is then used to define an effective forciAg=F E. wise if all aerosol effects and the greenhouse gas forcings are
Table2 evaluates this concept by summarizing the forcings,combined, then the efficacy is larger than expected from av-
responses, efficacies and effective forcings of different forc-eraging the efficacy for greenhouse gases and for all aerosol
ing agents from equilibrium climate models simulations cou- €ffects individually. Therefore the concept of efficacies adds
pled to a mixed-layer ocean. Scattering sulfate aerosols arB0 benefit when trying to understand the non-linearity be-
less efficient than well-mixed greenhouse gases in changingveen forcing and response.
the surface temperature for a given forcing whereas the di- This is in contradiction to the results billett et al.
rect effect of all aerosols has an efficacy that is slightly larger(2004 and Matthews et al.(2004 who did not find any
than one (Tabl®). If the direct and indirect effects on water non-linearities when adding the natural forcings volcanic
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aerosols, solar |nsolf':1t|0n \,/a”ab'“ty and orbital Ch‘ﬁ’lmg’esTable 3. Hydrological sensitivity estimated from different pairs of
and the anthropogenic forcings greenhouse gases and sylgpled equilibrium ECHAMA4 climate model/mixed-layer ocean

fate aerosols. Therefore, it appears that the non-linearity igimulations with an interactive aerosol module. Changes in global
caused by the either absorbing aerosols or aerosol effects afiean 2-m temperaturaT [K], precipitation AP [%] and the

the hydrological cycle, because an enhanced cloud lifetimehydrological sensitivity (change in precipitation per unit degree

and reduced precipitation efficiency reduces the wet removathange in temperature} P /AT [%/K] between a simulation for

of aerosols, thus, prolonging the lifetime of aerosols. Alongpresent-day conditions (representative for 1985) and of a simula-
the same lines Hansen et al. (20?)69)nclude that the cool- tion.for pre-industrial conditions (representative for 1860) are given

ing estimated from the sum of the indirect effects of the indi- (Feichter etal.2004).

vidual aerosol components is smaller than the cooling from
all four aerosol types (sulfates, organic carbon, nitrates and Experiment AT AP AP/AT
black carbon). This is caused by the saturation of the indi-

S . . o - present-day aerosol conc., varying GHG conc. 1.3 2.3 17
rect Eﬁect, i.e.its s_ubhnearhlncre::\jsek:/wth mcree}smg ierosol Varying aerosol conc., fixed GHG conc. 09 -35 39
number concentratiorBpucher and Phan2002. If, on the Varying aerosol and GHG conc. 06 -11  -19

other side, it is argued that the cloud lifetime effect is not
a forcing but encompasses a feedback, the forcing part may
be additive. This, however, cannot be disentangled because
the forcing of the cloud lifetime effect cannot be separated® Uncertainties and needs for improvements in the rep-
from its feedback. Along the same linétarshvardhan et al. resentation of aerosol effects on clouds in global cli-
(2002 concluded that in order to extract the indirect effect =~ mate models
from observations, particularly those based on regional and
global data sets, the response of cloud systems to their thetn order to narrow down the uncertainties associated with the
modynamic environments cannot be discarded. Thus, indiindirect aerosol effects on climate, general circulation mod-
rect aerosol forcing and cloud feedback are intimately cou-€ls need to be improved in many aspects:
pled.

9.1 Representation of aerosols

Since the pioneering study Hyangner and Rodh€1997)
8 Feedbacks of clouds on aerosols who used a coarse horizontal resolution chemical transport
model based on climatological meteorology, the complex-
Baker and Charlso(1990 discussed feedbacks of clouds on ity of the aerosol precursor chemistry, of the treatment of
aerosols in terms of two stable CCN concentration regimesransport processes, of the parameterization of particle dry
in the cloud-topped boundary layer. The stable low CCN deposition and wet removal has been increased. Recently at-
concentration regime prevails over the oceans. It consistsempts have been undertaken to calculate not just the aerosol
of a balance between drizzle as the major aerosol sink anghass but also the particle number concentration by param-
moderate aerosol production from marine sources. The staeterizing aerosol formation and dynamical processes. Two
ble high CCN concentration regime prevents drizzle forma-kinds of aerosol dynamics models were developed: modal
tion, allowing aerosol concentrations to be enriched. Thisschemes and bin schemes. Modal schemes have been ap-
scenario is more typical for continental aerosols. plied for mineral dust$chulz et al. 1998 and for sulfuric
Lohmann and Feicht¢.997 showed that the sulfate bur- acid, soot and seasalflson et al, 2001 Ghan et al.200%,
den increased by 50% when feedbacks with clouds are takeMignati et al, 2004. Bin schemes have been applied for sul-
into account. In this positive feedback loop, more sulfatefate (Adams and Seinfe|d2002, for mineral dust studies
aerosols decrease the precipitation formation rate, which if{Tegen and Fungl994, for sea salt aerosol$50ng et al.
turn increases the lifetime of sulfate and results in more long-1997 and for sulfate and seasalb¢ng and Barrie2003
range transport of sulfate to remote regions where wet reSpracklen et al20095.
moval is less efficient. If, in addition, aerosol effects on  Most of the earlier studies concerned with the effect of
mixed-phase clouds are taken into account, then a negativaerosol particles on the climate system have just taken sul-
feedback loop can be established. If a fraction of the anfate particles into account or have considered sulfate as a
thropogenic black carbon acts as contact ice nuclei, the presurrogate for all anthropogenic aerosalsries et al.1994
cipitation formation via the ice phase is enhanced, removingBoucher and Lohmani995. Lately most major GCMs in-
aerosols from the atmosphere. Depending on the fraction o€lude also carbonaceous aerosols, dust and sea salt (for state
black carbon as contact ice nuclei, the anthropogenic aerosalf model development see: AEROCOM model intercom-
burden can be reduced between 38% and 58% as comparg@rison:http://nansen.ipsl.jussieu.frfAEROCORIhdKinne
to the simulation where black carbon does not act as a contagit al, 2003. Simulating nitrate aerosols is more difficult be-
nuclei Lohmann 20023. cause of their semi-volatile naturAdams et al.2001; Met-
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zger et al. 2002. Aside from physical and microphysical tical velocity on the cloud scale need to be knowkbdul-
processes the lack of time-resolved and accurate emission irRazzak and Ghaf2000 developed a parameterization based
ventories introduces large uncertainti®od et al, 20049). on Kohler theory that can describe cloud droplet formation
In particular, biogenic sources and emissions from biomasgor a multi-modal aerosol. This approach has been extended
burning are highly uncertain. Both biogenic and biomassby Nenes and Seinfel®003 to include kinetic effects, such
burning emissions depend on environmental conditions (e.gthat the largest aerosols do not have time to grow to their
weather) and exhibit high interannual variability, which has equilibrium size. Also, the competition between natural and
not been taken into account by climate studies. Probablyanthropogenic aerosols, such as between sulfate and sea salt,
the largest uncertainty is associated with organic aerosolas CCN needs to be consideré&sh@an et al.1998 O’'Dowd
because current measurement techniques cannot identify adt al, 1999.
organic speciesKanakidou et al. 2004 O’'Dowd et al,
2009. Thus, sources are not well identified and the chemi-
cal pathways in the atmosphere are complex and simulations Organic carbon is an important cloud condensation nu-
are CPU-time consuming. Organic aerosols can either reelei, especially if it is surface activesbulman et aJ.1996
sult from primary production or can originate from gas-to- Nenes et a)J.2002 Russell et al.2002. Facchini et al.
particle conversion (secondary production). The estimate$1999 indicated that a lowering of the surface tension of
of the global emission strength of these volatile organic car-some surface-active organic aerosols as obtained from fog
bon aerosols are a major wildcard in simulations of futurewater samples would enhance the cloud droplet number con-
scenarios. Advances in measurement techniques for volatileentration, cloud albedo and, hence, could lead to a negative
aerosols will have to precede any improvement in modelingforcing of up to—1Wm~2. On the other handfeingold
capabilities. and Chuand2002 suggested that amphiphilic film-forming
There is increasing evidence that aerosol particles ar€ompounds retard cloud droplet formation. The delayed ac-
predominantly a conglomerate of different internally mixed tivation enables the growth of a mode of larger drops that
chemical substanceM(rphy and Thomsgn1997 Cziczo  formed earlier on and therefore leads to an increase in dis-
et al, 2004 Kojima et al, 2004. In contrast most GCMs still  persion, and in drizzle formation. Chemical effects of the
treat aerosols as external mixtures in terms of their opticalsame order as the indirect effect were pointed ouNbyes
properties (e.g.Feichter et al.1997) because internal mix- et al. (2002 and as large as unresolved cloud dynamics by
tures have more degrees of freedoms, are more complex arlcance et al.(2004. While the effect of surface active or-
require an added computational burden. The mixing state ofjanics has recently been included in the parameterization of
aerosols (externally versus internally mixed) is not only cru- cloud droplet formation byAbdul-Razzak and Gha{2004),
cial for their optical propertiesHaywood and Shinel995 other effects of organics, such as their film-forming ability
Jacobson2001; Lesins et al.2002 but also for their ability — are not considered yet.
to act as CCN. That is, a slight coating of an only moderate
soluble organic species can drastically increase its ability to
act as a CCN, (e.gBroekhuizen et a]2004 Lohmann et al. In order to apply one of these parameterizations, the
2004. Therefore, treating the degree of mixing properly is updraft velocity relevant for cloud formation needs to be
essential for aerosol processing in GCMs, including aerosolknown. Some GCMs apply a Gaussian distributiGhiang
cloud interactions. It is the route that needs to be taken in oret al, 1997 or use the turbulent kinetic energy as a surro-
der to improve the treatment of aerosols in GCMs. Advancedgate for it Cohmann et al.1999. Other GCMs avoid this
aerosol modules in some GCMs have been expanded to irissue completely and use empirical relationships between
clude aerosol mixtures3han et al.2001; Stier et al, 2004 aerosol mass and cloud droplet number concentration instead
Easter et a].2004. In modal representations of the aerosol (Menon et al. 20023. This method is limited because of
size distribution it is important to predict aerosol number asscarce observational data base. At present, relationships can
well as mass, so that processes that influence aerosol massly be derived between sulfate aerosols, sea salt, organic
only do not affect aerosol number, and processes that influcarbon and cloud droplet number, but no concurrent data for
ence aerosol number only do not affect aerosol mass for eactiust or black carbon and cloud droplet number are available
mode. The importance of this was demonstratedanan  yet. This does not imply that diagnostic schemes are inferior

et al.(2001); Zhang et al(2002); Stier et al.(2004). for present-day climate simulationdMienon et al.(2003,
for example, showed that mechanistic schemes presented no
9.2 Cloud droplet formation advantage over diagnostic scheme when compared to obser-

vations taken during the Second Aerosol Characteristic Ex-
Linking aerosol particles to cloud droplets is probably the periment (ACE-2). However, because of their greater univer-
weakest point in estimates of the indirect aerosol effects. Insality, physically based approaches should be used in future
order to treat cloud droplet formation accurately, the aerosoktudies of aerosol-cloud-interactions and future climate sim-
number concentration, its chemical composition and the verulations.
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distribution functions of the respective quantiti®écus and
Klein, 2000 Tompkins 2002. This approach has been ex-
Since the first IPCC assessment, large improvements in theended to account for subgrid-scale variability in cloud cover
description of cloud microphysics for large-scale clouds haveand cloud condensate in radiative transfer through inhomo-
been made. Whereas early studies diagnosed cloud amougeneous cloud fields bRincus et al(2003. Such a treat-
based on relative humidity, most GCMs now predict cloud ment is necessary because errors originating from treating
condensate in large-scale clouds. The degree of sophistica&louds as plane parallel homogeneous clouds can overpredict

9.3 Treatment of large-scale clouds

tion varies from predicting the sum of cloud water and ice the Twomey effect by up to 50%Barker, 2000.

(Rasch and Kris§nsson 1999 to predicting cloud water,
cloud ice, snow and rain as separate spediesvier et al,

1996. Because the aerosol indirect effect is based on thet0 Conclusions

change in cloud droplet number concentration, some GCM
predict cloud droplet number concentrations in addition to
the cloud water mass mixing ratio using one of the above

ﬁn summary, aerosol effects on clouds can be divided into the
radiative effects and the effects on the hydrological cycle:

described physically based aerosol activation schemes aS @)1 Aerosol radiative effects

source term for cloud droplet&han et al.1997a Lohmann

et al, 1999. Likewise the number of ice crystals needs to The aerosol radiative effects can be further divided into those

be predicted in addition to the ice water mass mixing ratiothat exert a positive perturbation on the radiation budget and
in order to estimate the effect of aerosols on mixed-phasngse that exert a negative perturbation:

and ice cloudsGhan et al.1997h Lohmann 20021. It has

been shown by Gierens and Spichtinger (pers. comm. 2005) — Both the Twomey and the cloud lifetime effect act to

that only two-moment schemes are able to account for the
size-dependent sedimentation rate, which leads to important
differences in the cloud vertical structure, cloud lifetime and
cloud optical properties. While two-moment schemes are
superior to one-moment schemes, they are inferior to size-
resolved cloud microphysics. The latter are, however, not
computationally affordable at present.

9.4 Treatment of convective clouds

There is currently a big discrepancy between the degree of
sophistication in cloud microphysics in large-scale clouds
(see above) and a very rudimentary treatment of cloud mi-
crophysics in convective clouds. Recently there is evidence
emerging that biomass burning affects convective clouds
(Rosenfeld 1999 Sherwood 2002 Roberts et al.2003,
which requires improvements in the treatment of convective
clouds. A first study to this effect was conductedNgber

et al. (2003 as discussed above. They basically decreased
the precipitation efficiency for warm cloud formation in con-
vective clouds depending on the cloud droplet number con-
centration.Zhang et al(2005 took this approach a step fur-
ther and introduced the same microphysical processes (au-

cool the Earth-atmosphere system by increasing cloud
optical depth and cloud cover, respectively. This re-
duces the net solar radiation at the top-of-the atmo-
sphere as well as at the surface.

Carbonaceous aerosols and dust exert a positive forc-
ing at the top-of-the atmosphere, at least in regions with
high surface albedo, and can thus directly warm the at-
mosphere. This effect can be amplified if absorption of
solar radiation of these aerosol particles occurs within
cloud droplets Chylek et al, 1996. The resulting in-
crease in temperature reduces the relative humidity and
may result in the evaporation of cloud droplets. The re-
duced cloud cover and cloud optical depth will in turn
further amplify warming of the Earth-atmosphere sys-
tem.

Another way in which aerosols could contribute to a

warming is by decreasing cloud amount due to increas-
ing precipitation. As more aerosols generally lead to

more and smaller cloud droplets, this effect is not very
likely to happen but may occur if a few anthropogenic

aerosol were to act as giant nuclei or as ice nuclei.

toconversion, freezing, aggregation, etc) that are considered Traditionally estimates of the direct and indirect aerosol
in large-scale clouds into convective clouds as well. An al-forcing are based on model studies in which the radiative
ternative avenue is to represent small-scale and mesoscafercing is the difference to an aerosol (component) free or
processes provided by a cloud-resolving model embedded itess loaded (e.g. pre-industrial) reference state. Thus, a direct
each column of a large-scale model, also known as the supe¥kalidation with measurements of the aerosol radiative forcing

parameterizationGrabowskj 2004).

is basically impossible. Only a combination of satellite data

with model simulations can advance the pure model based

9.5 Subgrid-scale variability and radiative transfer

estimates of global indirect aerosol effects. While some pi-

oneering studies using this approach exlsbhmann and
A new approach to account for unresolved spatial variabil-Lesing 2002 Quaas et al.2004 Suzuki et al. 2004, much
ity and microphysical process rates is to consider probabilitymore research needs to be done here.
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Some attempts have been made to estimate the total radia- — Aerosols may change the occurrence and frequency of
tive forcing since pre-industrial times including all quanti- convection and thus could be responsible for droughts
tative radiative forcing estimates and uncertainties included  and flood simultaneously.
in the IPCC 2001 bar charBéucher and Haywoqd00%;

Schwartz 2004. The resulting total radiative forcing (well- ~ — Aerosols may cause reductions in the net solar radiation
mixed greenhouse gases, solar activity, ozone, direct aerosol ~ '€aching the surface. In particular the direct sunlight
effects and Twomey effect) has a 75-97% probability of be- is reduced. Thus, even in a (greenhouse gas induced)

ing positive. These estimates neglect the cloud lifetime effect ~ Warmer climate the evaporation could decrease and the
and aerosol effects on mixed-phase and ice clouds because hydrological cycle could be expected to slow down.

our knowledge about these latter effects is not sufficient to
predict their magnitudes yet. Probability ranges, however,
can be estimated from inverse simulations or thermodynamic
considerationsHorest et al.2002 Knutti et al, 2002 An-
derson et a).2003 Crutzen and Ramanatha?003. They
limit the sum of all indirect aerosol effect to between 0 to
—2Wm2. Given that the GCM estimates for the Twomey

— Aerosol induced cooling can have consequences in
other parts on the world. It is believed that the cooling
of the Northern Hemisphere causes a southward shift
of the intertropical convergence zone, which could have
been partly responsible for the Sahelian drought.

— Anthropogenic aerosols could influence mixed-phase

2 i . X .
effect alone amount te-0.5 to —1.9Wn1* (Table 1), ei- clouds by retarding the onset of freezing due to their
ther all other aerosol indirect effects cancel each other or the  gmaller size (thermodynamic process), by acting as ice
Twomey effect is smaller than current climate models pre- nuclei in the different freezing modes and hence speed-

dict. Thus uncertainties in aerosol forcing must be reduced  jng up the Bergeron-Findeisen process (glaciation ef-
at least three-fold for uncertainties in climate sensitivities to fect) and by the reducing the riming process (see also

be meaningful reduced and boundé&lifwartz 2004. Table1). These aerosol influences are not studied well
A problem for assessing the aerosol indirect effect from  enough to predict their sign yet. However, these aerosol
data is the shift in aerosol and aerosol precursor emissions.  effects may suggest a mechanism for a decreasing cloud
The decrease in emissions in eastern Europe in the 1990s  water content with increasing aerosol load.
was used byKriger and Graf3(2002 to investigate the in-
direct versus the semi-direct effect. In future the main emis- We are entering a new area of aerosol research by inves-
sion centers will shift from the traditional industrial centers tigating the interactions between aerosols and the hydrolog-
in mid-latitudes of the Northern Hemisphere to the subtrop-ical cycle. Research in this area started with cloud seeding
ics and tropicsKristjanssor(2002) predicted that the global research, as summarized in the overview articl@hyintjes
mean aerosol radiative forcing remains the same in 2100, but1999. Investigations in cloud seeding research could ben-
this is only one climate model study so far. efit from satellite-based microphysical retrievals that can be
Finally, aerosol radiative forcing is regionally highly vari- combined with in situ cloud sampling to monitor the effects
able and differs also in sign from region to regioRaf of natural and anthropogenic aerosol or hygroscopic seed-
manathan et 312001a Chameidis et al.2002. Thus, it  ing material on cloud droplet size evolution, and the effects
is questionable whether the global mean change in surfacef ice-forming nuclei on ice-particle concentrations, both of
temperature is sufficient to characterize the radiative impactvhich determine the efficiency of precipitation formation.
of aerosols. Changes in the hydrological cycle caused bylhe cloud seeding community, however, has traditionally
aerosols are probably more important than the mere tempef0t been interested in the climate impact of anthropogenic
ature change because they have consequences for fresh wa@&rosols or their effect on the global hydrological cycle, but

supply and food production among others. has focused on the influence of aerosols on precipitation on a
local to regional scale. Thus, a knowledge exchange between
10.2 Aerosol effects on the hydrological cycle the two research communities would be beneficial.
Our knowledge about aerosol effects on clouds and the hy-
Here the following effects can be distinguished: drological cycle is still very rudimentary. The observations

for the hydrological cycle are less complete than for global-
— Suppression of drizzle is part of the cloud lifetime ef- mean temperature and the physical constraints are weaker
fect as being shown most clearly from ship track stud-so that it will be substantially harder to quantify the range
ies, e.g.Ferek et al(1998. However, one remaining of possible changes in the hydrological cycii€¢n and In-
problem is that most climate models suggest an increasgram 2002. Therefore, clearly more research in terms of
in liquid water when adding anthropogenic aerosols, field experiments, laboratory studies and modeling efforts is
whereas newer ship track studies show that polluted maneeded in order to understand and quantify the effect of an-
rine water clouds can have less liquid water than cleanthropogenic aerosols on clouds and the hydrological cycle.
clouds Platnick et al. 200Q Coakley Jr. and Walsh  This is especially important because cloud feedbacks in cli-
2002 Ackerman et al.2004). mate models still represent one of the largest uncertainties.
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As shown byStocker et al(200]) there is still no consen- Barker, H. W.: Indirect aerosol forcing by homogeneous and inho-
sus on whether clouds provide a negative or positive climate mogeneous clouds, J. Climate, 13, 4042-4049, 2000. _
feedback in response to a doubling of carbon dioxide. It isBoer, G. J., Flato, G., Reader, M. C., and Ramsden, D.: A transient
largely because of these uncertainties in cloud feedback that climate change simulation with greenhouse gas and aerosol forc-
the uncertainty range of the increase in the global mean sur- INg: experimental design and comparison with the instrumen-
face temperature in response to a doubling of carbon dioxide t;g (;gcord for the twentieth century, Climate Dyn., 16, 405-425,
varies between 1.5 anq 4.5K. The cloud feedback pr.ObI.enbond, T. C., Streets, D. G., Yarber, K. F.,, Nelson, S. M., Woo, J.-
thus has to be solved in order to assess the aerosol indirect H., and Klimont, Z.: A technology-based global inventory of

forcing more reliably. black and organic carbon emissions from combustion, J. Geo-

phys. Res., 109, doi:10.1029/2003JD003 697, 2004.
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