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Abstract

Aerosols affect the climate system by changing cloud characteristics in many ways.
They act as cloud condensation and ice nuclei, they may inhibit freezing and they
could have an influence on the hydrological cycle. While the cloud albedo enhance-
ment (Twomey effect) of warm clouds received most attention so far and traditionally5

is the only indirect aerosol forcing considered in transient climate simulations, here we
discuss the multitude of effects. Different approaches how the climatic implications
of these aerosol effects can be estimated globally as well as improvements that are
needed in global climate models in order to better represent indirect aerosol effects are
discussed in this paper.10

1. Introduction

Anthropogenic aerosol particles such as sulfate and carbonaceous aerosols have sub-
stantially increased the global mean burden of aerosol particles from preindustrial times
to the present-day. Aerosol particles affect the climate system via the following physi-
cal mechanisms: First, they scatter and can absorb solar radiation. Second, they can15

scatter, absorb and emit thermal radiation. Thirdly aerosol particles act as cloud con-
densation nuclei (CCN) and ice nuclei (IN). The first two mechanisms are referred to
as direct effects and are not subject of this paper but are discussed in detail in e.g.,
Haywood and Boucher (2000). The last one is referred to as indirect effect. It will
be the subject of this review together with other atmospheric properties influenced by20

aerosols (e.g. semi-direct effect, suppression of convection).
Clouds themselves are an important regulator of the Earth’s radiation budget. About

60% of the Earth’s surface is covered with clouds. Clouds cool the Earth-atmosphere
system on a global average basis at the top-of-the-atmosphere. Losses of 48 W m−2

in the solar spectrum are only partially compensated (30 W m−2) by trapped infrared25

radiation. Measurements of the Earth Radiation Budget Experiment (ERBE) (Collins
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et al., 1994) indicate that small changes to macrophysical (coverage, structure, altitude)
and microphysical properties (droplet size, phase) have significant effects on climate.
For instance a 5% increase of the shortwave cloud forcing would compensate the in-
crease in greenhouse gases between the years 1750–2000 (Ramaswamy et al., 2001).
Consequently the growing interest in the impact of aerosols on climate stimulated the5

development of better physically based parameterizations in climate models. However,
the lack of understanding feedbacks of external forcings on clouds remains one of the
largest uncertainties in climate modeling and climate change prediction (Cess et al.,
1990; Houghton et al., 1996).

A summary of the different anthropogenic aerosol effects on clouds is given in Ta-10

ble 1 while the effects are discussed in detail in the subsequent chapters. Most tran-
sient climate model simulations allow for a cooling by aerosols in order to achieve a
good agreement with the observed temperature record. However, these studies usu-
ally ignore aerosol indirect effects beyond the Twomey effect (Roeckner et al., 1999;
Boer et al., 2000). Here we illustrate that radiative forcings of other indirect aerosol15

effects exist and need to be considered in future transient simulations. A positive forc-
ing is associated with a warming or energy gain of the Earth-atmosphere system while
a negative forcing represents a cooling or energy loss. When available from the liter-
ature, we focus on the global aspect of these various anthropogenic indirect aerosol
effects as a review of all regional studies on indirect aerosol effects would be beyond20

the scope of this study. We concentrate on studies that have been published since the
2001 International Panel on Climate Change (IPCC) report.

2. Aerosol effects on water clouds

The IPCC Third Assessment Report concluded that the Twomey effect of anthro-
pogenic aerosol particles amounts to 0 to −2 W m−2 in the global mean (Ramaswamy25

et al., 2001). The Twomey effect refers to the enhanced reflection of solar radiation due
to the more but smaller cloud droplets in a cloud whose liquid water content remains
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constant (Twomey, 1959). Based on studies since the 2001 IPCC report as shown in
Fig. 1, the upper negative bound is slightly reduced to −1.9 W m−2. However, there is
no climate model that suggests the Twomey effect to be close to zero, but the smallest
cooling is −0.5 W m−2 (Table 1).

In addition, the more but smaller cloud droplets reduce the precipitation efficiency5

and therefore enhance the cloud lifetime and hence the cloud reflectivity, which is re-
ferred to as the cloud lifetime effect (Albrecht, 1989). This effect is estimated to be
roughly as large as the Twomey effect as will be discussed below. Absorption of solar
radiation by aerosols leads to a heating of the air, which can result in an evaporation
of cloud droplets. It is referred to as semi-direct effect (Graßl, 1979; Hansen et al.,10

1997). This warming can partially offset the cooling due to the indirect aerosol effect.
However, as shown by Penner et al. (2003) and Johnson et al. (2004) and indicated
in Table 1 the semi-direct effect can also result in a cooling depending on the location
of the black carbon with respect to the cloud. Both the cloud lifetime effect and the
semi-direct effect involve feedbacks because the cloud lifetime and cloud liquid water15

content change. Therefore they were not included in the radiative forcing bar chart of
the IPCC (2001) assessment.

2.1. Evidence of aerosol effects on warm clouds from observational data

The indirect aerosol effect of changing cloud albedo and cloud lifetime due to anthro-
pogenic emissions of aerosols and their precursors has been evaluated from observa-20

tional studies, starting with observations of ship tracks perturbing marine stratus cloud
decks off the coast of California, e.g. Ferek et al. (1998) and lately also over conti-
nental areas (Feingold et al., 2003; Penner et al., 2004). Investigations by Brenguier
et al. (2000) and Schwartz et al. (2002) over the Atlantic Ocean showed that the cloud
droplets were smaller in the polluted clouds than in the clean clouds. This contrast be-25

tween polluted and clean clouds is partially offset because both papers found that the
polluted clouds were thinner as they originated over the continents, which causes them
to be drier than their counterpart marine clean clouds Lohmann and Lesins (2003).
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Since the cloud albedo depends on both the cloud droplet size and the cloud thickness
these competing effects partially cancel each other making it more difficult to detect an
indirect aerosol effect.

These systematic differences in cloud thickness between clean and polluted clouds
also affect the correlation between optical thickness and effective radius as investigated5

by Brenguier et al. (2003). This correlation is negative, as anticipated by Twomey
(1977) if only cases of comparable values of geometrical thickness are considered. On
the other hand, if the most polluted cases are also accounted for, the trend suggests
a positive correlation, because the most polluted cloud systems sampled during ACE-
2 were slightly drier, hence thinner, than the marine and intermediate cases. Some10

observations Peng et al. (2002) did find the exptected overall enhancement in cloud
albedo in polluted clouds as compared to clean clouds by analyzing data taken from
different Canadian field studies. In their data set, 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.15

Feingold et al. (2003) studied the indirect aerosol effect from ground-based remote
sensing at the Atmospheric Radiation Measurement (ARM) site in Oklahoma using
observations of subcloud Raman lidar aerosol extinction α at 355 nm and cloud droplet
effective radius to define the aerosol indirect effect (IE) as the partial derivative of the
logarithm of cloud droplet radius with respect to the logarithm of the aerosol extinction:20

IE = −
∂ ln re
∂ ln α

(1)

Feingold et al. (2003) obtained IE values between 0.07 and 0.11 over the ARM site for
liquid water paths between 100 and 130 g m−2. They showed that for a homogeneous
cloud with a constant liquid water content for which cloud optical depth is proportional

to N1/3
d , one can bracket IE to be between 0 and 0.33. The upper bound is obtained25

from Nd∝N
b
a , in case b=1 which yields IE=b

3=0.33. The estimate of the indirect ef-
fect by Feingold et al. (2003) at the ARM site is larger than estimated from POLDER
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satellite data by Bréon et al. (2002). Rosenfeld and Feingold (2003) pointed out that
limitations of the POLDER satellite retrievals could explain this discrepancy. Penner
et al. (2004) combined ARM data together with a Lagrangian parcel model at the ARM
sites in Oklahoma as a surrogate for a polluted site and Alaska as a surrogate for a
clean site to provide observational evidence of a change in radiative forcing due to the5

anthropogenic indirect aerosol effect.
Long-term observations from satellites over Europe and China show evidence for

the semi-direct effect, i.e. a reduction in planetary albedo that can be attributed to
absorbing aerosols in winter (Krüger and Graßl, 2002, 2004). In summer, on the other
hand, when more sulfate is produced, the Twomey effect is larger. So far, none of these10

techniques permits estimates the anthropogenic indirect aerosol effect globally.

2.2. Global estimates of indirect aerosol effects on warm clouds

Aerosol indirect effects are estimated from general circulation models (GCMs) by con-
ducting a present-day simulation and a pre-industrial simulation in which the anthro-
pogenic emissions are set to zero. The difference in the top-of-the-atmosphere radia-15

tion budget of these multi-year simulations is then taken to be the anthropogenic indi-
rect aerosol effect. The aerosol mass or aerosol number is then either empirically re-
lated to the cloud droplet number concentration (Boucher and Lohmann, 1995; Menon
et al., 2002a) or is obtained by using a physically-based parameterization (Abdul-
Razzak and Ghan, 2002; Nenes and Seinfeld, 2003). Warm clouds form precipitation-20

size particles by the collision/coalescence process. In GCMs this is divided into the
autoconversion (collisions and coalescence among cloud droplets) and the accretion
of rain drops with cloud droplets. The former is either solely a function of the liquid water
content (Sundqvist, 1978) and the cloud droplet size or concentration (Khairoutdinov
and Kogan, 2000; Liu et al., 2004). Once the autoconversion rate depends on the size25

or number of cloud droplets, the Twomey and cloud lifetime effect cannot be calculated
separately any longer without changing the reference state. Estimates of the separate
effects are then conducted by either prescribing a constant cloud droplet number con-
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centration (Lohmann et al., 2000) or by calculating the cloud water content three times,
once for advancing the model, and twice for diagnostic purposes. The difference in the
latter two results from the different precipitation efficiencies of the clouds in response
to pre-industrial and present-day aerosol concentrations (Kristjánsson, 2002).

The estimates of the global mean Twomey effect and its division into the Northern5

and Southern Hemisphere are shown in Fig. 1. Note that the definition of the Twomey
effect is not unique. While Chuang et al. (2002) and Rotstayn and Liu (2003) define the
Twomey effect as the net change in the shortwave flux at the top-of-the-atmosphere,
Menon et al. (2002a) defined the Twomey effect in terms of the change in the net cloud
radiative forcing at the top-of-the-atmosphere. The difference between these definitions10

is small because the contribution of the longwave radiation to the Twomey effect is be-
low 0.1 W m−2 Menon et al. (2002a); Rotstayn and Penner (2001). Also the clear-sky
radiation will remain the same in the absence of changes in temperature and differ-
ences in ice and snow cover between pre-industrial and present-day conditions. This
latter constraint does not apply any longer when feedback processes are included. The15

ratio of cooling of the Northern Hemisphere to 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 carbonaceous aerosols.

Climate model estimates of the cloud lifetime effect and the semi-direct aerosol ef-
fect are at least as uncertain as of the Twomey effect. As shown in Fig. 2, Kristjánsson20

(2002) and Williams et al. (2001) concluded that the Twomey effect is four times as
important as the cloud lifetime effect whereas Lohmann et al. (2000) and Ghan et al.
(2001) simulated a cloud lifetime effect that is larger than the Twomey effect. This dis-
crepancy is independent of the chemical nature of the anthropogenic aerosol species
that are used in these different simulations. Likewise, the estimate of both indirect25

aerosol effects is smallest for the climate model that uses the most anthropogenic
species (Fig. 2). One reason for the large aerosol indirect effects obtained by Menon
et al. (2002a) could be due to their empirical treatment between the aerosol mass and
the cloud droplet number because sensitivity simulations by Lohmann et al. (2000)
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yielded a higher total indirect effect when an empirical relationship instead of a mech-
anistic relationship was used.

All models agree that the total indirect effect is larger over land than over oceans
(Fig. 3). This, however, seems to be in disagreement with the estimate of the total
indirect aerosol effect as derived from combining POLDER satellite data and ECHAM45

GCM results (Lohmann and Lesins, 2002). This either points to an insufficient under-
standing of the processes involved or could be caused by the limitations of the POLDER
satellite which is limited to clouds with a rather narrow cloud droplet size distribution
that produce a glory (Rosenfeld and Feingold, 2003).

The cooling from both indirect effects on water clouds of sulfate and carbonaceous10

aerosols has been estimated since the last IPCC report (Penner et al., 2001) by cli-
mate models to be −1 to −4.4 W m−2 in the global mean (Ghan et al., 2001; Jones
et al., 2001; Lohmann and Feichter, 2001; Williams et al., 2001; Menon et al., 2002a).
This is larger than estimated from inverse calculations which start from historical cli-
mate record data of oceanic and atmospheric warming. They typically use ensembles15

of simulations with climate models of reduced complexity and estimate a smaller an-
thropogenic indirect aerosol effect within the range of 0 to −2 W m−2 (Forest et al.,
2002; Knutti et al., 2002; Anderson et al., 2003). This constraint is not restricted to
the indirect aerosol effect on water clouds only even though it is traditionally under-
stood in this context. Instead, the range encompasses all indirect aerosol effects and20

other effects currently not included in climate models. We will revisit this issue in the
conclusions and outlook section.

Sekiguchi et al. (2002) used different correlations between aerosol and cloud pa-
rameters derived from satellite remote sensing to estimate the radiative forcing of the
aerosol indirect effect. Assuming that the column aerosol number concentration in-25

creased by 30%, the total global mean indirect effect on warm clouds is estimated to
be between −0.6 and −1.2 W m−2. A smaller indirect aerosol effect is also obtained
when constraining the total indirect aerosol effect by taking the difference in the slope
of the cloud droplet effective radius-aerosol index relationship between the POLDER
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satellite data (Bréon et al., 2002) and the ECHAM GCM results into account (Lohmann
and Lesins, 2002). This reduces the total global mean aerosol effect from −1.4 W m−2

to −0.85 W m−2.
The agreement with the POLDER satellite data is worse when the cloud lifetime

effect is ignored (Lohmann and Lesins, 2002; Quaas et al., 2004) which provides in-5

direct evidence for the existence of a cloud lifetime effect on a global scale. Similar
conclusions were reached by Suzuki et al. (2004) when comparing simulations with
and without a cloud lifetime effect with AVHRR satellite data of liquid water path as a
function of column aerosol number (Nakajima et al., 2001).

Liu and Daum (2002) estimated that the magnitude of the Twomey effect can be10

reduced by 10–80% by including the influence that an increasing number of cloud
droplets has on the shape of the cloud droplet spectrum (dispersion effect). Taking
this dispersion effect into account in global climate models, this reduction is rather
moderate and amounts only to 15–35% (Peng and Lohmann, 2003; Rotstayn and Liu,
2003).15

Lohmann and Feichter (2001); Kristjánsson (2002), and Penner et al. (2003) con-
cluded that the semi-direct effect is only marginally important at the top of the atmo-
sphere in the global mean whereas Jacobson (2002) points out that the climatic effect
of black carbon is strongly positive. The influence of black carbon is dominated via its
absorption of solar radiation within the atmosphere, which also leads to a large nega-20

tive forcing at the surface. The net reduction in shortwave radiation at the surface from
all aerosol direct and indirect effects is estimated to be between −1.8 and −4 W m−2

(Ramanathan et al., 2001; Lohmann and Feichter, 2001; Liepert et al., 2004).
In summary, the smaller estimates of the total of all indirect aerosol effects with

an absolute value below −1.2 W m−2 agree better with the inverse constraints on the25

indirect aerosol effect as well as with the observational-based approaches mentioned
above.
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3. Aerosol effects on mixed-phase clouds

3.1. Aerosol effects on large-scale mixed-phase clouds

Since most precipitation originates via the ice phase (Lau and Wu, 2003), aerosol ef-
fects on ice clouds might have larger consequences for the hydrological cycle than
aerosol effects on water clouds. Precipitation originating from supercooled liquid water5

clouds where the temperatures are too warm for homogeneous freezing of supercooled
aerosols or cloud droplets to occur (T>−35◦C) requires an aerosol surface to provide a
substrate for ice initiation. This influence of aerosol particles on changing the properties
of ice forming nuclei (IN) is poorly understood because of the variety of heterogeneous
ice crystal nucleation modes. Aerosols can act as IN by coming into contact with su-10

percooled cloud droplets (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
is usually the most efficient process at slight supercoolings, while at lower tempera-
tures immersion freezing can be more prevalent. Deposition nuclei are generally least15

efficient because the energy barrier that needs to be overcome for the phase change
of water vapor to ice is larger than that required for the freezing nuclei modes. Unlike
CCN, ice nuclei are generally insoluble particles, such as certain mineral dusts, soot,
as well as some biological materials, e.g., Levin and Yankofsky (1983); Diehl et al.
(2001); Gorbunov et al. (2001). Ice nuclei may lose their nucleability, if foreign gases20

such as sulfur dioxide (SO2) or ammonia (NH3) occupy their active sites (Pruppacher
and Klett, 1997).

If some cloud droplets freeze in a supercooled water cloud, then ice crystals will grow
at the expense of cloud droplets because of the lower saturation vapor pressure over
ice than over water (the so-called Bergeron-Findeisen process). This leads to a rapid25

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
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lifetime than supercooled water clouds (Rogers and Yau, 1989).
Lohmann (2002a) showed that if, in addition to mineral dust, a fraction of the hy-

drophilic soot aerosol particles is assumed to act as contact ice nuclei at temperatures
between 0◦C and −35◦C, then increases in aerosol concentration from pre-industrial
times to present-day pose a new indirect effect, a “glaciation indirect effect”, on clouds5

as shown in Fig. 4. Here increases in contact ice nuclei in the present-day climate
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 and results in more absorption of
solar radiation within the Earth-atmosphere system. Therefore, this effect can at least10

partly offset the cloud lifetime effect. Laboratory measurements by Gorbunov et al.
(2001) yield evidence for hydrophilic soot as ice nuclei. In addition, evidence of effec-
tive ice nuclei was recently measured with the continuous flow diffusion chamber when
sampling Asian dust particles (DeMott et al., 2003). In case of Saharan African dust,
mildly supercooled clouds at temperatures between −5 to −9◦C were already glaciated15

(Sassen et al., 2003).
Observations by Borys et al. (2003) in midlatitude orographic clouds show that for

a given supercooled liquid water content, both the riming and the snowfall rates are
smaller if the supercooled cloud has more cloud droplets as, for example, caused by
anthropogenic pollution. Examination of this effect in global climate model simulations20

with pre-industrial and present-day aerosol concentrations showed that while the riming
rate in stratiform clouds has indeed decreased due to the smaller cloud droplets in
polluted clouds, the snowfall rate has actually increased (Fig. 5). This is caused by
the pollution induced increase in aerosol and cloud optical thickness, which reduces
the solar radiation and causes a cooling that favors precipitation formation via the ice25

phase (Lohmann, 2004).

3.2. Aerosol effects on deep convective clouds (thermodynamic effect)

Andronache et al. (1999) showed that an increase in sulfate loading during the TOGA-
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COARE experiment causes a significant decrease of the effective radius of cloud
droplets (changes up to 2µm on average) and an increase in the number concen-
tration of cloud droplets of 5–20 cm−3 over a limited domain of 500 km. The change in
the average net shortwave (SW) radiation flux above the clouds was estimated to be
on average −1.5 W m−2, with significant spatial and temporal variations. The changes5

in the average net longwave radiation flux above the clouds were negligible, but sig-
nificant variations between −10 W m−2 and 10 W m−2 near the surface associated with
changes in cloud water path of about 10–20%.

Rosenfeld (1999) and Rosenfeld and Woodley (2000) analyzed aircraft data together
with satellite data suggesting that pollution aerosols suppress precipitation by decreas-10

ing cloud droplet size. This hypothesis was confirmed by a modeling study with a cloud
resolving model by Khain et al. (2001) who showed that aircraft observations of highly
supercooled water in deep convective clouds can only be reproduced if large concen-
trations of small droplets exist but not if the cloud is rather clean. Taking these results
to the global scale, Nober et al. (2003) evaluated the sensitivity of the general circu-15

lation to the suppression of precipitation by anthropogenic aerosols by implementing
a simple warm cloud microphysics scheme into convective clouds. They found large
instantaneous local aerosol forcings reducing the warm phase precipitation, but the
precipitation change at the surface was guided by feedbacks within the system. Hence,
no estimates on the pure aerosol forcing on convective clouds can be given.20

Khain et al. (submitted, 2004)1 postulate that smaller cloud droplets, such as origi-
nating from anthropogenic activity, would reduce the production of drizzle drops. When
these droplets freeze, the associated latent heat release results in more vigorous con-
vection. In a clean cloud, on the other hand, drizzle would have left the cloud so that
less latent heat is released when the cloud glaciates resulting in less vigorous con-25

vection. Therefore, no squall line is formed under clean conditions, but the squall line
arises under continental aerosol conditions and results in more precipitation after 2 h.

1Khain, A., Rosenfeld, D., and Pokrovsky, A.: Aerosol impact on the dynamics and micro-
physics of convective clouds, Q. J. R. Meteorol. Soc., submitted, 2004.
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Similar conclusions were reached for different three-week periods over the ARM site in
Oklahoma (Zhang et al., 2004).

Tropical biomass burning aerosols could have led to a reduction of ice crystal size in
tropical deep convective clouds (Sherwood, 2002). These smaller and more numerous
ice crystals would then lead to more scattering of solar radiation, i.e. exert a Twomey5

effect as discussed above. However, no global mean radiative forcing was deduced
by Sherwood for this effect. He used this hypothesis to explain the increase in strato-
spheric water vapor, which by being a greenhouse gas, provides a positive radiative
forcing that would partially offset the Twomey effect associated with the smaller ice
crystal size in these deep convective clouds. This demonstrates the complex interac-10

tions between the different forcing agents that need to be understood and the difficulties
to disentangle forcings and feedbacks. Both issues will be revisited in Sect. 7.

4. Aerosol effects on ice clouds

Condensation (con) trails left behind jet aircrafts form when hot humid air from jet
exhaust mixes with environmental air of low vapor pressure and low temperature. The15

mixing is a result of turbulence generated by the engine exhaust. Contrails cannot
be distinguished any longer from cirrus clouds once they lose their line-shape. While
there are only a few general studies on aerosol effects on cirrus, many investigations
analyzed the effect of aircraft emissions on climate. Therefore we will discuss these
two effects separately below.20

4.1. Aerosol effects on contrails

The IPCC aviation report (Penner et al., 1999) identified the effects of aircraft on upper
tropospheric cirrus clouds as a potentially important climate forcing. One aspect may
be described as the “direct” effect due to the formation of contrails as a result of super-
saturated air from the aircraft. The “indirect” effect is due to the impact of an increase25
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in FN (freezing nuclei) in the upper troposphere regions due to particulates from air-
craft emissions. These FN act as nuclei for ice crystals which form cirrus clouds. First
evidence of a climate effect by air traffic was provided by Boucher (1999) who used
ship based measurements of cloud cover together with fossil fuel consumption data for
aircraft to show that increases in air traffic fuel consumption in the 1980s are accompa-5

nied by an increase in cirrus cloudiness. Evaluation of a longer surface dataset over the
United States from 1971 to 1995 by Minnis et al. (2004) confirmed an increase in cirrus
over the northern oceans and the United States. Statistically significant increases in
cirrus cloud cover of more than 2% per decade were found in the summertime over the
North Atlantic and in the wintertime over North America by analyzing satellite data from10

the International Satellite Cloud Climatology Project (ISCCP) (Zerefos et al., 2003). A
similar increase of 2% cirrus cloud cover per decade was identified from analyzing
ISCCP data over Europe (Stordal et al., 2004).

Ponater et al. (2002) and Marquart et al. (2003) studied the climate effect of con-
trails using a global climate model, but so far related the contrail formation only to15

relative humidity but did not link it to aerosol properties. The study by Lohmann and
Kärcher (2002) that parameterized homogeneous freezing of supercooled aerosols
suggests that the impact of aircraft sulfur emissions on cirrus properties via homo-
geneous freezing of sulfate aerosols is small. Hence the question has been raised
whether aircraft-generated black carbon particles serving as heterogeneous ice nuclei20

(Ström and Ohlsson, 1998) may have a significant impact on cirrus cloudiness and
cirrus microphysical properties.

Hendricks et al. (2004) performed climate model simulations that revealed that
the large-scale impact of aviation black carbon (BC) emissions on the upper tropo-
sphere/lower stratosphere (UTLS) BC mass concentration is small. Nevertheless,25

the simulations suggest a significant aviation impact on the number concentrations
of UTLS BC particles and potential heterogeneous IN (BC and mineral dust particles).
Large-scale increases of the potential heterogeneous IN number concentration of up
to 50% were simulated. Provided that BC particles from aviation serve as efficient het-
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erogeneous IN, maximum increases or decreases in ice crystal number concentrations
of more than 40% were simulated assuming that the ‘background’ (no aviation impact)
cirrus cloud formation is dominated by heterogeneous or homogeneous nucleation,
respectively (Hendricks et al., 2003).

4.2. Aerosol effects on cirrus clouds5

An increase in the number of ice crystals in cirrus clouds would also exert a Twomey ef-
fect in the same way that the Twomey effect acts for water clouds. In addition, a change
in the ice water content of cirrus clouds could exert a radiative effect in the infrared. The
magnitude of these effects in the global mean is not known yet. Lohmann and Kärcher
(2002) concluded that such an effect based solely on homogeneous freezing is small10

because the number of ice crystals is rarely limited by the number of supercooled
aerosols. Exceptions are areas of large vertical updrafts, such as the upper tropical tro-
posphere. A testbed for an aerosol effect on cirrus clouds is the Mt. Pinatubo eruption in
1991. Global climate model results suggest that effects from the Mt. Pinatubo eruption
on clouds and climate considering only homogeneous freezing are small (Lohmann15

et al., 2003). These findings are consistent with the newer satellite analysis of three
satellite-based cirrus datasets by Luo et al. (2002) who found that the Mt. Pinatubo
volcanic aerosol did not have a significant systematic effect on cirrus cloud coverage
and brightness temperature difference, which is a surrogate for cloud optical thickness.

Kärcher and Lohmann (2003) developed a parameterization for heterogeneous im-20

mersion freezing of cirrus clouds. They concluded that if only one type of ice nuclei
with saturation ratios over ice larger than 1.3–1.4 triggers cirrus formation, then the
influence of aerosols on cirrus clouds is still small. However, a much stronger indi-
rect aerosol effect on cirrus clouds is possible if several ice nuclei types with different
freezing thresholds compete during the freezing process. Moreover, ice nuclei can sig-25

nificantly enhance the frequency of occurrence of subvisible cirrus clouds, even when
present at concentrations as low as 0.01 l−1 (Kärcher, 2004).
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5. Aerosol induced changes of the surface energy budget and aerosol effects
on precipitation

By increasing aerosol and cloud optical depth, human emissions of aerosols and their
precursors cause a reduction of solar radiation at the surface (“solar dimming”). Such
a reduction is observed in the industrial regions of the Northern Hemisphere (Gilgen5

et al., 1998; Liepert, 2002; Stanhill and Cohen, 2001; Wild et al., 2004b). According to
Liepert (2002) this decline of solar radiation from 1961 to 1990 amounts to 1.3% per
decade over land surfaces of the Northern Hemisphere. In order for the surface energy
balance to reach a new equilibrium state, the surface energy budget has to adjust:

Fsw = Flw + Fl + Fs + Fcond (2)10

Here Fsw is the net shortwave radiation available at the surface. This incoming energy
has to be balanced by the net outgoing longwave radiation (Flw ), the latent heat flux
(Fl ), the sensible heat flux (Fs) and the conductive flux from below the surface (Fcond ).

As shown in model simulations by Liepert et al. (2004) and Feichter et al. (2004)
that use a global climate model coupled to a mixed-layer ocean model with increasing15

aerosol particles and greenhouse gases due to human activity, the decrease in solar
radiation at the surface resulting from the increases in optical depth due to the direct
and indirect anthropogenic aerosol effects is more important for controlling the surface
energy budget than the greenhouse gas induced increase in surface temperature. The
conductive flux from below the surface is negligible in the long-term mean. The three20

other components of the surface energy budget decrease in response to the reduced
input of solar radiation. This mechanism could explain the observations of decreased
pan evaporation over the last 50 years reported by Roderick and Farquhar (2002). As
evaporation has to equal precipitation on the global scale, a reduction in the latent heat
flux leads to a reduction in precipitation. Recent surface observations show that the25

decline in solar radiation at land surfaces disappears in the 1990s (Wild et al., sub-
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mitted, 20042). This is in agreement with recent emission trends in the “old” industrial
regions in the northern hemisphere (Krüger and Graßl, 2002) as well as with long-term
black carbon trends in the Canadian Arctic (Sharma et al., 2004). Thus, the increasing
greenhouse effect may no longer be masked by an aerosol induced decline in solar
radiation, resulting in the enhanced warming observed during the 1990s.5

On a regional scale, smoke from sugarcane and forest fires was shown to reduce
cloud droplet sizes and therefore tends to inhibit precipitation (Warner and Twomey,
1967; Eagan et al., 1974). Heavy smoke from forest fires in the Amazon Basin has
been observed to increase cloud droplet number concentrations and to reduce cloud
droplet sizes (Reid et al., 1999; Andreae et al., 2004). Andreae et al. (2004) suggested10

that this delayed the onset of precipitation from 1.5 kilometers above cloud base in
pristine clouds to more than 5 km in polluted clouds, and to more than 7 km in pyro-
clouds. They suggested also that elevating the onset of precipitation released latent
heat higher in the atmosphere and allowed invigoration of the updrafts, causing intense
thunderstorms and large hail. Together, these processes might affect the water cycle,15

the pollution burden of the atmosphere, and the dynamics of atmospheric circulation.
Also, satellite data revealed plumes of reduced cloud particle size and suppressed pre-
cipitation originating from some major urban areas and from industrial facilities such as
power plants (Rosenfeld, 2000). However, precipitation from similar polluted clouds
over oceans appears to be much less affected, possibly because giant sea salt nu-20

clei override the precipitation suppression effect of the large number of small pollution
nuclei (Feingold et al., 1999; Rosenfeld et al., 2002). Here, large droplets initiated by
large sea salt aerosols may grow to precipitation size by collecting small cloud droplets,
thereby cleansing the air. If these giant CCN are however covered by film-forming com-
pounds, then their impact would be less than previously estimated Medina and Nenes25

(2004).

2Wild, M., Gilgen, H., Rösch, A., and Ohmura, A.: From dimming to brightening: Recent
trends in solar radiation inferred from surface observations, Science, submitted, 2004a.
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Observed precipitation trends over land for the period 1900–1998 show a complex
pattern in the tropics but, when zonally averaged, a southward shift and a drying of the
Sahel in North Africa is apparent (Hulme et al., 1998). Dry conditions in the Sahel are
associated with a near-global, quasi-hemispheric pattern of contrasting sea surface
temperature anomalies (cooler in the northern hemisphere and warmer in the south-5

ern hemisphere). Using a global climate model/mixed-layer ocean model Williams
et al. (2001); Rotstayn and Lohmann (2002) showed that the dynamical and hydro-
logical changes in this region in response to the indirect effect of anthropogenic sulfate
aerosols are similar to the observed changes that have been associated with the Sa-
helian drought (Giannini et al., 2003). This is, the anthropogenic aerosol cooling domi-10

nates on the Northern Hemisphere, which causes a southward shift of the intertropical
convergence zone.

6. Aerosol effects on the vertical stability of the atmosphere

Changes in the atmospheric lapse rate modify the longwave emission, affect the wa-
ter vapor feedback (Hu, 1996) and the formation of clouds. Observations and model15

studies show that an increase in the lapse rate produces an amplification of the wa-
ter vapor feedback (Sinha, 1995). As aerosols cool the Earth’s surface and warm the
aerosol layer the lapse rate will decrease and damp the water vapor feedback. Thus
a more stable boundary layer damps the greenhouse gas warming and may enhance
the aerosol cooling. Model simulations by Feichter et al. (2004) show that in the free20

troposphere aerosol cooling extends up to the tropopause but has a maximum in the
boundary layer of the northern high latitudes. In the tropics aerosol cooling is at max-
imum in the upper troposphere. The trend of the lapse rate for the tropics and the
mid-latitudes is shown in Fig. 6. Aerosol cooling near the surface in the polluted re-
gions of the Northern Hemisphere stabilizes the lower atmosphere whereas the near25

surface changes of the lapse rate are close to zero in the tropics and the mid-latitudes
of the Southern Hemisphere.
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A destabilization of the atmosphere above the boundary as a result of black carbon
heating within the boundary layer was obtained in a climate model study by Menon et al.
(2002b). Their GCM was driven by the observed aerosol optical depths over India and
China. If the aerosols were assumed to be absorbing, the atmospheric stability above
the boundary layer was reduced, resulting in enhanced vertical motion. This affected5

the large-scale circulation and produced precipitation pattern in China that resembled
those associated with the floods and droughts that China has experienced in recent
years. Additionally, absorbing aerosols can cause the evaporation of cloud droplets
(semi-direct effect), as was shown in a large eddy model simulation study that used
black carbon concentrations measured during the Indian Ocean Experiment (Ackerman10

et al., 2000).

7. Indirect aerosol effect - forcing or response?

Even though anthropogenic aerosol effects on the hydrological cycle through the
aerosol lifetime effect or the surface energy budget involve feedbacks within the cli-
mate system and are therefore not considered a forcing in the “classical” sense, they15

pose a “forcing” on the hydrological cycle. Various ideas were brought forward to ex-
tend the classical forcing concepts in order to include processes that immediately imply
a feedback, such as the semi-direct effect or the indirect aerosol effect.

IPCC has summarized the global and annual mean radiative forcing from 1750 to the
present-day due to recognized human-related and natural processes. It includes the20

contribution of the well-mixed greenhouse gases (GHG), ozone, aerosols, aviation in-
duced climate perturbations, and the solar contribution. Here the term radiative forcing
of the climate system is defined as: “The radiative forcing of the surface-troposphere
system due to the perturbation in or the introduction of an agent is the change in net
irradiance at the tropopause after allowing for stratospheric temperatures to readjust to25

radiative equilibrium, but with the surface and tropospheric temperatures and state held
fixed at the unperturbed values.” The definition of forcing is thus restricted to changes in
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the radiation balance of the Earth-troposphere system imposed by external factors, with
no changes in stratospheric dynamics, without any surface and tropospheric feedbacks
in operation, and with no dynamically-induced changes in the amount and distribution
of atmospheric water.

This definition of forcing only considers the radiative forcing at the top of the atmo-5

sphere F , which is then used to estimate the change in surface temperature ∆Tsf c.
These two quantities are linked by the climate sensitivity parameter λ defined as:
λ=∆Tsf c/F . Provided that forcings due to different agents add linearly and that the cli-
mate sensitivity is constant, the response of surface temperature due to a wide range of
forcings can easily be estimated. The uncertainty in aerosol forcing provided by IPCC10

(Ramaswamy et al., 2001; Schwartz, 2004) however implies that Earth’s climate sen-
sitivity may be substantially greater, or substantially less, than would be based on the
observed temperature rise over the industrial period and estimate of aerosol forcing.

The concept of climate sensitivity holds for agents such as long-lived greenhouse
gases and the direct effect of scattering aerosols. However, it breaks down once an ab-15

sorbing aerosol such as black carbon is considered because its top-of-the atmosphere
forcing may be small, but because it absorbs large amounts of solar radiation, its sur-
face forcing is disproportionately larger than one would extrapolate from the top-of-
the-atmosphere forcing (Lohmann and Feichter, 2001; Ramanathan et al., 2001). This
definition of forcing also precludes all aerosol effects that comprise microphysically-20

induced changes in the water substance.
Another avenue for calculating the top-of-the-atmosphere forcing is the concept of

fixed sea surface temperatures, as introduced by Cess et al. (1990). This concept
was extended by Shine et al. (2003) to fixing sea surface temperatures as well as land
surface temperatures. They argue that changes in temperatures over land and ocean25

are related and thus it is more consistent to fix surface temperatures globally. Doing so
enables to separate between forcings that change atmospheric parameters and those
that invoke surface temperature changes. For example, the forcing of black carbon
on reducing cloudiness (semi-direct effect) can now be isolated from the changes in
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surface temperature caused by black carbon.
The component of the indirect aerosol effect related to changes in precipitation ef-

ficiency (the cloud lifetime effect) is presently evaluated in climate models as the dif-
ference in net radiation at the top-of-the-atmosphere between a present-day and a
preindustrial simulation using fixed sea surface temperatures. The approach gives a5

“quasi forcing”, which differs from a pure forcing in that fields other than the initially
perturbed quantity have been allowed to vary. It is routinely used because, in contrast
to the Twomey effect, there is no straightforward method of calculating a pure forcing
for the cloud lifetime effect. For the global-mean direct and Twomey indirect effects,
quasi forcings differed by less than 10% from the corresponding pure forcing (Rotstayn10

and Penner, 2001). Therefore the authors concluded that evaluation of the globally
averaged cloud lifetime effect as a quasi forcing is satisfactory.

Joshi et al. (2003) and Hansen and Nazarenko (2004) introduced the concept of ef-
ficacies of different forcing agents. “Efficacy” is defined as the ratio of the climate sen-
sitivity parameter λ for a given forcing agent to that for a doubling of CO2 (E=λ/λCO2

)15

as shown in Table 2. The efficacy is then used to define an effective forcing Fe=F E .
Table 2 evaluates this concept by summarizing the forcings, responses, efficacies and
effective forcings of different forcing agents from equilibrium climate models simulations
coupled to a mixed-layer ocean. The efficacy and thus effective forcing for tropospheric
ozone is increased as compared to the forcing of 2×CO2 (Table 2). On the other20

hand, scattering sulfate aerosols are less efficient than well-mixed greenhouse gases
in changing the surface temperature for a given forcing. If all aerosol species are con-
sidered and both the direct and indirect effects on water clouds, the enhancement of
the efficacy by black carbon as estimated by Hansen and Nazarenko (2004) is offset by
the reduction in efficacy due to scattering aerosols and the Twomey and cloud lifetime25

effect.
The problem is that forcings are not necessarily additive. For instance, Feichter et al.

(2004) showed that the global warming estimated from a global climate model/mixed
layer ocean model due to a combined aerosol and greenhouse gas forcing is signif-
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icantly smaller (0.57 K) than that obtained by adding the individual changes (0.85 K).
Even more drastically, the positive global hydrological sensitivity per 1 K surface tem-
perature change (∆P/∆T ) in the scenarios with only aerosol forcing or greenhouse
gas forcing changes into a negative hydrological sensitivity when both the aerosol
and greenhouse gas forcings are applied simultaneously (see Table 3). Likewise if5

all aerosol effect and the greenhouse gas forcings are combined, then the efficacy
is larger than expected from averaging the efficacy for greenhouse gases and for all
aerosol effects individually showing again the non-linearity between forcing and re-
sponse.

This is in contradiction to the results by Gillett et al. (2004) and Matthews et al. (2004)10

who did not find any non-linearities when adding the natural forcings volcanic aerosols,
solar insolation variability and orbital changes and the anthropogenic forcings green-
house gases and sulfate aerosols. Therefore, it appears that the non-linearity is caused
by the aerosol effects that affect precipitation formation, on the hydrological cycle, be-
cause an enhanced cloud lifetime and reduced precipitation efficiency reduces the wet15

removal of aerosols, thus, prolonging the lifetime of aerosols. If, on the 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 from its feedback. Along the
same lines, Harshvardhan et al. (2002) concluded that in order to extract the indirect20

effect from observations, particularly those based on regional and global data sets, the
response of cloud systems to their thermodynamic environments cannot be discarded.
Thus, indirect aerosol forcing and cloud feedback are intimately coupled.

8. Uncertainties and needs for improvements in the representation of aerosol
effects on clouds in global climate models25

In order to narrow down the uncertainties associated with the indirect aerosol effects
on climate, general circulation models need to be improved in many aspects:
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8.1. Representation of aerosols

Since the pioneering study by Langner and Rodhe (1991) who used a coarse hori-
zontal resolution chemical transport model based on climatological meteorology, the
complexity of the aerosol precursor chemistry, of the treatment of transport processes,
of the parameterization of particle dry deposition and wet removal has been increased.5

Recently attempts have been undertaken to calculate not just the aerosol mass but also
the particle number concentration by parameterizing aerosol formation and dynamical
processes. Two kinds of aerosol dynamics models were developed: spectral schemes
and bin schemes. Spectral schemes have been applied for mineral dust (Schulz et al.,
1998) and for sulfuric acid, soot and seasalt (Wilson et al., 2001). Bin schemes have10

been applied for mineral dust studies (Tegen and Fung, 1994) and for sea salt aerosols
(Gong et al., 1997).

Most of the earlier studies concerned with the effect of aerosol particles on the cli-
mate system have just taken sulfate particles into account or have considered sul-
fate as a surrogate for all anthropogenic aerosols (Jones et al., 1994; Boucher and15

Lohmann, 1995). Lately most major GCMs include also carbonaceous aerosols, dust
and sea salt (for state of model development see: AEROCOM model intercompar-
ison: http://nansen.ipsl.jussieu.fr/AEROCOM/ and Kinne et al., 2003). Simulating ni-
trate aerosols is more difficult because of their semi-volatile nature (Adams et al., 2001;
Metzger et al., 2002). Aside from physical and microphysical processes the lack of20

time-resolved and accurate emission inventories introduces large uncertainties Bond
et al. (2004). In particular, biogenic sources and emissions from biomass burning are
highly uncertain. Both biogenic and biomass burning emissions depend on environ-
mental conditions (e.g. weather) and exhibit high interannual variability, which has not
been taken into account by climate studies. Probably the largest uncertainty is asso-25

ciated with organic aerosols because current measurement techniques cannot identify
all organic species (Kanakidou et al., 2004; O’Dowd et al., 2004). Thus, sources are
not well identified and the chemical pathways in the atmosphere are complex and sim-
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ulations are CPU-time consuming. Organic aerosols can either result from primary
production or can originate from gas-to-particle conversion (secondary production).
The estimates of the global emission strength of these volatile organic carbon aerosols
are a major wildcard in simulations of future scenarios. Advances in measurement
techniques for volatile aerosols will have to precede any improvement in modeling ca-5

pabilities.
There is increasing evidence that aerosol particles are predominantly a conglom-

erate of different internally mixed chemical substances (Murphy and Thomson, 1997;
Cziczo et al., 2004; Kojima et al., 2004). In contrast most GCMs still treat aerosols as
external mixtures in terms of their optical properties (e.g., Feichter et al., 1997) because10

internal mixtures have more degrees of freedoms, are more complex and require an
added computational burden. The mixing state of aerosols (externally versus internally
mixed) is not only crucial for their optical properties (Haywood and Shine, 1995; Jacob-
son, 2001; Lesins et al., 2002) but also for their ability to act as CCN. That is, a slight
coating of an only moderate soluble organic species can drastically increase its ability15

to act as a CCN (Broekhuizen et al., 2004; Lohmann et al., 2004). Therefore, treating
the degree of mixing properly is essential for aerosol processing in GCMs, including
aerosol-cloud interactions. It is the route that needs to be taken in order to improve the
treatment of aerosols in GCMs. Advanced aerosol modules in some GCMs have been
expanded to include aerosol mixtures (Ghan et al., 2001; Stier et al., 2004).20

8.2. Cloud droplet formation

Linking aerosol particles to cloud droplets is probably the weakest point in estimates
of the indirect aerosol effects. In order to treat cloud droplet formation accurately,
the aerosol number concentration, its chemical composition and the vertical velocity
on the cloud scale need to be known. Abdul-Razzak and Ghan (2002) developed a25

parameterization based on Köhler theory that can describe cloud droplet formation
for a multi-modal aerosol. This approach has been extended by Nenes and Seinfeld
(2003) to include kinetic effects, such that the largest aerosols do not have time to grow
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to their equilibrium size.
Organic carbon is an important cloud condensation nuclei, especially if it is surface

active (Shulman et al., 1996; Nenes et al., 2002; Russell et al., 2002). Facchini et al.
(1999) indicated that a lowering of the surface tension of some surface-active organic
aerosols as obtained from fog water samples would enhance the cloud droplet num-5

ber concentration, cloud albedo and, hence, could lead to a negative forcing of up to
−1 W m−2. On the other hand, Feingold and Chuang (2002) suggested that amphiphilic
film-forming compounds retard cloud droplet formation. The delayed activation enables
the growth of a mode of larger drops that formed earlier on and therefore leads to an
increase in dispersion, and in drizzle formation. Recently Abdul-Razzak and Ghan10

(2004) also included the effect of organic surfactants on aerosol activation. However,
other effects of organics, such as their film-forming ability are not considered yet.

In order to apply one of these parameterizations, the updraft velocity relevant for
cloud formation needs to be known. Some GCMs apply a Gaussian distribution
(Chuang et al., 1997) or use the turbulent kinetic energy as a surrogate for it (Lohmann15

et al., 1999). Other GCMs avoid this issue completely and use empirical relationships
between aerosol mass and cloud droplet number concentration instead (Menon et al.,
2002a). This method is limited because of scarce observational data base. At present,
relationships can only be derived between sulfate aerosols, sea salt, organic carbon
and cloud droplet number, but no concurrent data for dust or black carbon and cloud20

droplet number are available yet. Therefore, and because of their universality, the
physically based approaches described formerly should be used in future studies of
aerosol-cloud-interactions.

8.3. Treatment of large-scale clouds

Since the first IPCC assessment, large improvements in the description of cloud mi-25

crophysics for large-scale clouds have been made. Whereas early studies diagnosed
cloud amount based on relative humidity, most GCMs now predict cloud condensate
in large-scale clouds. The degree of sophistication varies from predicting the sum of
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cloud water and ice (Rasch and Kristjánsson, 1998) to predicting cloud water, cloud
ice, snow and rain as separate species (Fowler et al., 1996). Because the aerosol
indirect effect is based on the change in cloud droplet number concentration, some
GCMs predict cloud droplet number concentrations using one of the above described
physically based aerosol activation schemes as a source term for cloud droplets (Ghan5

et al., 1997a; Lohmann et al., 1999). Likewise the number of ice crystals needs to be
predicted in order to estimate the effect of aerosols on mixed-phase and ice clouds
(Ghan et al., 1997b; Lohmann, 2002b).

8.4. Treatment of convective clouds

There is currently a big discrepancy between the degree of sophistication in cloud10

microphysics in large-scale clouds (see above) and a very rudimentary treatment of
cloud microphysics 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 conducted by Nober et al. (2003) as discussed above. They15

basically decreased the precipitation efficiency for warm cloud formation in convective
clouds depending on the cloud droplet number concentration. Zhang et al. (2004)
took this approach a step further and introduced the same microphysical processes
(autoconversion, freezing, aggregation, etc) that are considered in large-scale clouds
into convective clouds as well.20

8.5. Subgrid-scale variability and radiative transfer

A new approach to account for unresolved spatial variability and microphysical pro-
cess rates is by considering probability distribution functions of the respective quanti-
ties (Pincus and Klein, 2000; Tompkins, 2002). This approach has been extended to
account for subgrid-scale variability in cloud cover and cloud condensate in radiative25

transfer through inhomogeneous cloud fields by Pincus et al. (2003). Such a treat-
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ment is necessary because errors originating from treating clouds as plane parallel
homogeneous clouds can overpredict the Twomey effect by up to 50% (Barker, 2000).

9. Conclusions

In summary, the aerosol effects on clouds can be divided into the radiative effects and
the effects on the hydrological cycle:5

9.1. Aerosol radiative effects

The aerosol radiative effects can be further divided into those that exert a positive
perturbation on the radiation budget and those that exert a negative perturbation:

– Both the Twomey and the cloud lifetime effect act to cool the Earth-atmosphere
system by increasing cloud optical depth and cloud cover, respectively. This re-10

duces the net solar radiation at the top-of-the atmosphere as well as at the sur-
face.

– Carbonaceous aerosols and dust exert a positive forcing at the top-of-the atmo-
sphere, at least in regions with high surface albedo, and can thus directly warm
the atmosphere. This effect can be amplified if absorption of solar radiation of15

these aerosol particles occurs within cloud droplets (Chýlek et al., 1996). The
resulting increase in temperature reduces the relative humidity and may result in
the evaporation of cloud droplets. Resulting reduction of cloud cover and cloud
optical depth further amplifies warming of the Earth-atmosphere system.

– Another way in which aerosols could contribute to a warming is by decreasing20

cloud amount due to increasing 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.
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Traditionally estimates of the direct and indirect aerosol forcing are based on model
studies in which the radiative forcing is the difference to an aerosol (component) free
or less loaded (e.g. pre-industrial) reference state. Thus, a direct validation with mea-
surements of the aerosol radiative forcing is basically impossible. Only a combination
of satellite data with model simulations can advance the pure model based estimates5

of global indirect aerosol effects. While some pioneering studies using this approach
exist (Lohmann and Lesins, 2002; Quaas et al., 2004; Suzuki et al., 2004), much more
research needs to be done here.

Some attempts have been made to estimate the total radiative forcing since pre-
industrial times including all quantitative radiative forcing estimates and uncertainties10

included in the IPCC 2001 bar chart (Boucher and Haywood, 2001; Schwartz, 2004).
The resulting total radiative forcing (well-mixed greenhouse gases, solar activity, ozone,
direct aerosol effects and Twomey effect) has a 75–97% probability of being positive.
These estimates neglect the cloud lifetime effect and aerosol effects on mixed-phase
and ice clouds because our knowledge about these latter effects is not sufficient to15

predict their magnitudes yet. Probably ranges, however, can be estimated from inverse
simulations (Forest et al., 2002; Knutti et al., 2002; Anderson et al., 2003). They limit
the sum of all indirect aerosol effect to between 0 to −2 W m−2. Given that the GCM es-
timates for the Twomey effect alone amount to −0.5 to −1.9 W m−2 (Table 1), either all
other aerosol indirect effects cancel each other or the Twomey effect is smaller than cur-20

rent climate models predict. Schwartz (2004) concludes that uncertainties in aerosol
forcing must be reduced at least three-fold for uncertainties in climate sensitivities to
be meaningful reduced and bounded.

A problem for assessing the aerosol indirect effect from data is the shift in aerosol
and aerosol precursor emissions. The decrease in emissions in eastern Europe in the25

1990s was used by Krüger and Graßl (2002) to investigate the indirect versus the semi-
direct effect. Towards the future the main emission centers will shift from the traditional
industrial centers in mid-latitudes of the Northern Hemisphere to the subtropics and
tropics. Kristjánsson (2002) predicted that the global mean aerosol radiative forcing

7588

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/4/7561/acpd-4-7561_p.pdf
http://www.atmos-chem-phys.org/acpd/4/7561/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
4, 7561–7614, 2004

Indirect aerosol
effects: a review

U. Lohmann and
J. Feichter

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

remains the same in 2100, but this is only one climate model study so far.
Finally, aerosol radiative forcing is regionally highly variable and differs also in sign

from region to region (Ramanathan et al., 2001; Chameidis et al., 2002). Thus, it
is questionable whether the global mean change in surface temperature is sufficient to
characterize the radiative impact of aerosols. Changes in the hydrological cycle caused5

by aerosols are probably more important than the mere temperature change because
they have consequences for fresh water supply and food production among others.

9.2. Aerosol effects on the hydrological cycle

Here the following effects can be distinguished:

– Suppression of drizzle is part of the cloud lifetime effect as being shown most10

clearly from ship track studies, e.g., Ferek et al. (1998). However, one remaining
problem is that most climate models suggest an increase in liquid water when
adding anthropogenic aerosols, whereas newer ship track studies show that pol-
luted marine water clouds can have less liquid water than clean clouds (Platnick
et al., 2000; Coakley Jr. and Walsh, 2002; Ackerman et al., 2004).15

– Aerosols may change the occurrence and frequency of convection and thus could
be responsible for droughts and flood simultaneously.

– Aerosols may cause reductions in the net solar radiation reaching the surface.
In particular the direct sunlight is reduced. Thus, even in a (greenhouse gas
induced) warmer climate the evaporation could decrease and the hydrological20

cycle could be expected to slow down.

– 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.25
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– Aerosols influence mixed-phase clouds by modifying the Bergeron-Findeisen pro-
cess, the different freezing modes and the riming process. These aerosol influ-
ence are not studied well enough to predict their sign yet. However, this aerosol
impact suggests a mechanism for a decreasing cloud water content with increas-
ing aerosol load.5

We are entering a new area of aerosol research by investigating the interactions be-
tween aerosols and the hydrological cycle. Research in this area started with cloud
seeding research, as summarized in the overview article by Bruintjes (1999). Inves-
tigations in cloud seeding research could benefit from satellite-based microphysical
retrievals that can be combined with in situ cloud sampling to monitor the effects of10

natural and anthropogenic aerosol or hygroscopic seeding material on cloud droplet
size evolution, and the effects of ice-forming nuclei on ice-particle concentrations, both
of which determine the efficiency of precipitation formation. The cloud seeding com-
munity, however, has traditionally not been interested in the climate impact of anthro-
pogenic aerosols or their effect on the global hydrological cycle, but has focused on the15

influence of aerosols on precipitation on a local to regional scale. Thus, a knowledge
exchange between the two research communities would be beneficial.

Our knowledge about aerosol effects on clouds and the hydrological cycle is still
very rudimentary. The observations for the hydrological cycle are less complete than
for global-mean temperature and the physical constraints are weaker so that it will be20

substantially harder to quantity the range of possible changes in the hydrological cycle
Allen and Ingram (2002). Therefore, clearly more research in terms of field experi-
ments, laboratory studies and modeling efforts is needed in order to understand and
quantify the effect of anthropogenic aerosols on clouds and the hydrological cycle. This
is especially important because cloud feedbacks in climate models still represent one25

of the largest uncertainties. As shown by Stocker et al. (2001) there is still no consen-
sus on whether clouds provide a negative or positive climate feedback in response to
a doubling of carbon dioxide. It is largely because of these uncertainties in cloud feed-
back that the uncertainty range of the increase in the global mean surface temperature
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in response to a doubling of carbon dioxide varies between 1.5 and 4.5 K. The cloud
feedback problem thus has to be solved in order to assess the aerosol indirect forcing
more reliably.
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Sharma, S., Lavoué, D., Cachier, H., Barrie, L. A., and Gong, S. L.: Long-term trends

of the black carbon concentrations in the Canadian Arctic, J. Geophys. Res., 109,

7602

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/4/7561/acpd-4-7561_p.pdf
http://www.atmos-chem-phys.org/acpd/4/7561/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
4, 7561–7614, 2004

Indirect aerosol
effects: a review

U. Lohmann and
J. Feichter

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

doi:10.1029/2003JD004331, 2004. 7577
Sherwood, S.: A microphysical connection among biomass burning, cumulus clouds, and

stratospheric moisture, Science, 295, 1272–1275, 2002. 7573, 7586
Shine, K. P., Cook, J., Highwood, E. J., and Joshi, M. M.: An alternative to radiative forcing for

estimating the relative importance of climate change mechanisms, Geophys. Res. Lett., 30,5

doi:10.1029/2003GL018141, 2003. 7580
Shulman, M. L., Jacobson, M. C., Carlson, R. J., Synovec, R. E., and Young, T. E.: Dissolution

behavior and surface tension effects of organic compounds in nucleating cloud droplets,
Geophys. Res. Lett., 23, 277–280, 1996. 7585

Sinha, A.: Relative influence of lapse rate and water vapour on the greenhouse effect, J. Geo-10

phys. Res., 100, 5095–5103, 1995. 7578
Stanhill, G. and Cohen, S.: Global dimming a review of the evidence for a widespread and

significant reduction in global radiation with discussion of its probable causes and possible
agricultural consequences, Agric. For. Meteorol., 107, 255–278, 2001. 7576

Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J., Ganzeveld, L., Tegen, I.,15

Wener, M., Balkanski, Y., Schulz, M., and Boucher, O.: The aerosol-climate model ECHAM5-
HAM, Atmos. Chem. Phys. Discuss., 4, 5551–5623, 2004,
SRef-ID: 1680-7375/acpd/2004-4-5551. 7584

Stocker, T. F., Clarke, G. K. C., LeTreut, H., Lindzen, R. S., Meleshko, V. P., Mugara, R. K.,
Palmer, T. N., Pierrehumbert, R. T., Sellers, P. J., Trenberth, K. E., and Willebrand, J.: Phys-20

ical climate processes and feedbacks, in Climate Change 2001: The Scientific Basis. Con-
tribution of working group I to the Third Assessment Report of the Intergovernmental Panel
on Climate Change, edited by Houghton, J. T., Ding, Y., Griggs, D. J., Noguer, M., van der
Linden, P. J., Dai, X., Maskell, K., and Johnson, C. A., 881, Cambridge Univ. Press, New
York, 2001. 759025

Stordal, F., Myhre, G., Arlander, D. W., Svendby, T., Stordal, E. J. G., Rossow, W. B., and
Lee, D. S.: Is there a trend in cirrus cloud cover due to aircraft traffic?, Atmos. Chem. Phys.
Discuss., 4, 6473–6501, 2004,
SRef-ID: 1680-7375/acpd/2004-4-6473. 7574

Ström, J. and Ohlsson, S.: In situ measurements of enhanced crystal number densities in cirrus30

clouds caused by aircraft exhaust, J. Geophys. Res., 103, 11 355–11 361, 1998. 7574
Sundqvist, H.: A Parameterization Scheme for Non-Convective Condensation Including Pre-

diction of Cloud Water Content, Q. J. R. Meteorol. Soc., 104, 677–690, 1978. 7566

7603

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/4/7561/acpd-4-7561_p.pdf
http://www.atmos-chem-phys.org/acpd/4/7561/comments.php
http://www.copernicus.org/EGU/EGU.html
http://direct.sref.org/1680-7375/acpd/2004-4-5551
http://direct.sref.org/1680-7375/acpd/2004-4-6473


ACPD
4, 7561–7614, 2004

Indirect aerosol
effects: a review

U. Lohmann and
J. Feichter

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

Suzuki, K., Nakajima, T., Numaguti, A., Takemura, T., Kawamoto, K., and Higurashi, A.: A study
of the aerosol effect on a cloud field with simultaneous use of GCM modeling and satellite
observations, J. Atmos. Sci., 61, 179–194, 2004. 7569, 7588

Tegen, I. and Fung, I.: Modeling of mineral dust in the atmopshere: Sources, transport, and
optical thickness, J. Geophys. Res., 99D, 22 897–22 914, 1994. 75835

Tompkins, A. M.: A prognostic parameterization for the subgrid-scale variability of water vapor
and clouds in large-scale models and its use to diagnose cloud cover, J. Atmos. Sci., 59,
1917–1942, 2002. 7586

Twomey, S. A.: The Nuclei of Natural Cloud Formation, Part II: The Supersaturation in Natural
Clouds and the Variation of Cloud Droplet Concentrations, Geofis. Pure Appl., 43, 227–242,10

1959. 7564
Twomey, S. A.: The influence of pollution on the shortwave albedo of clouds, J. Atmos. Sci., 34,

1149–1152, 1977. 7565
Warner, J. and Twomey, S.: The production of cloud nuclei by cane fires and the effect on cloud

droplet concentration, J. Atmos. Sci., 24, 704–706, 1967. 757715

Wild, M., Ohmura, A., Gilgen, H., and Rosenfeld, D.: On the consistency of trends in radiation
and temperature records and implications for the global hydrological cycle, Geophys. Res.
Lett., 31, doi:10.1029/2003GL019188, 2004b. 7576

Williams, K. D., Jones, A., Roberts, D. L., Senior, C. A., and Woodage, M. J.: The response
of the climate system to the indirect effects of anthropogenic sulfate aerosols, Climate Dyn.,20

17, 845–856, 2001. 7567, 7568, 7578, 7609
Wilson, J., Cuvelier, C., and Raes, F.: A modelling study of global mixed aerosol fields, J.

Geophys. Res., 106, 34 081–34 108, 2001. 7583
Zerefos, C. S., Eleftheratos, K., Balis, D. S., Zanis, P., Tselioudis, G., and Meleti, C.: Evidence

of impact of aviation on cirrus cloud formation, Atmos. Chem. Phys., 3, 1633–1644, 2003,25

SRef-ID: 1680-7324/acp/2003-3-1633. 7574
Zhang, J., Lohmann, U., and Stier, P.: A microphysical parameterization for convective clouds

in the ECHAM5 climate model: 1. Single column results evaluated at the Oklahoma ARM
site, J. Geophys. Res., 109, in press, 2004. 7573, 7586

7604

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/4/7561/acpd-4-7561_p.pdf
http://www.atmos-chem-phys.org/acpd/4/7561/comments.php
http://www.copernicus.org/EGU/EGU.html
http://direct.sref.org/1680-7324/acp/2003-3-1633


ACPD
4, 7561–7614, 2004

Indirect aerosol
effects: a review

U. Lohmann and
J. Feichter

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

Table 1. Overview of the different aerosol indirect effects and range the radiative budget per-
turbation at the top-of-the atmosphere (FTOA) [W m−2], at the surface (FSF C) and on the surface
precipitation (P) as estimated from Fig. 2 and from the literature cited in the text.

Effect Cloud type Description FSF C P

Indirect aerosol effect for All clouds The more numerous smaller −0.5 FTOA n/a
clouds with fixed water amounts cloud particles reflect to
(cloud albedo or Twomey effect) more solar radiation −1.9

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 −1.4 FTOA

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 −0.5 FTOA

Glaciation indirect effect Mixed-phase More ice nuclei increase the ? ? increase
clouds precipitation efficiency

Thermodynamic effect Mixed-phase Smaller cloud droplets delay ? ? increase or
clouds the onset of freezing decrease

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
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Table 2. Instantaneous Forcings F (W m−2), surface temperature response Tsf c (K), climate
sensitivities λ (K m2 W−1), efficacies E and effective forcings Fe as defined in the text for dif-
ferent forcing agents and from different coupled equilibrium climate model/mixed-layer ocean
simulations.

Experiment F Tsf c λ E Fe Reference

Well mixed greenhouse 2.12 1.82 0.86 1 2.12 Roeckner, pers. comm.
gases from 1860 to 1990

Tropospheric ozone 0.37 0.34 0.91 1.06 0.39 Roeckner, pers. comm.

Sulfate aerosols, −0.34 −0.24 0.71 0.83 −0.28 Roeckner, pers. comm.
direct effect

Sulfate aerosols, −0.89 −0.78 0.87 1.01 −0.90 Roeckner, pers. comm.
Twomey effect

All aerosol effects −1.4 −0.87 0.62 0.72 −1.01 Feichter et al. (2004),
(direct and indirect Lohmann and Feichter (2001)
on water clouds)

All aerosol effects −1.4+2.1=+0.7 0.57 0.81 0.94 0.66 Feichter et al. (2004),
and GHG effect Lohmann and Feichter (2001)
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Table 3. Hydrological sensitivity estimated from different pairs of coupled equilibrium ECHAM4
climate model/mixed-layer ocean simulations with an interactive aerosol module. Changes
in global mean 2-m temperature ∆T [K], precipitation ∆P [%] and the hydrological sensitivity
(change in precipitation per unit degree change in temperature) ∆P/∆T [%/K] between a simu-
lation for present-day conditions (representative for 1985) and of a simulation for pre-industrial
conditions (representative for 1860) are given.

Experiment ∆T ∆P ∆P/∆T

present-day aerosol conc., varying GHG conc. 1.3 2.3 1.7
Varying aerosol conc., fixed GHG conc. −0.9 −3.5 3.9
Varying aerosol and GHG conc. 0.6 −1.1 −1.9
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Fig. 1. Global mean Twomey effect and its contribution on the Northern and Southern Hemi-
sphere (NH, SH) and the ratio SH/NH of anthropogenic sulfate aerosols from Rotstayn and
Penner (2001) and Rotstayn and Liu (2003) (red bars), of anthropogenic sulfate and organic
carbon (blue bars) from Menon et al. (2002a), of anthropogenic sulfate and black, and organic
carbon from Chuang et al. (2002) (turquoise bars) and the mean plus standard deviation from
all simulations (olive bars). The results from Menon et al. (2002a) are averaged over both
simulations of the Twomey effect.
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Fig. 2. Global mean Twomey effect, lifetime effect, both effect and the ratio lifetime ef-
fect/Twomey effect of anthropogenic sulfate aerosols from Williams et al. (2001), Rotstayn and
Penner (2001), Ghan et al. (2001) and Jones et al. (2001) (red bars), of anthropogenic sulfate
and black carbon (green bars) from Kristjánsson (2002), of anthropogenic sulfate and organic
carbon (blue bars) from Menon et al. (2002a), of anthropogenic sulfate and black, and organic
carbon from Lohmann et al. (2000) (turquoise bars) and the mean plus standard deviation from
all simulations (olive bars). The results from Menon et al. (2002a) and Ghan et al. (2001) are
taken to be the averages of the simulations for only the Twomey effect and for both effects.
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Fig. 3. Global mean total indirect aerosol effects and their contribution over the oceans, over
land and the ratio ocean/land of anthropogenic sulfate and black carbon (green bars) from
Kristjánsson (2002), of anthropogenic sulfate and organic carbon (blue bars) from Menon et al.
(2002a), of anthropogenic sulfate and black, and organic carbon from Lohmann and Lesins
(2002), from a combination of ECHAM4 GCM and POLDER satellite results Lohmann and
Lesins (2002) (turquoise bars) and the mean plus standard deviation from all simulations (olive
bars). The results from Menon et al. (2002a) are averaged over the three simulations for both
effects.
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Fig. 4. Schematic diagram of the warm indirect aerosol effect (solid arrows) and glaciation
indirect aerosol effect (dotted arrows) (adapted from Lohmann, 2002a). CDNC denotes the
cloud droplet number concentration and IP the number concentration of ice particles.
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Fig. 5. Zonal, annual mean changes in aerosol optical depth, effective cloud droplet radius
averaged over all liquid water cloud layers [µm], liquid water path [g m−2], vertically integrated
riming rate [mg m−2 s−1], snowfall rate [mm d−1], total precipitation [mm d−1], shortwave (SW)
radiation at the top of the atmosphere (TOA) and at the surface [W m−2], surface temperature
[K] and ice water path [g m−2] between pre-industrial and present day times for the control
simulation with a constant riming efficiency (black line), and the simulations with size dependent
riming efficiencies appropriate for planar crystals (red line) and aggregates (green line). In the
pre-industrial simulations emissions of sulfate and carbonaceous (black carbon and organic
carbon) aerosols from fossil fuel and biomass burning are set to zero. All simulations were
conducted in T30 horizontal resolution (3.75◦×3.75◦) and 19 vertical levels after an initial spin-
up of three months using prescribed climatological sea surface temperatures and sea ice extent
(adapted from Lohmann, 2004).
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Fig. 6. Lapse rate changes due to aerosol effects in K between pre-industrial and present-day
conditions: 40◦ S–40◦ N (red), 40◦ N–90◦ N (green), 40◦ S–90◦ S (blue).
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