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[1] With a global aerosol transport-radiation model coupled to a general circulation
model, changes in the meteorological parameters of clouds, precipitation, and temperature
caused by the direct and indirect effects of aerosols are simulated, and its radiative forcing
are calculated. A microphysical parameterization diagnosing the cloud droplet number
concentration based on the Kohler theory is introduced into the model, which depends not
only on the aerosol particle number concentration but also on the updraft velocity, size
distributions, and chemical properties of each aerosol species and saturation condition of
the water vapor. The simulated cloud droplet effective radius, cloud radiative forcing,
and precipitation rate, which relate to the aerosol indirect effect, are in reasonable
agreement with satellite observations. The model results indicate that a decrease in the
cloud droplet effective radius by anthropogenic aerosols occurs globally, while changes in
the cloud water and precipitation are strongly affected by a variation of the dynamical
hydrological cycle with a temperature change by the aerosol direct and first indirect effects
rather than the second indirect effect itself. However, the cloud water can increase and the
precipitation can simultaneously decrease in regions where a large amount of
anthropogenic aerosols and cloud water exist, which is a strong signal of the second
indirect effect. The global mean radiative forcings of the direct and indirect effects at the
tropopause by anthropogenic aerosols are calculated to be -0.1 and -0.9 W m-2,
respectively. It is suggested that aerosol particles approximately reduce 40% of the
increase in the surface air temperature by anthropogenic greenhouse gases on the global
mean.
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1. Introduction

[2] Aerosol particles are considered to be one of the
factors inducing climate change mainly through two effects.
One is a direct effect in which aerosol particles scatter and
absorb the solar and thennal radiation. The other is an
indirect effect in which they change the microphysical and
optical properties of cloud droplets acting as cloud conden­
sation nuclei (CCN). The indirect effect can be, moreover,
divided into two categories. The first indirect effect is that
the cloud droplet effective radius decreases if the aerosol
particle number concentration increases, leading to the
higher cloud albedo [Twomey, 1974]. The second one is
that a decrease in the cloud droplet effective radius also
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results in an inhibition ofprecipitation and an increase in the
cloud water [Albrecht, 1989].

[3] The Third Assessment Report (TAR) of the
Intergovernmental Panel on Climate Change (IPCC)
[Intergovernmental Panel on Climate Change (IPCC) ,
2001] estimated that the radiative forcing due to anthropo­
genic aerosols is -0.5 W m-2 with an uncertainry factor of
2 for the direct effect and from 0 to -2.0 W m-2 without a
plausible value for the first indirect effect. The second
indirect effect could not be estimated because of a much
lower confidence. These results indicate that there is a larger
uncertainty in the evaluation of the aerosol radiative forcing,
especially of the indirect effect, than of the greenhouse
gases which exist Inore homogeneously than aerosol par­
ticles both spatially and temporally. The IPCC [2001]
mainly compiled past Inodeling studies on estimating the
aerosol radiative forcing, while Nakajima et af. [2001]
derived the indirect radiative forcing to be froIn -0.7 to
-1.7 W m-2 based on retrieved data from the advanced
very high resolution radiometer (AVHRR) loaded on the
National Oceanic and Atmospheric Administration satellite.
Lohmann and Lesins [2002] constrained the model­
estimated indirect radiative forcing with the relationship
between the satellite-derived cloud effective radius, cloud
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