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INTRODUCTION

Anthropogenic aerosols generated from global scale air pollution have been
drawing recent intensive attention from the climate study community. One of the
significant effects of man-made air pollution is its generation of fine aerosol
particles, whichfurther causean earth’ sclimate changethrough various processes
as aerosol direct radiative effect, indirect radiative effect, and precipitation
change (Charlson et al., 1992; Rosenfeld, 2000). The direct effect of aerosolsis
that aerosols directly scatter and absorb the radiation, while the indirect effectis
caused by aerosols acting as cloud condensation nuclei (CCN) to change the
cloud lifetime. Even with the intensive past studies as in the IPCC
(Intergovernmental Panel of Climate Change) studies (e.g., IPCC95, 1996), large
uncertainty still remains for the evaluated values of aerosol radiative forcing.

Table 1 summarizes the past studies of radiative forcing caused by
anthropogenic climate change factors after the industrial revolution. The total
forcing of trace gases is well estimated to be +2.4 W/m? including the effect of
greenhouse gas increase and ozone change. The uncertainty is about —0.3 W/m?2.
Forcing of the aerosol direct effect is about —0.4 W/m?, but the uncertainty is
larger than 0.3 W/m?. Thisuncertainty is caused by the differencein the assumed
aerosol concentration, vertical profile and chemical structure for the evaluation.
Indirect forcing is hardly been studied because of the complicated processes
involved. Two major mechanisms have been recognized. The first kind is the
indirect effect caused by an increase in the optical thickness of the cloud layer
with decreasing cloud dropl et sizewhen aerosol particlesact asCCN. The second
kind is the indirect effect caused by aliquid water path change when the cloud
lifetime changes with the increasing CCN. Table 1 shows a few estimates from
thelimited studiesranging from —0.7 W/m? to—1.7 W/m? with alarge uncertainty
of 1 W/m2,
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In order to improve our knowledge of the radiative forcing of aerosols, a
large effort started to be invested in studies of climate modeling, satellite remote
sensing and in situ measurements. In this paper, | like to review some of such
effortsin our group.

REMOTE SENSING OF AEROSOLS AND CLOUDS

Visible and infrared passive remote sensing is one of new technologies for
studying the direct and indirect effects of aerosols. Aerosol optical thickness,
cloud optical thicknessand the effective radius of cloud droplets are among these
important retrieval parameters. The characteristics changes in these parameters
provide evidences of the large-scale signatures of cloud-aerosol interactions
(e.g., Platnick et al., 2000).

The two channel method of Higurashi and Nakajima (1999) has been
successfully applied to satellite image data to obtain global distributions of
aerosol optical thickness, 1, and Angstrém exponent, a, when the spectral
optical thickness is fit by the Angstrém’s law (Nakajima and Higurashi, 1998;
Higurashi et al., 2000),

T, =T4(A 1Aq)" (1)

where A, is the reference wavelength. We adopt in this study A, = 0.5 um. As
known by light scattering theory, alarge Angstrém exponent suggests that small
particles dominate in the aerosol polydispersion. Figure 1 shows the monthly
mean global distributions of the Angstrém parameters for January and July 1990.
Itisfound that 7, is as large as 0.5 over the subtropical Atlantic Ocean off the
Saharan region. Thisis caused by soil dust particles from the Saharan desert as
discussedintensively by several investigators(Hermanet al., 1997; Moulinetal.,
1997). Outflows of dust particles from other arid regions, such as the Middle
Asian desertsto the Arabian Searegionin July, arealso distinct dueto their large
optical thicknessand small Angstrém exponent. Thetropical regionischaracterized
by alarge Angstrém exponent suggesting the dominance of small particles, such
asin Indonesia, off Peru, and South African regions. Biomass burning aerosols
will be the main component of such small particle aerosols. It is found from the
figure that these small particles are collected by the tropical convergence wind
systemtoformatropical belt of small particlessurrounding the globe, asrevealed
by the large Angstrém exponent belt at equator. Industrial aerosols generated
from the gas-to-particle conversion of pollutantsare al so asignificant contributor
of small particles at the mid latitudes of the northern hemisphere. Outflows over
theoceansfrom the east coasts of the continentsare characterized by amoderately
large optical thickness and a large Angstrém exponent indicating the effect of
these industrial small particles.

In order to study the cloud-aerosol interaction phenomenon, the effective
particleradiusof thewater cloud droplets, r,, hasbeen recognized asan important
parameter. Han et al. (1994) showed asystematic reductionintheeffectiveradius
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of water cloud droplets retrieved from AVHRR and ISCCP cloud statistics.
Wetzel and Stow (1999) found a negative correlation between 1, and r, after
analyzingthelong term dataof AVHRR. Kawamoto et al. (2001) have devel oped
an algorithm to simultaneously retrieve the cloud optical thickness and the
effective particle radius from channel 1, 3 and 4 of AVHRR. They have shown
that the effective particleradius hasacharacteristic land/ocean contrast and cloud
top height dependence that can be consistently explained by the differencein the
CCN concentration. It will be useful to utilize these remote sensing results for
studying cloud-aerosol interaction phenomenon. As for in situ measurements,
there have been many studies on the correlation between cloud particle number
with CCN or aerosol number (Twomey et al., 1984; Martin et al., 1994; Andreae
et al., 1995). Although it is difficult to directly obtain such a correlation from
satellite remote sensing, Nakajima et al. (2001) argued for the method of
estimating the columnar number of aerosol particlesand cloud particles from the
observed optical thickness and effective particle radius (or Angstrém exponent
for aerosol case). The evaluation is relatively accurate for the cloud case unless
the cloud layer has significant drizzle particles and is given by the following
relationship:

N, =—S-€e%, (2)

where o is the log-dispersion of a log-normal size distribution of cloud
polydispersion. Ontheother hand, thefoll owing product of the satellite observables
isagood indicator of the column aerosol number:

N, Oat,, )

though the absolute value of N, isdifficult to estimate. Figure 2 showsthe column
number distributions thus obtained for aerosol and cloud from AVHRR data of
four months (January, April, July, and October) in 1990 for latitudes less than
60°. In this analysis, water clouds are selected with the cloud top temperature
greater than 273 K. It is found from the figure that there are similarities and
differencesin thedistribution patterns. Both N, and N, arelarge over ocean areas
adjacent to the continents, other than off Californiaareawhere N, issmall and N...
is large. Most of the tropical regions have a large N, but small N.. Therefore,
Nakajimaet al. (2001) have concluded there are three airmass types of different
magnitudes in the cloud-aerosol interaction strength, i.e., strong (large N, and
No). vulnerable (small N, and largeN,), and weak (large N, and small N,) regions.

Figure 3 shows a scatter plot between N, and N, for theresultsin Fig. 2 over
the ocean. It isfound that thereisagood log-log linear correlation with the slope
of about k = 0.5,

N, = CNf. (4)
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Fig. 2. Column number distributions of aerosol particles (N,) and cloud particles (N.) for four
months (January, April, July, and October) in 1990 derived from AVHRR remote sensing
(Nakgjimaet al., 2001).

Theexponent k of theaboverelationissmaller than thevalues0.7-0.8 summari zed
by Kaufman et al. (1991), but larger than the proposed val ue of 0.26 by Jones et
al. (1994).

EVALUATION OF THE RADIATIVE FORCING OF AEROSOLS

In order to make an accurate estimation of the radiative forcing due to the
direct effect of anthropogenic aerosols, an accurate simulation of the global
aerosol distribution is important. The recent trend in research is the direct
simulation of the optical properties of aerosols by general circulation models
coupled with aerosol chemical transport models. Takemura et al. (2000)
successfully simul ated the optical thickness of four typesof aerosols, i.e., sulfate,
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Fig. 3. Scatter plot between N, and N, for the datain Fig. 2 (Nakajimaet al., 2001).

carbonaceous, soil dust, and sea salt aerosols. This simulated result can be
directly compared with the observed values by AVHRR remote sensing and
surface measurements by sky/sun-photometers. Figure 4 shows the latitudinal
distribution of theaerosol optical thicknessalongthe 22.5W longitudein January
1990. Thetropical Atlantic region alongthelongitudelineisheavily |oaded with
Saharan dust aerosols. It is found, however, from the figure that it is difficult to
explain the magnitude and location of the peak in the optical thickness around
10°N only by soil dust aerosol simulation. The figure clearly shows that the
contribution of biomassburning aerosol sfrom South Africaproducesacomparable
contribution to the atmospheric turbidity in the tropics. The particleradius of the
biomass burning aerosolsistypically 10 times smaller than that of dust aerosols,
so that the small mass loading of biomass burning aerosols can produce a
significant contribution of the optical thickness, and hence, can generate alarge
change in the radiative forcing.

Figure 5 shows the global distribution of the single scattering albedo
obtained by Takemura et al. (2001). The unique point in this study is that they
validated their model result by the optical thickness and single scattering albedo
measured by optical methods from the surface, such as AERONET products
(Dubovik et al., 2001). The figure shows that the single scattering albedo is not
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Fig. 4. Latitudinal dependence of the aerosol optical thicknessalong 22.5°W longitudeline. Satellite
value (AVHRR) and model simulation value (M odel) are al so shown with simulated contributions
from mineral dust aerosols and carbonaceous aerosols (Takemura et al., 2000).
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Fig. 5. Simulated global distribution of the single scattering albedo of aerosols. April 1990 case.

very closeto 1 which was reported in the 1980’ s, but less than 0.9 in most of the
northern hemisphere. It is found such a small single scattering albedo is spread
over fairly large areas of the ocean and shows a distinct seasonal variation,
indicating the long range transport of land-origin aerosols changing the optical
propertiesof theremote maritimeairmass. It isinteresting to comparethisfeature
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Fig. 6. Aerosol single scattering albedo along 140°E measured by MIRAI R/V. Datafrom the period
of 8 February—10 March 1999. (Ohtaet al., 2001).

with the measured single scattering albedo along the 140°E longitude line asin
Fig. 6 that was measured on board the MIRAI research vessel by a nephelometer
and aethelometer (Ohta et al., 2001) for the period from 8 February to 10 March
1999. The measured value shows that asmall single scattering albedo was found
aslow as0.8intheregion north of 20°N, whichis consistent with the distribution
shown in Fig. 5.

Inconclusion, | added to Table 1 an estimate of the direct aerosol forcing by
Takemuraet al. (2001) and that of theindirect forcing by Nakajimaet al. (2001).
It isfound that the total direct forcing is about —0.2 W/m? and much smaller than
the other estimates in Table 1. Radiative forcing of black carbon aerosols is
estimated to be +0.34 W/m? by Takemuraet al. (2001) which entirely cancelsthe
negative forcing by sulfate. It should be noted that the simulation of the aerosol
optical properties by Takemura et al. (2001) has been validated by surface
measurements of the aerosol optical thickness and single scattering albedo, so
that theresult is expected to be more accurate than the others. Asfor theradiative
forcing of theindirect effect, Nakajimaet al. (2001) obtained arather widerange
result from—0.7 W/m? to—1.7 W/m? over the ocean. They used, for thefirst time,
aglobal satellite result of the correlation between N, and N, so that their values
can serve as an estimate independent of others. The total radiative forcing of
aerosols is thus estimated in this study as 0.9 W/m? to —1.9 W/m? with a
dominant contribution from the indirect effect more than the direct effect.

CONCLUSIONS

In this paper, we provided given some estimates of direct and indirect
radiative forcing of aerosols from methods independent of the past studies. The
total value is about —1.4 W/m? + 0.5 W/m? which cancels about 60% of the
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greenhouse gas warming. This value looks too large when the observed val ue of
global warming is estimated asabout 0.5 K until 1995 and the simulated warming
without the aerosol effect is about 0.7 K (Mitchell et al., 1995; IPCC95, 1996).
Asunderstood in the present study, there are still significant error sourcesin the
estimation, so that it is highly possible that the present estimate overestimated
reality. Nonetheless, | dare to suggest there might be other warming sources to
cancel thislarge aerosol cooling. In order to know which isreality, we need more
studies in modeling/satellite remote sensing/in situ measurements.
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