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Foreword 

 
The Center for Global Environmental Research (CGER) at the National Institute for 

Environmental Studies (NIES) was established in October 1990, with the main objectives of 
contributing to the scientific understanding of global environmental change and identifying 
solutions to critical environmental problems. CGER conducts environmental research from an 
interdisciplinary, multi-agency, and international perspective, and provides an intellectual 
infrastructure for research activities in the form of databases and a supercomputer system. 
CGER also ensures that data from its long-term monitoring of the global environment is made 
available to the public. 

CGER installed its first supercomputer system (NEC SX-3, Model 14) in March 1992, and 
this was subsequently upgraded to an NEC Model SX-4/32 in 1997, an NEC Model SX-6 in 
2002, an NEC Model SX-8R/128M16 in 2007, and an NEC Model SX-9/A(ECO) in June 2013. 
In June 2015, the system was further upgraded with the inclusion of an NEC Model SX-ACE), 
in order to provide an increased capacity for speed and storage. We expect our research to 
benefit directly from this upgrade. 

The supercomputer system is available for use by researchers from NIES and other research 
organizations and universities in Japan. The Supercomputer Steering Committee consists of 
leading Japanese scientists in climate modeling, atmospheric chemistry, ocean environment, 
computer science, and other areas concerned with global environmental research, and one of its 
functions is to evaluate proposals of any research requiring the use of the Supercomputer system. 
In the 2017 fiscal year (April 2017 to March 2018), eleven proposals were approved.  

To promote the dissemination of results, we publish both an Annual Report and occasional 
Monograph Reports. Annual Reports deliver results for all research projects that have made use 
of the supercomputer system in a given year, while Monograph Reports present the integrated 
results of a particular research program.  

This Monograph Report presents a new global aerosol climate model, SPRINTARS 
(Spectral Radiation-Transport Model for Aerosol Species) coupled with a general circulation 
model, MIROC. In this report, author summarized about global three-dimensional simulation 
of aerosol optical thickness distribution, radiative characteristics of aerosol and its direct and 
indirect effects to climate by using SPTINTARS. They are now very hot issue in terms of 
uncertainty in climate model simulation.   

In the years to come we intend to continue our support of environmental research by 
enabling the use of our supercomputer resources, and continue to disseminate practical 
information based on our results. 
 
January 2018 
 
 
 
 

Hitoshi Mukai 
Director 
Center for Global Environmental Research 
National Institute for Environmental Studies 
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Preface 
 
 

Atmospheric aerosols affect not only visibility and human health but also the climate 
system generally through two interactions which perturb the radiation energy budget. One is 
the aerosol-radiation interaction in which aerosol particles scatter and absorb the solar and 
thermal radiation. The other is the aerosol-cloud interaction in which they change the 
microphysical, optical, and physical properties of cloud droplets and ice crystals acting as cloud 
condensation nuclei and ice nuclei. I have developed a global aerosol climate model, 
SPRINTARS (Spectral Radiation-Transport Model for Aerosol Species), coupled with a 
general circulation model, MIROC, to quantitatively evaluate the aerosol effects on the climate 
system. In SPRINTARS, the transport processes (emission, advection, diffusion, chemical 
reaction, and deposition) of major aerosol species in the troposphere are calculated to derive 
their global mass mixing ratios which are used in the radiation and cloud-precipitation schemes 
in MIROC. 

This monograph is based on the following three papers. 
 
[Chapter 1] Takemura, T., H. Okamoto, Y. Maruyama, A. Numaguti, A. Higurashi, and T. 

Nakajima (2000) Global three-dimensional simulation of aerosol optical thickness 
distribution of various origins. J. Geophys. Res., 105, 17853–17873. 

 
[Chapter 2] Takemura, T., T. Nakajima, O. Dubovik, B. N. Holben, and S. Kinne (2002) Single-

scattering albedo and radiative forcing of various aerosol species with a global three-
dimensional model, J. Climate. 15, 333–352. 

 
[Chapter 3] Takemura, T., T. Nozawa, S. Emori, T. Y. Nakajima, and T. Nakajima (2005) 

Simulation of climate response to aerosol direct and indirect effects with aerosol transport-
radiation model. J. Geophys. Res., 110, D02202, doi:10.1029/2004JD005029. 

 
The aerosol processes of the transport, aerosol-radiation interaction, and aerosol-cloud 

interactions were developed in Takemura et al. (2000, 2002, 2005), respectively. In this 
monograph, the revised processes are included, as described in Takemura et al. (Atmos. Chem. 
Phys., 2009, doi:10.5194/acp-9-3061-2009), although the simulated results by older model 
versions remain in the comparisons with observations. 

Several research achievements using SPRINTARS were cited by the 4th and 5th 
Assessment Reports of the Intergovernmental Panel on Climate Change (IPCC). SPRINTARS 
is participating in several international model intercomparison projects related to aerosols, e.g., 
AeroCom initiated in 2003 which is a primary contributor of estimating the aerosol effects on 
climate to the IPCC Assessment Reports. SPRINTARS is also incorporated into a global cloud 
resolving model, NICAM (e.g., Sato et al., Sci. Rep., 2016, doi:10.1038/srep26561) and applied 
to the 7-day aerosol forecast system (http://sprintars.net). I hope that SPRINTARS continues to 
be utilized for elucidating unclear scientific problems and supporting daily life. 
 
 
January 2018 
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Toshihiko Takemura 
Professor 
Center for Oceanic and Atmospheric Research 
Research Institute for Applied Mechanics 
Kyushu University 
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Chapter 1 
 
 

Global three-dimensional simulation of aerosol optical thickness 
distribution of various origins 

This chapter is based on “Takemura, T., H. Okamoto, Y. Maruyama, A. Numaguti, A. Higurashi, 
and T. Nakajima (2000) Global three-dimensional simulation of aerosol optical thickness 
distribution of various origins. J. Geophys. Res., 105, 17853–17873”, (c)American 
Geophysical Union. 
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Chapter 1 Global three-dimensional simulation of aerosol optical thickness distribution of various origins 
 

 - 2 -

Abstract 

A global three-dimensional model that can treat transportation of various species of 
aerosols in the atmosphere is developed using a framework of an atmospheric general 
circulation model (AGCM). Main aerosols in the troposphere, i.e., soil dust, carbonaceous 
(organic and black carbon), sulfate, and sea salt aerosols, are introduced into this model. To 
evaluate aerosol effects on the climate system and to compare simulated results with 
observations, the optical thickness and Ångström exponent are also calculated taking into 
account the size distribution and composition. The model results are validated by both measured 
surface aerosol concentrations and retrieved aerosol optical parameters from National Oceanic 
and Atmospheric Administration/Advanced Very High Resolution Radiometer. A general 
agreement is found between the simulated result and the observation globally and seasonally. 
One of the significant results is that the simulated relative contribution of anthropogenic 
carbonaceous aerosols to the total optical thickness is comparable to that of sulfate aerosols at 
midlatitudes of the Northern Hemisphere, which agrees with recent observations. This result 
leads to a conclusion that the radiative effect evaluation of aerosols on the climate system is 
necessary to be modified because optical properties of carbonaceous aerosols are different from 
those of sulfate aerosols. The other finding is that the seasonal shift off the west coast of North 
Africa observed by satellites, i.e., the latitude of the maximum optical thickness moves 
seasonally, is also reproduced in consideration of a mixed state of soil dust and carbonaceous 
aerosols. 

- 2 -
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1.1. Introduction 

It is important to estimate the climate forcing by anthropogenic and natural aerosols for 
predicting the future climate change. The global distributions of long-lived greenhouse gases 
are quantitatively well known and they cause positive radiative forcing. The total aerosol 
forcing is, on the other hand, evaluated as negative, i.e., cooling effect (e.g., IPCC, 1996). The 
aerosol distribution is, however, highly uncertain because of their short lifetime, various 
chemical components, and size distributions. There may be two effects that aerosols affect the 
climate system. One is the aerosol-radiation interaction in which aerosols scatter and absorb the 
solar and infrared radiation (e.g., Charlson et al., 1992), and the other is the aerosol-cloud 
interaction in which aerosols alter the cloud properties acting as cloud condensation nuclei 
(CCN), and leading to a cloud albedo change (e.g., Twomey, 1974). According to IPCC (1996), 
the total forcing of the aerosol-radiation interaction was estimated to be –0.5 W m–2 with a large 
uncertainty of a factor of 2. Moreover, the total forcing of the aerosol-cloud interaction was 
estimated to be in a wide range from 0 to –1.5 W m–2 because the aerosol-cloud interaction 
process itself has been scarcely understood. 

To minimize these uncertainties, an adequate aerosol transport model is necessary to be 
developed for simulating the aerosol distribution of various species. There have been many 
studies of three-dimensional models for sulfate aerosols, which have been considered to be 
dominant anthropogenic aerosols (Langner and Rodhe, 1991; Pham et al., 1995; Chin et al., 
1996; Feichter et al., 1996). Recent measurements have shown, however, that carbonaceous 
aerosols are in many cases more predominant even in industrial regions (Hegg et al., 1997; 
Novakov et al., 1997). The large optical thickness of carbonaceous aerosols originating from 
biomass burning also started to be recognized as noticeable from space (Herman et al., 1997; 
Nakajima and Higurashi, 1998). In spite of such a renewed attention to the climate effects of 
carbonaceous aerosols, there have been few global transport models for them (Liousse et al., 
1996). Soil dust aerosols are also another important aerosol species, which contribute to a large-
particle mass loading in the atmosphere. Several transport models were developed for the soil 
dust (Joussaume, 1990; Tegen and Fung, 1995; Dentener et al., 1996). 

Past studies concerning aerosol transport modeling were validated mostly by ground-based 
measurements of aerosol concentrations at some locations. However, ground-based 
measurements for aerosol concentrations are limited and include local variance, and therefore 
it is difficult to obtain a proper validation on global scale. In recent years, on the other hand, 
large amounts of satellite products for aerosols have become available as the result of the new 
progress in remote sensing technologies. For example, Higurashi and Nakajima (1999) 
analyzed the global distribution of the aerosol optical thickness and the Ångström exponent that 
is an index of the particle size (a large-particle polydispersion has a small Ångström exponent) 
using National Oceanic and Atmospheric Administration (NOAA)/Advanced Very High 
Resolution Radiometer (AVHRR) data. It is very important therefore to find a method for 
comparing global optical remote sensing data with model values. In this regard, the situation of 
most of the past aerosol model studies has not been satisfactory since they simulated 
distributions of only one kind of aerosols, whereas the remotely sensed data are of a mixed state 
of several kinds of aerosols. Tegen et al. (1997) estimated the combined optical thickness of 
four species of aerosols by collecting results of different transport models for each aerosol type 
(soil dust (Tegen and Fung, 1995), carbonaceous (Liousse et al., 1996), sulfate (Chin et al., 
1996), and sea salt (Tegen et al., 1997)) and fixing the typical specific extinction cross section 
of each aerosol. Such a treatment is not necessarily appropriate for estimating the relative 
contribution of each aerosol type to the optical thickness, because the change in optical 
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properties depending on the relative humidity was not considered, and because the transporting 
and scavenging processes are not the same among the models with different wind and cloud/rain 
fields. 

In this study we develop a global three-dimensional model that can treat various aerosol 
species to overcome several drawbacks in the past aerosol modeling studies as mentioned above. 
Much attention is paid to the reproduction of not only the surface concentration but also the 
vertical column loading, comparing the result with the optical thickness from AVHRR 
retrievals in order to estimate the aerosol effects on the climate system. The common model 
structure to all aerosol species will be described in section 1.2. Characteristics for each aerosol 
type (soil dust, carbonaceous, sulfate, and sea salt), including emission sources and chemical 
reactions will be summarized in section 1.3. Mixing of all four aerosol species will be discussed 
in section 1.4 in terms of the total aerosol optical thickness and the Ångström exponent, and we 
will compare the model results with AVHRR retrievals (Higurashi and Nakajima, 1999; 
Higurashi et al., 2000). This comparison, as one of unique points of this study, becomes possible 
because of the global distribution of the optical properties obtained from AVHRR retrievals 
and that of the modeled four-component aerosol mixture. The simulated results also will be 
compared with ground-based optical observations of Aerosol Robotic Network (AERONET). 
Moreover, we will discuss a mechanism of the seasonal shift of the maximum optical thickness 
off the west coast of North Africa as observed by satellites. Our conclusions will be presented 
in section 1.5. 

1.2. Model description 

The present three-dimensional aerosol model, SPRINTARS (Spectral Radiation-Transport 
Model for Aerosol Species), uses a framework of Atmosphere and Ocean Research Institute 
(AORI) (formerly Center for Climate System Research (CCSR)), University of Tokyo/National 
Institute for Environmental Studies (NIES), Japan/Japan Agency for Marine-Earth Science and 
Technology (JAMSTEC) atmospheric general circulation model (AGCM) which is the present 
Model for Interdisciplinary Research on Climate (MIROC). The basic features of MIROC are 
presented by Numaguti (1993), and newly implemented physical processes are discussed by 
Numaguti et al. (1995) and Watanabe et al. (2010). The MIROC adopts a radiation scheme 
based on the k-distribution and the two-stream discrete ordinate method (Nakajima and Tanaka, 
1986; Nakajima et al., 2000). In our simulation the horizontal resolution is set at about 1.4 
longitude by 1.4 latitude (T85, i.e., triangular truncation with wavenumber 85), the vertical 
resolution at 40 layers with a hybrid σ–p coordinate, and standard time step at 12 min. This 
aerosol transport model mainly includes processes of emission, advection, diffusion, and 
deposition. The equation of aerosol mass conservation is as follows: 

 , (1.1) 

where ρair is the air density, qa is the aerosol mass mixing ratio, and v and w are horizontal and 
vertical wind, respectively; FE, FD, and FS are the emission, diffusion, and deposition fluxes of 
aerosols, respectively. The advection scheme for water vapor in MIROC is applied to the 
aerosol advection. The right-hand side of equation (1.1) is newly modeled in this study as 
described in Appendix 1.A. To compare simulated results with optical observations such as 
AVHRR retrievals and Sky/Sun photometer measurements, the optical thickness is also 
calculated at each time step using the calculated relative humidity. The detailed explanation for 
the calculation of the optical thickness is described in Appendix 1.B. 
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The wind velocity at 10-m height is needed for evaluating emissions of soil dust and sea 
salt aerosols. It is calculated from the wind velocity at the lowest layer of MIROC on the basis 
of the Monin-Obukhov similarity theory. In the unstable or stable condition the function 
depending on the Richardson number is also introduced (Louis, 1979). Moreover, we consider 
small-scale dry convection with a large upward sensible heat flux in the evaluation of surface 
wind, which is pronounced in the case of strong wind. 

1.3. Characteristics for each aerosol type 

1.3.1. Soil dust aerosols 

It has been expected that soil dust aerosols have a large impact on the climate system based 
on satellite and ground-based observations (Li et al., 1996; Herman et al., 1997; Moulin et al., 
1997). Soil dust particles scatter the solar radiation back to space and absorb the ultraviolet 
radiation. In this model, the particle size is divided into 6 radii from 0.1 to 10 µm for transport 
processes and the calculation of the optical thickness of soil dust aerosols. The effective radius 
and the normalized emission strength of each size are according to d’Almeida and Schütz 
(1983) (Table 1.1). The particle density of soil dust aerosols is assumed to be 2.6 g cm–3 (Volz, 
1973). 

Table 1.1 Effective radius and normalized emission strength for soil dust aerosols in the model. 

Radius range, µm Effective radius, µm Normalized emission strength 
0.12 – 0.22 0.13 0.0045 
0.22 – 0.46 0.33 0.0290 
0.46 – 1.00 0.82 0.1766 
1.00 – 2.15 1.27 0.2633 
2.15 – 4.64 3.20 0.2633 
4.64 – 10.00 8.02 0.2633 

 

Emission locations are limited to the desert, grassland, xeromorphic shrubland, and 
cultivated field defined by Matthews (1983). The emission mass flux of soil dust Fed in kg m–2 
s–1 is given according to the empirical relation as follows (Gillette, 1978): 

 , (1.2) 

where |v10| is the wind velocity at 10-m height in m s–1, ut is a threshold velocity set to be 6.5 
m s–1 according to Kalma et al. (1988), and C is an emission coefficient in kg s2 m–5 depending 
on the soil moisture Wg, snow amount Ws, and region defined as, 

 , (1.3) 

where Cd and Wgt are the coefficient and threshold soil moisture depending on the region, Wst 
is the threshold snow amount, and Ae is the effective area in emitting soil dust aerosols 
according to Tegen et al. (2002): 
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 , (1.4) 

 , (1.5) 

where FPAR is the fraction absorbed photosynthetically active radiation, and LAI is the leaf area 
index. The dust emission flux is calculated at every model time step. 

1.3.2. Carbonaceous aerosols 

Carbonaceous aerosols are roughly divided into two components, i.e., organic matter (OM) 
and black carbon (BC). OM mainly scatters the solar radiation without significant absorption 
and grows absorbing ambient water vapor. On the other hand, BC strongly absorbs the solar 
radiation and is hydrophobic. In this model, the internal mixture of both carbons is assumed for 
transport processes and the optical thickness calculation. The particle radius depending on the 
relative humidity is determined from Hobbs et al. (1997) (Table 1.2), and the particle densities 
are assumed to be 1.8 g cm–3 and 2.3 g cm–3 for OM and BC, respectively. 

Table 1.2 Mode radius of carbonaceous aerosol particle depending on the relative humidity in 
the model. 

Relative humidity, % 0–50 50–70 70–80 80–90 90–95 95–98 98–99 99–100 
Mode radius, µm 0.100 0.108 0.110 0.144 0.169 0.196 0.274 0.312 

Monthly emission inventories of anthropogenic sources (i.e., fossil and bio fuels) for OM 
and BC used in the Task Force on Hemispheric Transport of Air Pollution (TF HTAP) Phase 2 
(http://iek8wikis.iek.fz-juelich.de/HTAPWiki/WP1.1) are adopted in the present standard 
MIROC-SPRINTARS simulations. Emissions of OM and BC from biomass burning are based 
on the Global Fire Emissions Database (GFED) version 3.1 (Randerson et al., 2013). 
Conversion rates from primary organic carbon (OC) to OM are 1.6 for anthropogenic sources 
and 2.6 for biomass burning. A simplified chemical scheme for producing secondary organic 
aerosols (SOA) is incorporated (Sudo and Ogihara, 2012). For the SOA scheme, the Global 
Emissions Inventory Activity (GEIA) database for monthly terpene and isoprene emissions are 
used (Guenther et al., 1995), and their mass mixing ratio are treated as prognostic variables, 
which is the same as aerosols. The monthly mean oxide field of OH, O3, and NO3 for the SOA 
chemistry is prescribed by a global chemical model, CHASER, which is driven by the MIROC 
(Sudo et al., 2002). The ratio of primary organic aerosols to the emission flux of sea salt aerosols 
(see Section 1.3.4) depends on the chlorophyll-a concentration at the sea surface, wind velocity 
at 10-m height, and the diameter of sea salt aerosols (Gantt et al., 2011). The emission flux of 
terpene and isoprene from the ocean depends on the diffuse attenuation coefficient at 490 nm, 
incident solar radiation at the surface, photosynthetically active radiation (PAR), and 
chlorophyll-a concentration (Gantt et al., 2009). 

1.3.3. Sulfate aerosols 

Sulfate aerosols scatter the solar radiation without significant absorption, and it is 
hydrophilic. The growth rate of particle radius depending on the relative humidity is based on 
Tang and Munkelwitz (1994) (Table 1.3), and the particle density is set as 1.769 g cm–3 (Weast, 
1976) in this model. 
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Table 1.3 Mode radius of sulfate aerosol particle depending on the relative humidity in the 
model. 

Relative humidity, % 0–50 50–70 70–80 80–90 90–95 95–98 98–99 99–100
Mode radius, µm 0.0695 0.0850 0.0950 0.103 0.122 0.157 0.195 0.231 

Sulfate aerosols are formed mainly by chemical reactions of SO2 and dimethylsulfide 
(DMS). DMS is emitted mainly from the oceanic phytoplankton and reacts with OH radical, so 
it is converted into SO2 and sulfate through intermediates. SO2, which is emitted from fossil 
fuel consumption and volcanic activities, is mainly oxidized by OH in the gas phase and H2O2 
and O3 in liquid phase, so it is converted into sulfate. There are some past studies about global 
sulfate distribution, but Langner and Rodhe (1991) and Pham et al. (1995) simplified the liquid 
phase reaction of SO2, which is a main reaction forming sulfate aerosols. In this model, however, 
chemical reactions related to sulfate aerosols and SO2 dissolution into water are treated 
explicitly. The SO2 dissolution process is also applied to the in-cloud scavenging of SO2. Table 
1.4 summarizes chemical reactions and reaction rate constants, and solubility and equilibrium 
constants are also shown in Table 1.5 and Table 1.6, respectively. The monthly mean oxide 
field of OH, O3, and H2O2 is prescribed by CHASER (Sudo et al., 2002). The DMS emission 
flux F DMS in kg m–2 s–1 over the ocean is proportional to the downward surface solar flux Frad 
in W m–2 in this model (Bates et al., 1987), 

 . (1.6) 

The DMS emission is inhibited over sea-ice regions. The DMS emission flux from land 
vegetation and soil which is a function of LAI, solar zenith angle, and temperature is according 
to Spiro et al. (1992). Monthly emission inventories of anthropogenic sources for SO2 used in 
the TF HTAP Phase 2 (http://iek8wikis.iek.fz-juelich.de/HTAPWiki/WP1.1) are adopted in the 
present standard MIROC-SPRINTARS simulations. Emissions of SO2 from biomass burning 
are based on the GFED version 3.1 (Randerson et al., 2013). The GEIA database are used for 
SO2 originating from continuously erupting volcanoes (Andres and Kasgnoc, 1998). 
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Table 1.4 Chemical reactions and rate constants in the model. 

Reaction Reaction rate a Ref. b

DMS→SO2, sulfate   
DMS+OH→SO2+…  (a), (b)
DMS+OH→0.6SO2+0.4DMSO+…
DMSO+OH→0.6SO2+0.4SO4

2–+…  (a), (b)

   
SO2→sulfate   

SO2+OH→SO4
2–+…  (c) 

   

S(IV)+O3(aq)→SO4
2–+O2  (d) 

   
  

S(IV)+H2O2(aq)→SO4
2–+H2O  (e) 

    
a Values k1, k2, and k3 are in cm3 molecule–1 s–1, k4 and k5 are in l mole–1 s–1, T is the temperature 

in Kelvin, [M] is the air number concentration in cm–3, [H+] is the hydrogen ion concentration in mole 
l–1, K1 and K2 are equilibrium constants (see Table 1.6), ka, kb, kc, and kd are in l mole–1 s–1, and ke is in 
mole l–1. 

b References are (a) Hynes et al. (1986), (b) Chatfield and Crutzen (1990), (c) DeMore et al. (1997), 
and (d) Warneck (1988). 

 

Table 1.5 Solubility constants in the model. 

Reaction Solubility constant, mole l–1 atm–1 
(SO2)g ⇄ (SO2)aq  
(O3)g ⇄ (O3)aq  
(H2O2)g ⇄ (H2O2)aq  

After Chameides (1984). 

 

Table 1.6 Equilibrium constants in the model. 

Reaction Equilibrium constant, mole l–1 
(SO2)aq+H2O ⇄ H++HSO3

–  
HSO3

– ⇄ H++SO3
2–  

After Chameides (1984). 

  

KH2O2
= 9.7⇥ 10

4
exp [6600 (1/T − 1/298)]

,
.
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1.3.4. Sea salt aerosols 

The importance of sea salt aerosols for the climate system is to be seen in connection with 
its potential source areas, which cover about two thirds of the Earth’s surface. Sea salt particle 
has a larger radius than that of carbonaceous and sulfate aerosols. The particle size of sea salt 
aerosols is divided into 4 effective radii from 0.1 µm to 10 µm assuming a lognormal size 
distribution for transport processes and for the calculation of the optical thickness with a 
standard deviation assumed as 2.0 (d’Almeida et al., 1991) (Table 1.7). The particle density is 
set as 2.2 g cm–3 in this model (Hänel, 1976). Sea salt particles have a cubic shape, so the Mie 
theory cannot be strictly applied. We calculated the nonspherical scattering effect by a discrete 
dipole approximation method (Okamoto et al., 1995; Murayama et al., 1999). The difference of 
the extinction efficiency factor between Mie particles and cubic particles is found to be less 
than 5% for the particle radius less than 0.4 µm; the difference is slightly larger for large radii 
but not more than 20%. Therefore we decided to use the Mie theory for calculating the optical 
thickness in this model. 

Table 1.7 Effective radius and corresponding mass mean radius of sea salt aerosols in the 
model. 

Radius range, µm 0.100–0.316 0.316–1.000 1.000–3.160 3.160–10.000 
Effective radius, µm 0.178 0.562 1.780 5.620 

Sea salt aerosols are produced by breaking bubbles of seawater at ocean surface, and 
therefore the emission flux depends significantly on the surface wind velocity. A scheme of the 
emission mass flux of sea salt aerosols Fes in this study is based on Monahan et al. (1986): 

 , (1.7) 

where r and ρs are the radius and density of sea salt aerosol, respectively, and a, b, c, d, f, g, 
and h are constants according to Monahan et al. (1986). The sea salt emission flux is calculated 
at every model time step. 

1.4 Results and discussion 

1.4.1 Global distribution for each aerosol type 

The annual mean global distributions of the simulated surface concentration and the 
optical thickness at a wavelength of 0.55 µm for soil dust, carbonaceous, sulfate, and sea salt 
aerosols are shown in Figures 1.1 and 1.2, respectively. Saharan dust particles are transported 
by the trade wind over the North Atlantic throughout the year. A large amount of soil dust is 
also seen around the Arabian Sea in the Northern Hemisphere summer, which can be explained 
by the strong monsoon wind in this season. Carbonaceous aerosols originating from biomass 
burning are prominent in the center and south of Africa and South America. Biomass burning 
events occur during the dry season of each region and are observed as hot spots from space 
(Cahoon et al., 1992; Andreae, 1993). Carbonaceous aerosols are also emitted from industrial 
regions with consumption of fossil and domestic fuels almost regularly through the year at 
midlatitudes of the Northern Hemisphere. A high concentration of sulfate aerosols originating 
from anthropogenic sources is seen in East Asia, Europe, and North America through the year. 
In case of sea salt aerosols the maximum concentration is seen over the Antarctic Sea at 50–
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60S through the year as well as over the North Atlantic and the North Pacific. On the other 
hand, the optical thickness of sea salt aerosols is large in tropical regions and midlatitudes 
because of the strong vertical diffusion. Their optical thickness is, however, much smaller than 
that of other aerosols in spite of large surface concentrations because the extinction efficiency 
per mass is small due to large-particle radii. 

 
Figure 1.1 Annual mean distributions of the simulated surface concentrations for (a) soil dust, 

(b) carbonaceous, (c) sulfate, and (d) sea salt aerosols in μg m–3. 
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Figure 1.2 Annual mean distributions of the simulated optical thickness for (a) soil dust, (b) 

carbonaceous, (c) sulfate, and (d) sea salt aerosols. 

Simulated surface concentrations are compared with observed ones for carbonaceous 
(Tables 1.8 and 1.9), DMS (Table 1.10), SO2 (Table 1.11), and sulfate aerosols (Table 1.12) at 
some locations. Simulated concentrations of carbonaceous aerosols are reproduced well 
compared with observations. Liousse et al. (1996) simulated not only BC but also OC global 
distributions for the first time, but their results were largely underestimated OC and BC 
concentrations in comparison with observations in midlatitudes of the Northern Hemisphere as 
pointed out by the authors themselves. This underestimation is, however, not seen in our 
simulation (Table 1.9). Simulated DMS concentrations are also in agreement with observed 
ones within a difference of about 40%. On the other hand, simulated SO2 and sulfate 
concentrations are somewhat underestimated and overestimated, respectively, in industrial 
regions. This might be because changes in SO2, H2O2, and O3 concentrations within each time 
step are neglected in this model, though the liquid phase reaction proceeds to completion in less 
than 1 hour (Chin et al., 1996). It is, however, general agreement between simulated and 
observed concentrations of SO2 and sulfate aerosols other than in industrial regions. Figure 1.3 
shows that the monthly mean simulated surface concentrations for sea salt aerosols reasonably 
agree with the observed ones seasonally and quantitatively in Barbados and Midway. Simulated 
surface concentrations of sea salt aerosols in other regions are expected not to be largely 
different from observations because the distribution of sea salt aerosols is not as inhomogeneous 
as that of soil dust, carbonaceous, and sulfate aerosols. 
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Table 1.8 Comparison between simulated and observed concentrations of carbonaceous 
aerosols. 

Location Time period Concentration, ng m–3 Ref. aObs. Model 
OC+BC     

American Samoa (13.0S, 172.0W) Jul.–Aug., Jan.–Feb. 108 78 (a) 
Amsterdam Island (38.0S, 77.0E) Feb. 155 32 (a) 
New Zealand (41.0S, 174.0E) Jun.–Aug. 130 101 (a) 

OC     
Hawaii (21.4N, 147.7W) Sep. 390 110 (b) 
Puerto Rico (18.3N, 65.8W) Apr. 662 177 (c) 

BC     
Beijing (40.0N, 116.0E) Jul.–Aug. 2163 1819 (d) 
Mauna Loa (19.3N, 155.4W) Annual 5.82 8.5 (e) 
South pole (87.0S, 102.0W) Annual 0.65 0.40 (e) 

a Observed values: (a) Cachier et al. (1986), (b) Hoffman and Duce (1977), (c) Novakov and Penner 
(1993), (d) Parungo et al. (1994), and (e) Bodhaine (1995). 

 

Table 1.9 Comparison between simulated and observed annual mean concentrations of 
organic carbon in the United States. 

Location Concentration, ng m–3 
Observation This model Liousse et al. (1996)

Appalachian 2950 2279 1010 
Boundary water 2025 1665 430 
Cascades 2850 1579 310 
Colorado Plateau 1225 1263 420 
Central Rockies 1425 1101 380 
Central Coast 1975 3588 380 
Great Basin 1125 811 330 
Northern Great Plains 1525 1158 390 
Northern Rockies 3175 853 300 
Southern California 2650 1594 450 
Sonora Desert 1475 1376 500 
Sierra Nevada 2125 2007 410 
Sierra-Humboldt 1575 1306 350 
West Texas 1475 1403 570 

Observed values: Malm et al. (1994); simulated values: this study and Liousse et al. (1996). 
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Table 1.10 Comparison between simulated and observed DMS concentrations. 

Location Time period Concentration, pptv Ref. a Obs. Model 
Amsterdam Island (38S, 78E) Annual 112 96 (a) 
Bahamas (20–25N, 73–80W) Jun. 154 83 (b) 
 Nov. 122 47 (c) 
Cape Grim (40.68S, 144.68E) Jan. 167 102 (c) 
Sargasso Sea (20-25N, 73–80W) Jun. 232 83 (c) 
Equatorial Pacific (Ecuador – Hawaii) Jul. 115–196 74–173 (c) 
Northeast Pacific (west of Seattle, USA) Apr. 75 72 (d) 
Pacific (15-29N, 170W) Apr.–May 60 62–89 (e) 

(11S–14N, 170W) Apr.–May 269 74–108 (e) 
Antarctic (56-63S, 65–57W) Nov.–Dec. 147 90–154 (f) 

a Observed values: (a) Nguyen et al. (1992), (b) Saltzman and Cooper (1988), (c) Andreae et al. 
(1985), (d) Bandy et al. (1992), (e) Quinn et al. (1990), and (f) Staubes and Georgii (1993). 

 

Table 1.11 Comparison between simulated and observed SO2 concentrations. 

Location Time period Concentration, pptv Ref. aObs. Model 
Industrial regions, USA     

Indiana (40N, 85W) Annual 8530 2944 (a) 
Kentucky (38N, 88W) Annual 7520 7667 (a) 
Ohio (41N, 82W) Annual 7980 5718 (a) 

Subarctic     
Cree Lake, Canada (58N, 107W) Annual 242 153 (b) 

Ocean     
Amsterdam Island (38N, 78W) Annual 19 26 (c) 
North Atlantic (48-37N, 20W) Aug. 37 88 (d) 

(38-7N, 27–40W) Aug. 61 82 (d) 
Equatorial Pacific (15N–10S, 145–165W) Feb.–Mar. 28 49 (e) 
Northeast Pacific (west of Seattle, USA) Apr. 28 47 (f) 
Pacific (30-50N, 170W) Apr.–May 13 49 (g) 

(15-29N, 170W) Apr.–May 82 84 (g) 
(14N–11S, 170W) Apr.–May 29 71 (g) 

a Observed values: (a) Shaw and Paur (1983), (b) Barrie and Bottenheim (1990), (c) Nguyen et al. 
(1992), (d) Pszenny et al. (1990), (e) Huebert et al. (1993), (f) Bandy et al. (1992), and (g) Quinn et al. 
(1990). 
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Table 1.12 Comparison between simulated and observed annual mean concentrations of sulfate 
aerosols. 

Location Concentration, ng m–3 Ref. a Obs. Model 
Industrial regions, USA    

Albany, New York (42N, 74W) 6040 9851 (a) 
Mayville, New York (42N, 80W) 5920 9400 (a) 
Indiana (40N, 85W) 7400 7651 (b) 
Kentucky (38N, 88W) 7400 8392 (b) 
Ohio (41N, 82W) 6560 8296 (b) 

Arctic and subarctic    
Alert, Canada (83N, 61W) 852 102 (c) 
Bear Island, Norway (75N, 19E) 1408 1113 (d) 
Cree Lake, Canada (58N, 107W) 768 459 (e) 
Heimaey, Iceland (64.40N, 20.30W) 636 863 (f) 
Mould Bay, Canada (77N, 119W) 912 130 (g) 

Ocean    
Barbados (13.17N, 59.43W) 816 850 (h) 
Bermuda (32.27N, 64.87W) 2336 3277 (h) 
Mace Head (53.32N, 9.85W) 1288 3154 (h) 
Cape Grim (40.68S, 144.68E) 380 341 (i) 
Fanning (3.92N, 159.33W) 696 523 (j) 
Midway Island (28.22N, 177.35W) 572 563 (j) 
New Caledonia (22.15S, 167.00E) 448 1049 (j) 
Norfolk Island (29.08S, 167.98E) 300 406 (j) 
Oahu (21.33N, 157.70W) 540 729 (j) 

Antarctic    
Mawson (67.60S, 62.50E) 116 20 (k) 
Palmer (64.77S, 64.05W) 100 81 (k) 

a Observed values: (a) Husain and Dutkiewicz (1990), (b) Shaw and Paur (1983), (c) Li and Barrie 
(1993), (d) Heintzenberg and Larssen (1983), (e) Barrie and Bottenheim (1990), (f) Prospero et al. 
(1995), (g) Barrie et al. (1989), (h) Galloway et al. (1993), (i) Ayers et al. (1986), (j) Savoie et al. (1989), 
and (k) Savoie et al. (1993). 
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Figure 1.3 Comparisons between the simulated (solid lines) and the observed (dashed lines) 

monthly mean concentrations of sea salt aerosols at (a) Barbados (13.17N, 59.43W) 
and (b) Midway (28.22N, 177.35W) µg m–3. The simulated concentrations are shown 
at the location for the observed values sited by Tegen et al. (1997). 
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Figure 1.4 shows simulated and observed vertical profiles of soil dust aerosols in Barbados, 
carbonaceous aerosols over a biomass burning region, and sulfate aerosols over an industrial 
region. The observed feature of the large soil dust concentration between 1 km and 3 km altitude, 
so-called “dust layer,” is reproduced to some extent, though the magnitude of the simulated 
concentration is underestimated. Anderson et al. (1996) analyzed the data obtained from aircraft 
measurements over biomass burning, finding the aerosol number concentration decreased 
almost monotonously with altitudes above 1.5 km over the source region, while they have the 
peak between 2 and 6 km over the outflow region. These tendencies are reproduced to some 
extent in this model though the altitude of the simulated maximum concentration is low over 
the outflow region. The decrease of the simulated sulfate concentration with altitudes is similar 
to that of the observed one. 

 
Figure 1.4 Vertical profiles of (a) soil dust aerosols at Barbados, carbonaceous aerosols over the 

(b) source and (c) outflow regions of biomass burning in the south of Africa, and (d) 
sulfate aerosols over the industrial region in Canada. Simulated monthly mean profiles 
(solid lines) for the corresponding locations and months are shown for the observed values 
(dashed lines or squares) in (a) July (Prospero and Carlson, 1972), (b, c) October 
(Anderson et al., 1996), and (d) August (Gorzelska et al., 1994). 
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Figure 1.5 summarizes the global amounts and the mass fluxes of aerosols simulated by 
the present model. The annual total emission fluxes of soil dust and sea salt aerosols are 1 order 
larger than those of other aerosol species. The dry deposition flux of soil dust aerosols occupies 
66% of the total flux, because of their large-particle radius and emission occurring mostly in 
arid or semiarid regions. The wet deposition fluxes of carbonaceous and sulfate aerosols, on the 
other hand, account for 82% and 88% of the total depositions, because of their hydrophilicity. 
The liquid phase oxidation of SO2 is larger than the gas phase oxidation as commonly 
recognized (Warneck, 1988). The lifetimes of DMS and SO2 are consistent with other sulfur 
models (Langner and Rodhe, 1991; Pham et al., 1995; Chin et al., 1996; Feichter et al., 1996), 
though that of sulfate aerosols is slightly shorter in this model (2.6 days). 

 
Figure 1.5 Global budgets of each aerosol component in the model. Emission, deposition, and 

oxidation fluxes are shown by arrows in Tg yr–1 (TgS yr–1 for sulfur cycle), and 
numbers in parentheses under each deposition and oxidation flux indicate the ratio 
to total fluxes. Annual mean global total loadings in Tg (TgS for sulfur cycle) and annual 
and global mean lifetimes in days in the atmosphere are indicated inside boxes. 
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1.4.2. Global aerosol optical properties in a mixed state 

Figure 1.6 shows the simulated distributions of the combined monthly mean optical 
thickness of soil dust, carbonaceous, sulfate, and sea salt aerosols in January, April, July, and 
October. Figure 1.7 also shows the simulated distributions of the monthly mean Ångström 
exponent defined as log slope of the spectral optical thickness at wavelengths of 0.55 µm and 
1.0 µm. The most prominent contributors to the total aerosol loading are soil dust and 
carbonaceous aerosols. Soil dust aerosols are noticeable around Saharan and Arabian regions 
with a small Ångström exponent from about zero to 0.2, while carbonaceous aerosols 
originating from biomass burning are remarkable on the coast of the Gulf of Guinea in January 
and over the south of Africa and Amazon from July to October with a large Ångström exponent 
close to 1.0. These simulated geographical patterns of the optical thickness and Ångström 
exponent are consistent with the patterns observed by satellites (Nakajima and Higurashi, 1998; 
Higurashi et al., 2000). Simulated optical thickness of biomass burning aerosols from the south 
of Africa extends to northwest and southeast directions, as supported by the AVHRR retrieval. 
In midlatitudes of the Northern Hemisphere, anthropogenic carbonaceous and sulfate aerosols 
prevail, showing the noticeably distinct seasonal variation with the maximum in summer. 
Investigation of the model results suggests three main reasons for this seasonal variability of 
the optical thickness. One is growth of aerosol particles absorbing ambient water vapor with 
higher relative humidity in summer over this region, causing an increase in the extinction 
coefficient σm. In the present model. σm in the condition over the relative humidity of 90% is 
set about 5 times as large as in that of 25% for the mode radius. The second reason is large 
oxidation of SO2 and DMS in summertime because of the high OH concentration. For instance, 
it is given as 19×105 molecules cm–3 at 36N, 900 hPa in July, while 2.4×105 molecules cm–3 at 
the same location in January. The third is that aerosols and their precursors are difficult to fall 
out in summer because of large instability of the atmosphere. The lifetime of sulfate aerosols 
in summer is about 3 times as long as that in winter for the zonal mean of 36N. The simulated 
Ångström exponent is also larger in summertime over midlatitudes of the Northern Hemisphere. 
These seasonal variabilities in optical thickness and Ångström exponent were detected by 
AVHRR retrievals over this region, as shown in section 1.4.3. Larger aerosol concentrations 
during spring to summer were also observed at a remote ocean site, Mauna Loa, Hawaii (Lee 
et al., 1994). These observations support adequacy of the aerosol growth model depending on 
the relative humidity shown in Tables 1.2 and 1.3 and the uplift scheme described in Appendix 
A. 
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Figure 1.6 Monthly mean distributions of the simulated optical thickness for a mixed state of 

four aerosol species (soil dust, carbonaceous, sulfate, and sea salt) in (a) January, (b) 
April, (c) July, and (d) October. 
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Figure 1.7 Monthly mean distributions of the simulated Ångström exponent for a mixed state 

of four aerosol species (soil dust, carbonaceous, sulfate, and sea salt) estimated from 
the optical thickness at the wavelengths of 0.55 µm and 1.0 µm in (a) January, (b) 
April, (c) July, and (d) October. 
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1.4.3. Regional features and comparisons with optical observations 

To examine the regional and seasonal features, regional averages of the simulated monthly 
mean optical thickness and Ångström exponent over ocean are compared with the AVHRR 
statistics (Higurashi et al., 2000) for 4 months in 1990, i.e., in January, April, July, and October. 
Although there is some possibility of overestimation in the AVHRR optical thickness, 
especially in regions of small optical thickness (< 0.2), the AVHRR retrievals can be used for 
studying the simulated seasonal variations. Monthly mean values of AERONET data (Holben 
et al., 1998) are also used for comparison over land. It is, however, necessary to be careful that 
AERONET data can include local variance to some extent because they are ground-based 
measurements and that AERONET observation years are different from the year of atmospheric 
field in 1990 used in the simulation. 

1.4.3.1. Industrial regions 

Figure 1.8 shows the simulated optical thickness for each aerosol type and a mixture of 
four aerosol species in midlatitudes of the Northern Hemisphere with the corresponding 
AVHRR retrievals or AERONET data. Over the United States the simulated optical thickness 
is not much different from the AERONET values seasonally and quantitatively (Figure 1.8a), 
while it is about 3 times smaller than the AVHRR optical thickness (Figure 1.8b). A similar 
difference between simulated and AVHRR optical thicknesses is seen over other industrial 
regions (Figures 1.8c, 1.8d, and 1.8e). The simulated contribution of soil dust aerosols 
transported from the Saharan region is large from spring to summer over the Black Sea and the 
Mediterranean. Around Japan, AVHRR retrievals detect the “Kosa” dust transported from the 
Gobi and Takla Makan Deserts in April, but the simulated column loading of soil dust aerosols 
is too small. This must be corrected by further improvements such as increasing the horizontal 
resolution in order to reproduce the realistic surface conditions and sources. At the same time, 
satellite values may be corrected by introducing a better optical model of Kosa aerosols. The 
simulated Ångström exponent is also smaller than observed values over the above five regions. 
This underestimation may suggest that smaller mode radii are needed for more appropriate 
simulation. In spite of some differences between the simulation and the observations, simulated 
optical thickness indicates the maximum value from spring to summer as observed by AVHRR 
and AERONET. 
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Figure 1.8 Seasonal variation of simulated and observed monthly mean optical thicknesses and 

Ångström exponents over industrial regions of midlatitudes of the Northern 
Hemisphere. The simulated optical thickness is shown for a mixed state of four aerosol 
species (blue column) and each aerosol type (solid lines). Observed optical thickness and 
Ångström exponent from AVHRR and AERONET (orange column) are also shown with 
standard deviations. 
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In midlatitudes of the Northern Hemisphere where strong sources of anthropogenic 
pollutant exist, it has been common assumption that anthropogenic sulfate aerosols dominate 
in the optical thickness. The recent aircraft observations in the industrial region of the eastern 
United States, however, indicated that the concentration and optical thickness of carbonaceous 
aerosols are comparable with or larger than those of sulfate aerosols (Hegg et al., 1997; 
Novakov et al., 1997). Therefore the relative contribution of carbonaceous aerosols to the 
optical thickness may be still larger over other industrial regions, such as Europe and East Asia, 
because fossil fuels of high carbon content are consumed in these regions. Heintzenberg et al. 
(1998) also suggested, based on the analysis of aerosol samplings, that organic compounds may 
be significant over the industrial region of Europe. In the present model, contributions of 
carbonaceous and sulfate aerosols are simulated to be comparable during all seasons (Figure 8), 
which is consistent with the above mentioned observations. Tegen et al. (1997), who estimated 
the optical thickness of four aerosol species collecting results of different transport models, 
concluded that sulfate aerosols are dominant in North America (about 70% of the total optical 
thickness). Their different result from observations could be caused by underestimation of 
carbonaceous aerosol concentrations in this region used in their estimation (Liousse et al., 1996), 
as described in section 1.4.1. Therefore we conclude that the general understanding from 
previous studies that sulfate is a main anthropogenic aerosol should be modified. This 
conclusion also suggests that evaluation of anthropogenic aerosol effects on the climate system 
changes noticeably because optical characteristics of carbonaceous aerosols are different from 
those of sulfate aerosols. 

1.4.3.2. Soil dust regions 

The column loading of soil dust aerosols is especially large around North Africa and the 
Middle and Near East. Over the Arabian Sea, soil dust aerosols are dominant from March to 
August, and the simulated and AVHRR-retrieved regional mean optical thicknesses reach about 
0.5 in July (Figure 1.9a). Over the Saharan region the simulated optical thickness is higher from 
January to March, which is comparable to remote sensing values (Figures 1.9b and 1.9c). The 
simulated values are, however, underestimated in other months, which can be affected by a 
weaker surface wind velocity relatively than that in wintertime used in the model over the 
Saharan region. Such a small optical thickness is also recognized in results of other soil dust 
models as pointed out by Tegen and Miller (1998). The small-scale convection, which is 
difficult to be modeled in the general circulation model, are very effective in generating dust 
storms, and therefore the transport model should be improved in this regard. Over soil dust 
regions affected by large particles, the simulated and observed Ångström exponents are smaller 
than that over industrial regions in general. 
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Figure 1.9 Same as Figure 1.8 but for soil dust regions. 

 
Satellite observations indicated that the location of the maximum optical thickness off the 

west coast of North Africa shifts seasonally (Rao et al., 1988; Moulin et al., 1997); that is, the 
latitude of the maximum optical thickness is located around 10N in January and around 20N 
in July. There are several discussions about the mechanism of this seasonal shift. Tegen and 
Fung (1995) developed a three-dimensional model of soil dust aerosols using wind field 
calculated by a GCM with surface wind data of the European Centre for Medium-Range 
Weather Forecasts (ECMWF) and tried reproducing this seasonal shift. They could not 
reproduce this seasonal shift unless they introduced dust loading from disturbed soils in addition 
to those from natural sources. That is to say, they assumed larger emissions of anthropogenic 
soil dust aerosols originating from cultivation fields, so that the seasonal shift could be 
reproduced to some extent, although the location of the maximum optical thickness was not as 
low as 10N in January. With the natural soil dust aerosols alone, our model also cannot explain 
this seasonal shift reasonably, especially the January position, in spite of realistic simulation 
using meteorological fields with the nudging technique. Simulated results for carbonaceous 
aerosols, however, produce a large optical thickness (≈ 0.3) over this region in January. Thus 
we conclude that coexistence of natural soil dust from Sahara Desert and carbonaceous aerosols 
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due to the biomass burning over the coast of the Gulf of Guinea well explains the mechanism 
of the seasonal shift (Figure 1.10). A large amount of carbonaceous aerosols originating from 
biomass burning was observed in a savanna region along the Gulf of Guinea in January (Cachier 
et al., 1991), and the strong radiative forcing of carbonaceous aerosols in this region has been 
estimated by Hansen et al. (1998) and Penner et al. (1998). 

 
Figure 1.10 Comparison between simulated (solid lines) and AVHRR (dashed line) optical 

thicknesses along 22.5W in (a) January and (b) July. 
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1.4.3.3. Biomass burning regions 

Biomass burning regions concentrate in the Southern Hemisphere as mentioned in section 
1.4.1. Figure 1.11a indicates a mixed state of carbonaceous and soil dust aerosols over the coast 
of the Gulf of Guinea from January to June described in section 1.4.3.2. In other seasons the 
large optical thickness is affected by biomass burning over the south of Africa. Figures 1.11b, 
1.11c, and 1.11d show biomass burning over the south of Africa. The simulated optical 
thickness is a little different from the AVHRR values within 30% in the biomass burning season, 
though there is a large difference in other seasons. It should be noted that the AVHRR retrieval 
becomes unreliable for such small optical thicknesses as less than 0.2 because the retrieval is 
sensitive to assumptions of atmospheric components and calibration constants in weak radiance 
(Higurashi and Nakajima, 1999). 

 
Figure 1.11 Same as Figure 1.8 but for biomass burning regions. 
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1.5. Conclusion 

In this study we developed the three-dimensional global aerosol climate model that can 
treat various species of aerosols and validated it using satellite data, i.e., AVHRR retrievals, 
and ground-based optical remote sensing data, such as AERONET. This model treats major 
components of tropospheric aerosols such as soil dust, carbonaceous (organic and black carbon), 
sulfate, and sea salt particles, by introducing various physical processes of the emission, 
advection, diffusion, wet deposition (subcloud and in-cloud scavengings), dry deposition, and 
gravitational settling. Chemical reactions and solubility of precursor gases are also included for 
sulfate aerosols. The combined optical thickness and Ångström exponent, due to four aerosol 
species, are also calculated to evaluate the radiative effect of aerosols on climate and to compare 
with remote sensing data. The necessary meteorological parameters in this model are prepared 
by means of the nudging technique using NCEP/NCAR reanalysis data. The uplift scheme 
using the surface temperature and the potential temperature is incorporated to represent 
instability of the atmosphere, which is necessary to reproduce vertical profiles of aerosols. Then 
the wind velocity with an altitude of 10 m is calculated for those of soil dust and sea salt aerosols 
from these meteorological parameters. The GEIA and FAO databases are used for estimation 
of emission fluxes of carbonaceous aerosols and sulfur species. 

The global distributions of the simulated optical thickness and Ångström exponent in a 
mixed state of major four aerosol species is then compared with AVHRR retrievals, and they 
are generally in good agreement. The large optical thickness of soil dust aerosols has been 
reproduced over Saharan and Arabian regions as shown by the AVHRR retrievals. 
Characteristic distributions of the optical thickness of carbonaceous aerosols have been 
simulated for the sources in the center and south of Africa and Amazon during the dry season. 
The results have suggested that the seasonal shift of the aerosol optical thickness peak off the 
west coast of North Africa is caused by coexistence of soil dust and carbonaceous aerosols in 
January around 10N. The comparable contributions of anthropogenic carbonaceous and sulfate 
aerosols to the total optical thickness are successfully simulated in midlatitudes of the Northern 
Hemisphere, which agrees with recent observations. The simulated optical thickness and 
Ångström exponent over the remote ocean of midlatitudes of the Northern Hemisphere also 
have suggested the large transport of anthropogenic aerosols from industrial regions. 

We still have several aspects to improve our model. For instance, the global distributions 
of various species of aerosols have to be simulated without the nudging technique because it is 
important to simulate aerosol distributions in the future climate; an improvement of sulfur 
chemistry will be important for the future climate simulation. It is also useful to implement 
prognostic schemes of generating industrial and biomass burning materials with model 
parameters. Incorporation of the aerosol-cloud interaction is necessary, yet requires the detail 
knowledge about the mechanism (e.g., Facchini et al., 1999). 
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Appendix 1.A: Emission, diffusion, and deposition processes 

The uplift mechanism of forest fires depends on the fire temperature and the burned area which 
are difficult to be evaluated in the AGCM. The aerosol emission from forest fires therefore 
occurs below about 3 km with a constant mixing ratio in this model according to several 
observations (Kaufman et al., 1992; Browell et al., 1996). 

The vertical diffusion flux FD is calculated as follows: 

 , (1.A.1) 

where K is the diffusion coefficient. The present model also takes into consideration a simple 
shallow convection using the saturated specific humidity q* and the humid static energy h. If 
the following formulae are satisfied, 

 , (1.A.2) 

 , (1.A.3) 

where k is the model layer number, h* is the saturated humid static energy, qw is the specific 
humidity, L is the latent heat of evaporation for water, and Cp is the atmospheric specific heat 
of constant pressure, aerosol mixing ratios of the kth and k+1th layers are given as same. 

The deposition of aerosols is roughly divided into three processes: i.e., wet deposition, dry 
deposition, and gravitational settling. The wet deposition is also divided into two processes; 
one is the sub-cloud scavenging that raindrops collide with aerosol particles due to the different 
dropping velocities. The change rate of the aerosol number concentration with the sub-cloud 
scavenging ∆Nar is evaluated as 

 , (1.A.4) 

where E is the collision efficiency depending on aerosol particle and raindrop radii according 
to Grover and Pruppacher (1985), rr and ra are raindrop and aerosol radii, respectively, Nr and 
Na are number concentrations of raindrops and aerosol particles, and vr and va are respective 
terminal velocities. Values va follow the Stokes’ law, 

 , (1.A.5) 

where ra is the density of aerosol particles shown in section 1.3, and η is the viscosity of air 
assumed to be 1.78×10–5 kg m–1 s–1. The raindrop radius rr is chosen as 500 μm and vr as 0.5 
m s–1 in this model. Then the aerosol mass flux with the sub-cloud scavenging Fco is estimated 
as 
 , (1.A.6) 

where ma is the aerosol particle mass and ∆zk is the geometrical thickness of the kth layer. The 
other wet deposition process is the in-cloud scavenging that aerosol particles in cloud water are 
removed from the atmosphere by precipitation. The formula for the in-cloud scavenging is 
given as follows: 

 , (1.A.7) 

where qa,d is the aerosol mixing ratio in raindrops, Rn is the new rain formation, Cw is the cloud 
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water, Cin is the ratio of aerosols in cloud water to the total aerosols (the in-cloud coefficient), 
and Cf is the cloud fraction. Cin of sulfate aerosols is assumed to be 0.5 based on some 
measurements (Boucher and Lohmann, 1995) and that of sea salt aerosols is 0.6 in this model. 
Other aerosol species are, however, not as hydrophilic as sulfate and sea salt aerosols, so that 
Cin is assumed to be 0.3 for OM, and 0.1 for BC and soil dust aerosols, respectively. Therefore 
the in-cloud scavenging flux Fin is given as 

 . (1.A.8) 

This model also has a reemission process of aerosols with evaporation of raindrops. This 
process occurs in the condition that the precipitation flux at the upper boundary of each model 
layer Fr (k+1/2) is larger than that at the lower boundary Fr (k–1/2). The aerosol mass flux 
with evaporation of rain drops Fae at the kth layer is given as follows: 

 , (1.A.9) 

The dry deposition is caused by turbulent mixing with a flux Fdry given as, 

 , (1.A.10) 

where vdry is the dry deposition velocity introduced for carbonaceous and sulfate aerosols, |vk=1| 
is the wind velocity at the first model layer, and Cd is the balk coefficient. Value vdry is set as 
0.1 cm s–1 for carbonaceous aerosols, 0.2 cm s–1 for sulfate, and 0.8 and 0.6 cm s–1 for SO2 over 
ocean and land, respectively. The mass flux with gravitational settling is given as 
 , (1.A.11) 

Finally, the deposition flux FS is calculated as follows: 
 . (1.A.12) 

Appendix 1.B: Calculation of optical thickness 

The optical thickness τ is calculated at each time step in this model with the formula 

 , (1.B.1) 

where λ is the wavelength, σm is the mass extinction coefficient as a function of the relative 
humidity RH assuming the Mie theory and a lognormal size distribution, and ∆pk is the pressure 
difference between the upper and the lower boundaries at the kth layer. Refractive indices at 
550 nm and standard deviations for soil dust, OM, BC, sulfate, and sea salt are set as 1.53–
2.00×10–3i and 2.2, 1.53–6.00×10–3i and 2.24, 1.75–0.44i and 2.24, 1.43–1.00×10–8i and 2.03, 
and 1.38–4.26×10–9i and 2.03, respectively. Refractive indices of these aerosols are volume-
weighted with water (Shettle and Fenn, 1979), 

 , (1.B.2) 

where m0 and mw are refractive indices of the dry aerosol and water, respectively, r0 is the dry 
aerosol radius, and ra is the mode radius depending on the relative humidity. 
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Chapter 2 
 
 

Single scattering albedo and radiative forcing of various aerosol species 
with a global three-dimensional model 

This chapter is based on “Takemura, T., T. Nakajima, O. Dubovik, B. N. Holben, and S. Kinne 
(2002) Single-scattering albedo and radiative forcing of various aerosol species with a global 
three-dimensional model. J. Climate, 15, 333–352.”, (c)American Meteorological Society. 
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Abstract 

Global distributions of the aerosol optical thickness, Ångström exponent, and single-
scattering albedo are simulated using an aerosol transport model coupled with an atmospheric 
general circulation model. All the main tropospheric aerosols are treated, that is, carbonaceous 
(organic and black carbons), sulfate, soil dust, and sea salt aerosols. The simulated total aerosol 
optical thickness, Ångström exponent, and single scattering albedo for mixtures of four aerosol 
species are compared with observed values from both optical ground-based measurements and 
satellite remote sensing retrievals at dozens of locations including seasonal variations. The 
mean difference between the simulation and observations is found to be less than 30 % for the 
optical thickness and less than 0.05 for the single scattering albedo in most regions. The 
radiative forcing by the direct effect of the main tropospheric aerosols is then estimated. The 
global annual mean values of the total radiative forcing of anthropogenic carbonaceous plus 
sulfate aerosols due to the aerosol-radiation interaction are calculated to be –0.36 W m–2 and –
0.85 W m–2 under all-sky and clear-sky conditions at the tropopause, respectively. 
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2.1. Introduction 

Anthropogenic and natural aerosols are recognized as significant atmospheric substances 
for the present and future climate changes (IPCC, 1996). They have two effects on the earth’s 
radiation budget. One is the aerosol-radiation interaction in which aerosol particles scatter and 
absorb the solar and thermal radiation. The other is the aerosol-cloud interaction in which they 
change the particle size and lifetime of cloud droplets acting as cloud condensation nuclei, 
leading to a cloud albedo change. There is, however, a large uncertainty in the evaluation of the 
aerosol radiative forcing due to a lack of our understanding of aerosol distributions and 
properties on a global scale because of their short lifetime of several days and the complicated 
variety of chemical components, emission sources, and size distributions. The optical properties 
and microphysical processes of cloud-aerosol interactions are also different among various 
aerosol species and hence are scarcely understood. The quantitative estimation of their effects, 
therefore, has been highly uncertain. According to the IPCC (1996), the radiative forcing due 
to total anthropogenic aerosols was estimated to be –0.5 W m–2 with an uncertainty of a factor 
of 2 for the aerosol-radiation interaction and over a wide range from 0 to –1.5 W m–2 for the 
aerosol-cloud interaction. 

To estimate the past, present, and future climate forcings, a proper aerosol transport model 
is necessary for simulating the aerosol distributions. The three-dimensional distributions of 
sulfate aerosols have been simulated by many chemical transport models (e.g., Langner and 
Rodhe, 1991; Chin et al., 1996), and the radiative forcing of the aerosol-radiation interaction 
has also been estimated using their simulated distributions (e.g., Boucher and Anderson, 1995; 
Feichter et al., 1997; Penner et al., 1998; Koch et al., 1999; Kiehl et al., 2000). There have also 
been several studies with three-dimensional models for carbonaceous aerosols (e.g., Liousse et 
al., 1996; Penner et al., 1998), and their aerosol-radiation and aerosol-cloud interactions on the 
climate system have recently been recognized as significant (Jacobson, 2000; Ackerman et al., 
2000). These models were mainly compared with measurements of surface concentrations and 
several vertical profiles of each aerosol species. In recent years, on the other hand, global 
distributions of the aerosol optical thickness and Ångström exponent, which are directly related 
to radiative transfer processes, have been retrieved from satellite and ground-based remote 
sensing. For instance, Nakajima and Higurashi (1998) and Higurashi et al. (2000) analyzed the 
global distributions of the aerosol optical thickness and Ångström exponent including seasonal 
variations from the National Oceanic and Atmospheric Administration (NOAA)/Advanced 
Very High Resolution Radiometer (AVHRR) radiance data using a two-channel method. The 
column-integrated aerosol spectral optical properties and size distributions have also been 
obtained from the ground-based observation network using the sun/sky photometer, Aerosol 
Robotic Network (AERONET), which has more than one hundred measurement sites (Holben 
et al., 1998, 2001). These observed column-integrated data on a global scale are very effective 
for examination of the simulated distribution of aerosol optical properties derived from aerosol 
transport models. To directly compare them, however, an aerosol model has to be developed 
for simulating the proper distributions of the total aerosol optical thickness by simultaneously 
treating all of the main aerosol species. Takemura et al. (2000) (Chapter 1) then developed a 
global three-dimensional aerosol transport model that treats main tropospheric aerosols, i.e., 
carbonaceous (black carbon (BC) and organic matter (OM)), sulfate, soil dust, and sea salt. The 
model was compared with not only measured aerosol surface concentrations but also with the 
optical thickness and Ångström exponent from AVHRR and AERONET retrievals. 

In the radiative forcing estimation by an aerosol transport model, there is a further problem 
that produces a large bias caused by the improper assumptions of prescribed aerosol optical 
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parameters even if the aerosol distributions are properly simulated. Even the sign of the 
radiative forcing of the aerosol-radiation interaction can change when the atmosphere is loaded 
with aerosol species which significantly absorb the solar radiation, such as soil dust and BC. 
The inherent parameters for controlling the atmospheric shortwave absorption are the aerosol 
optical thickness, the single scattering albedo for an optically thin atmosphere, and surface 
albedo (Yamamoto and Tanaka, 1972). Although it is said that aerosols with a single scattering 
albedo greater than 0.85 generally cool the planet, while those with less than 0.85 warm the 
planet (Hansen et al., 1981), there is a large variety in the reported values of the single scattering 
albedo because of the large varieties in the chemical and physical structures of aerosols. 
Essentially, there have been few studies that showed the global distributions of the simulated 
aerosol single scattering albedo and detailed comparisons of them with observations. Jacobson 
(2001) discussed the global/hemispheric and land/sea mean values of the simulated annual-
mean near-surface single scattering albedo, which is compared at a few observational locations. 
In this study, therefore, we simulate the global distributions of the column-integrated aerosol 
single scattering albedo with the aerosol transport model of Takemura et al. (2000) (Chapter 1) 
and compare them with various ground-based observations including seasonal variations over 
wide areas. The simultaneous treatment of various aerosol species in our simulation makes it 
possible to directly compare the simulated single scattering albedo with the observed ones. The 
model is further used to calculate the radiative forcing of the aerosol-radiation interaction. The 
model description is given in section 2.2. The features of the simulated optical thickness and 
Ångström exponent are summarized in section 2.3. The global distributions of the simulated 
single scattering albedo are described in section 2.4, and they are also compared to observed 
data retrieved from AERONET (Dubovik and King, 2000) and those obtained from other 
measurements. Section 2.5 discusses calculations of the radiative forcing of the aerosol-
radiation interaction for each aerosol species and mixing conditions of all the aerosol species. 
Our conclusions are presented in section 2.6. 

2.2. Model description 

The present model, SPRINTARS (Spectral Radiation-Transport Model for Aerosol 
Species), is an aerosol and chemical transport model coupled with the atmospheric general 
circulation model (AGCM) from the Atmosphere and Ocean Research Institute (AORI) 
(formerly Center for Climate System Research (CCSR)), University of Tokyo/National Institute 
for Environmental Studies (NIES), Japan/Japan Agency for Marine-Earth Science and 
Technology (JAMSTEC) which is the Model for Interdisciplinary Research on Climate 
(MIROC). The basic dynamic and physical processes of the MIROC have been presented by 
Numaguti et al. (1995) and Watanabe et al. (2010), and the radiation process modeling is 
described by Nakajima et al. (2000). The horizontal resolution of the triangular truncation is set 
at T85 (approximately 1.4 by 1.4 in longitude and latitude) and the vertical resolution at 40 
layers with a hybrid σ–p coordinate. The standard model time step is 12 minutes. 

The main tropospheric aerosols, i.e., carbonaceous (OM and BC), sulfate, soil dust, and 
sea salt, are treated in the present model. Carbonaceous aerosol sources are anthropogenic (i.e., 
fossil and bio fuels), biomass burning, and precursor gases of terpene and isoprene (see section 
1.3.2). In this model, the internal mixture of OM and BC is applied to the transport and radiation 
processes except that the 50% mass of BC originating from fossil and bio fuels is externally 
mixed. Ohta et al. (1996) and Ohta (2001, personal communication) indicated that the assumed 
external half mixture of BC presents the proper single scattering albedo in the mid-latitudes of 
the Northern Hemisphere. Jacobson (2000) suggested that the difference in the mixing 
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condition makes the difference of ±0.2 W m–2 in the radiative forcing of the aerosol-radiation 
interaction of BC. Precursor gases of sulfate aerosols are emitted from oceanic phytoplankton 
and land vegetation/soil as dimethylsulfide (DMS), and fossil fuel consumption, biomass 
burning, and volcanic activities as sulfur dioxide (SO2) (see section 1.3.3). The aerosol transport 
processes include emission, advection, diffusion, and deposition. The advection scheme of 
large-scale transportation uses a flux-form grid method for aerosols and water vapor (Numaguti, 
1999, personal communication). To suppress numerical diffusion, the scheme adopts the fourth-
order van-Leer method (Lin et al., 1994), and the flux-form semi-Lagrangean method in polar 
regions (Lin and Rood, 1996). The transportation by cumulus convection is also included in the 
present model. The sulfur chemistry is calculated using the three-dimensional monthly mean 
oxide fields of OH, H2O2, and ozone prescribed from a chemistry transport model, CHASER, 
coupled with MIROC (Sudo et al., 2000, 2002). The model can treat nudging of the 
meteorological parameters of wind and temperature with reanalysis data. The detailed 
explanation for aerosol emissions, transport processes, and sulfur chemistry has been described 
by Takemura et al. (2000) (section 1.2). 

Along with the total shortwave and longwave radiative flux calculation, the aerosol optical 
thicknesses of specific wavelengths at 0.55, 0.44 and 0.87 µm are calculated at each time step 
to derive the optical thickness at the standard wavelength of 0.55 µm and the Ångström 
exponent defined as the log-slope exponent of the spectral optical thicknesses between 0.44 and 
0.87 µm. The optical thickness τ is calculated with mass extinction coefficient σm as a function 
of the relative humidity (RH) assuming a lognormal size distribution, 

 , (2.1) 

where λ is the wavelength, qa is the aerosol mass mixing ratio at the vertical model grid k, ∆pk 
is the pressure difference between the upper and lower boundaries at the kth layer, and g is the 
gravitational constant. The hygroscopic growth of aerosol particles is according to Tang and 
Munkelwitz (1994) for sulfate and Hobbs et al. (1997) for carbonaceous aerosols (see Tables 
1.2 and 1.3). These optical parameters are calculated according to the Mie theory and volume-
weighted refractive indices with water m for the internal mixture as follows: 

 , (2.2) 

where mw (Table 2.1) and m0 are the refractive indices of water and dry aerosols according to 
d’Almeida et al. (1991) and WCP-55 (1983), respectively; r0 and ra are the radii of dry and 
water-absorbing particles, respectively. The refractive index of internally mixed carbonaceous 
aerosols composed of OM and BC is calculated in the same way as in equation (2.2). These 
prescribed optical parameters and size distributions of dry particles as well as the prescribed 
internal and external mixture methods can create some errors in calculations of the aerosol 
optical thickness, single scattering albedo, and radiative forcing as in other aerosol models. In 
this study, however, we try to tune the associated model parameters so as to produce good 
agreement with observed aerosol optical thickness and single scattering albedo as shown in 
sections 2.3 and 2.4. 
  

- 39 -

CGER-I138-2018, CGER/NIES 



Chapter 2 Single scattering albedo and radiative forcing of various aerosol species  
with a global three-dimensional model 

 

 - 40 -

Table 2.1 Refractive indices for dry aerosols and water at 0.55, 0.44, and 0.87 µm. 

Species 
Refractive index

0.55µm 0.44µm 0.87µm 
BC 1.750–0.440i 1.750–0.455i 1.750–0.430i 
OM 1.530–0.006i 1.530–0.005i 1.520–0.01225i 
Soil dust 1.530–0.002i 1.530–0.002i 1.520–0.002i 
Sulfate 1.430–1.00×10–8i 1.436–1.00×10–8i 1.425–2.45×10–7i 
Sea salt 1.381–4.26×10–9i 1.384–8.31×10–9i 1.372–4.04×10–6i 
Water 1.333–1.96×10–9i 1.337–1.11×10–9i 1.328–3.65×10–7i 

The radiative process in MIROC is calculated every 3 hours by the two-stream discrete 
ordinate/adding method and by a k-distribution method for gas absorption due to H2O, CO2, O2, 
O3, N2O, CH4, and CFCs (Nakajima et al., 2000). The spectral resolution for broad band flux 
calculations is 15 bands for the solar region and 14 for the thermal region. Size distributions, 
hygroscopic growth rates, and mode radii are the same in the separate spectral calculation of 
the optical thickness at 0.55, 0.44, and 0.87 µm. Figure 2.1 shows the spectral mass extinction 
coefficient and single scattering albedo for dry particles of each aerosol species used in the 
present model. Extinction efficiencies of small particles, such as OM, externally mixed black 
carbon, and sulfate aerosols, decrease with the wavelength. On the other hand, those of soil dust 
and sea salt are almost constant in the solar bands. The Ångström exponent is therefore smaller 
for soil dust and sea salt than for other aerosol species. It is found from Figure 2.1b that sulfate 
and sea salt aerosols scatter the solar radiation without significant absorption and that soil dust, 
carbonaceous, and externally mixed black carbon absorb both the solar and thermal radiation. 
The mass extinction coefficient and single scattering albedo of liquid water assuming a volume 
mode radius of 10 µm and a standard deviation of 1.5 are also shown in Figure 2.1. 

 
Figure 2.1 Spectra of (a) the mass extinction coefficient and (b) the single-scattering albedo of 

each aerosol species for dry particles and the cloud water droplet assumed in the 
present model. 

Radiative forcings of the aerosol-radiation interaction at the surface and each vertical 
boundary are calculated as the difference in net fluxes with and without aerosols under the same 
meteorological conditions. In this calculation, there are aerosol particles both in clear and 
cloudy regions. 
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2.3. Aerosol optical thickness and Ångström exponent 

Figure 2.2 shows the simulated seasonal mean distributions of the aerosol optical thickness 
at a wavelength of 0.55 µm and the Ångström exponent for the mixed polydispersion of 
carbonaceous, sulfate, soil dust, and sea salt. Saharan dust particles are transported to the sub-
tropical Atlantic by the trade wind through the year with a large optical thickness and a small 
Ångström exponent from 0 to 0.4. Large optical thickness values are also seen in the Arabian 
region, especially in the Northern Hemisphere summer, which can be explained by monsoon 
wind transportation of Arabian dust. Another prominent contributor to the optical thickness is 
carbonaceous aerosols with a large Ångström exponent over 1.0 originating from biomass 
burning over Central Africa in the Northern Hemisphere winter and the Amazon and Southern 
Africa in the latter half of the year. The simulated Ångström exponent is large over land of 
these biomass burning regions even in wet seasons because of the gas-to-particle conversion of 
terpene, though the optical thickness is small. There is a large column loading of anthropogenic 
aerosols, such as sulfate and carbonaceous, originating mainly from fossil fuel and domestic 
fuel consumptions over East and South Asia, North America, and Europe with large Ångström 
exponent values. The enhancement of the optical thickness over the mid-latitudes of the 
Northern Hemisphere in summer is partly caused by hygroscopic growth with high relative 
humidity, leading to an increase in the extinction efficiency. Other reasons are fast oxidation of 
SO2 and DMS due to high temperature, high oxide concentrations, and strong vertical 
convection due to instability of the atmosphere in summertime. 
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Figure 2.2 Seasonal mean distributions of the simulated optical thickness at 0.55 µm (left) and 

the Ångström exponent (right) for a mixed polydispersion of all aerosol species, i.e., 
carbonaceous (OM and BC), sulfate, soil dust, and sea salt. 
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These simulated seasonal and geographical patterns of aerosol distributions are consistent 
with the AVHRR retrieval (Higurashi et al., 2000). Monthly mean values of the optical 
thickness and Ångström exponent calculated in this model are compared quantitatively with 
AERONET retrievals (Holben et al., 1998, 2001) in Figure 2.3. Seasonal variations in the 
simulated and observed optical thicknesses are in good agreement and seasonal mean biases are 
less than 30% at most sites. Over the U.S., the optical thickness is high in summer for both the 
simulation and observation (Figures 2.3a and 2.3b). On the other hand, Europe has large optical 
thicknesses from spring to summer (Figures 2.3c and 2.3d). The small optical thickness around 
or less than 0.1 is reproduced well by the model over remote ocean areas (Figures 2.3e and 2.3f). 
Over the dominant regions of Saharan dust particles, the simulated optical thickness is close to 
AERONET retrievals including seasonal variations (Figures 2.3g to 2.3j). AERONET detects 
the contrast in optical thickness values between dry and wet seasons over Southern Africa and 
South America due to biomass burning (Figures 2.3k and 2.3l). Although this contrast is 
simulated well, the temporal difference between simulated and AERONET optical thicknesses 
by one or two months may be caused by the prescribed monthly emission data on biomass 
burning and the difference between simulated and observed years. The simulated result shows 
a characteristic distribution pattern of large Ångström exponent values in biomass burning and 
industrial regions, small values in soil dust regions, and intermediate values between them in 
the remote ocean, of which patterns are also observed by the AERONET results. The agreement 
is particularly good with the AERONET values in the mid-latitudes of the Northern Hemisphere, 
the remote oceans, and biomass burning regions during the dry season, though the simulated 
values overestimate the observed values in dust regions. 
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Figure 2.3 Comparisons of the monthly mean simulated optical thickness and Ångström 

exponent for the mixture of all aerosol species, i.e., carbonaceous (OM and BC), 
sulfate, soil dust, and sea salt, with AERONET retrievals (columns). Lines also show 
the simulated optical thickness for each aerosol component. 
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Figure 2.3 (Continued) 
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2.4. Single scattering albedo 

2.4.1. Global distribution of simulated single scattering albedo 

Figure 2.4 shows the simulated seasonal mean distributions of the column-integrated 
aerosol single scattering albedo for a mixed polydispersion of carbonaceous, sulfate, soil dust, 
and sea salt at 0.55 µm. Saharan and Arabian dust particles make the single scattering albedo 
as small as 0.8 to 0.9 because of the strong absorption of the direct solar radiation and the 
reflected radiation caused by bright surfaces. Especially, the strong ultraviolet absorption of the 
desert soil aerosols is detected by the Total Ozone Mapping Spectrometer (TOMS) (Herman et 
al., 1997). The single scattering albedo is also low over the Gobi and Takla Makan Deserts 
because of Asian dust generated in the present model. Biomass burning emits not only OC and 
sulfate aerosols but also BC, so that the single scattering albedo is calculated to be as low as 
0.85 over Southern Africa and the Amazon in the dry season. Over industrial regions, such as 
East Asia, Europe, and North America, the single scattering albedo is simulated to be about 0.9 
due to large contributions of sulfate, OC, and BC. A slightly smaller value of the simulated 
single scattering albedo is seen in spring than in other seasons over the arctic region, which is 
observed as arctic haze (Heintzenberg and Leck, 1994). This small single scattering albedo is 
caused by transportation of BC from industrial regions in the mid- and high-latitudes of the 
Northern Hemisphere. Over the remote oceans, especially in the Southern Hemisphere, the 
single scattering albedo is simulated to be close to 1.0 by domination of non-absorbing aerosols 
such as sea salt and sulfate aerosols. 

 
Figure 2.4 Seasonal mean distributions of the simulated single scattering albedo at 0.55 µm. 
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2.4.2. Comparisons with AERONET and other observations 

Recently, the single scattering albedo of column-integrated aerosols has started to be 
obtained from optical observations. AERONET provides quality-assured data for aerosol 
optical properties measured by the sun/sky multi-wavelength radiometer at over 100 sites 
(Holben et al., 1998, 2001; Dubovik and King, 2000). They are useful to test the results 
simulated by the present model, though it is suggested that the single scattering albedo retrieved 
from AERONET can include some biases and errors (Dubovik et al., 2000; Smirnov et al., 
2000). Jacobson (2001) showed a modeled annual mean value of the near-surface single 
scattering albedo and compared it with several in situ observations. In this study, on the other 
hand, the column-integrated single scattering albedos derived from the present model and 
AERONET are compared using monthly mean values at dozens of locations. The representative 
sites are selected as shown in Figure 2.5. The AERONET retrieval is performed at four 
wavelengths, i.e., 0.44, 0.67, 0.87, and 1.02 µm, and the single scattering albedo at 0.55 µm is 
obtained by interpolation between 0.44 and 0.67 µm. The uncertainty of the single scattering 
albedo retrieved by AERONET is within 0.03 for high aerosol loading with the optical thickness 
at 0.44 µm higher than 0.5, while it increases to 0.05–0.07 for lower aerosol optical thickness 
(Dubovik et al., 2000). The uncertainty of the AERONET retrieval is shown as error bars in 
Figure 2.5. 
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Figure 2.5 Comparisons of monthly mean values of the simulated (orange) and AERONET 

(blue) single scattering albedo. 
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Figure 2.5 (Continued) 

 
Both the simulated and AERONET single scattering albedos are similar to or slightly 

larger than 0.9 over the U.S. with small seasonal variations (Figures 2.5a to 2.5d). There is 
sometimes a difference, on the other hand, between simulated and AERONET single scattering 
albedos in the case of a small aerosol optical thickness (Figure 2.5d). This might be because the 
confidence level of the AERONET retrieval becomes significantly low for the low optical 
thickness. In northern Italy, the single scattering albedo is over 0.9 as well as over the U.S. both 
in the simulation and observation (Figure 2.5e). At Kaashidhoo, which is an island off southern 
India, both simulated and AERONET values of the single scattering albedo are around 0.9, 
which is close to values over industrial regions such as the U.S. and Europe (Figure 2.5f). It is 
pointed out in the Indian Ocean Experiments (INDOEX) that not only sulfate and organics but 
also soot is transported from South Asia to this area (Satheesh and Ramanathan, 2000). The 
single scattering albedo is close to 0.9 also over the high-latitudes of the Northern Hemisphere 
due to outflow of anthropogenic aerosols from the mid-latitudes (Figure 2.5g). 

Over Southern Africa and Amazon, seasonal variations are in good agreement between 
simulated and observed single scattering albedos (Figures 2.5h to 2.5l). The values are from 0.8 
to 0.9 in the dry season due to biomass burning and over 0.9 in the wet season. Low single 
scattering albedo during the dry season was also observed in the Smoke, Clouds, and Radiation-
Brazil Project (SCAR-B) experiment (Hobbs et al., 1997). There is a large difference in Brasilia 
between simulated and observed values in June and July because AERONET may detect local 
pollution by urban activities (Figure 2.5l). 

Over Northern Africa where the dominant aerosol species is soil dust, the single scattering 
albedo is around 0.95 in AERONET that is close to values in clean regions (Figures 2.5m to 
2.5p). It is known that Saharan dust contains a large amount of hematite which is a reddish 
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mineral composed of iron oxide that strongly absorbs both solar and infrared radiation (Quijano 
et al., 2000). The single scattering albedo of hematite is calculated to be 0.65 at wavelengths 
from 0.2 to 0.6 µm (Sokolik and Toon, 1999). In this study, the spectral single scattering albedo 
of soil dust is set to be similar to the definition of Saharan dust in Quijano et al. (2000) as shown 
in Figure 2.1b. On the other hand, Carlson and Benjamin (1980) calculated the value of the 
single scattering albedo to be 0.86 at 0.53 µm using the refractive index determined from several 
measurements. This uncertainty of the single scattering albedo in desert regions shows the 
necessity of further investigations for the optical properties of soil dust. Over the coast of the 
Gulf of Guinea, however, both simulated and AERONET single scattering albedos are in good 
agreement in the dry season (January and February) because of the mixture of biomass burning 
aerosols with soil dust (Figure 2.5p). Single scattering albedo values over the remote oceans of 
the northern Atlantic and the northern Pacific are about 0.95 through the year for both the 
simulation and observations (Figures 2.5q and 2.5r). 

Figure 2.6 summarizes comparisons of the simulated single scattering albedo with 
measured values of AERONET and other observations. Nakajima et al. (1989) compared 
aerosol optical properties between normal and Asian dust event conditions. The single 
scattering albedo in the normal condition is as large as 0.95 in Nagasaki which is a middle size 
city in Japan with a population of a half million. Tanaka et al. (1990) carried out aircraft 
measurements using an aureolemeter over Nagoya, a typical urban area in Japan with a 
population of two million, for which the observed value is as low as 0.88. The value obtained 
by Qiu et al. (1987) is further as small as 0.86 in Beijing, China. They pointed out that the major 
source of aerosol pollution in winter is coal combustion in Beijing. The variety in the reported 
values is consistent with the amount of soot particle emission in each city. Ohta et al. (1996) 
indicated that the state of the mixture, such as internal or external mixtures of aerosol particles, 
is also important to determine the aerosol single scattering albedo. They calculated the single 
scattering albedo based on their observations in a range from 0.90 to 0.96 for an external 
mixture and from 0.85 to 0.93 for an internal half mixture of elemental carbon and sulfate 
aerosols under the free atmosphere condition. Kaufman et al. (1992) retrieved a single scattering 
albedo of 0.9 from an aircraft measurement in the Biomass Burning Airborne and Spaceborne 
Experiment in the Amazonas (BASE-A) in September 1989. The observed single scattering 
albedo from the shipborne measurement in the Soviet-American Gas and Aerosol Experiment 
(SAGA II) in 1987 ranges from 0.9 to 1 (Clarke, 1989). Kamchatka and Singapore results show 
small values indicating the effects of industrial and biomass burning aerosols, whereas a tropical 
value close to 1 is from a remote ocean site. Bodhaine (1995) obtained values of about 0.97 for 
remote sites from nephelometers and aethalometers. It is found, on the other hand, that biases 
between the simulation and observations are within retrieval errors for other AERONET sites 
and other measurements, though the simulated single scattering albedo is slightly larger than 
the observed one over industrial regions. 
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Figure 2.6 Scatter plot of the simulated single scattering albedo versus AERONET (dot) and 

other (alphabet) observations. References are (a) Nakajima et al. (1989), (b) Tanaka et 
al. (1990), (c) Qiu et al. (1987), (d) Ohta et al. (1996), (e) Kaufman et al. (1992), (f) Clarke 
(1989), and (g) Bodhaine (1995). 

 

2.4.3. Simulated aerosol components 

It is important to discuss which aerosol component provides the main contribution to the 
single scattering albedo in a certain area. Table 2.2 shows AERONET and simulated single 
scattering albedos, along with the contribution ratio of each aerosol species to the simulated 
column mass and optical thickness at selected sites of industrial, biomass burning, soil dust, 
and remote ocean areas. In general, the mass extinction ratio is smaller for soil dust and sea salt 
than for carbonaceous and sulfate aerosols because of the larger particle radius. 
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Table 2.2 Seasonal and annual mean values of the simulated single scattering albedo and the 
ratios of each column mass and optical thickness to all aerosol components with the 
AERONET single scattering albedo. 

 Single scattering albedo Column mass ratio (%) Optical thickness ratio (%) 
 AERONET Model CA SU DU SA CA SU DU SA 
GSFC (39.01N, 76.52W) 

Winter 0.92 0.95 20.2 36.8 5.6 37.4 30.4 63.7 0.5 5.4 
Spring 0.93 0.95 21.0 49.3 12.9 16.8 26.0 70.1 1.3 2.6 
Summer 0.96 0.96 17.8 57.0 18.8 6.4 20.9 75.0 2.7 1.4 
Fall 0.94 0.94 22.5 39.3 13.7 24.5 33.7 59.8 1.7 4.8 
Annual 0.94 0.95 20.4 45.6 12.7 21.3 27.8 67.1 1.6 3.5 

Mongu (15.15S, 23.09E) 
Winter — 0.95 37.7 51.4 6.8 4.1 36.0 62.0 1.0 1.0 
Spring — 0.96 20.0 63.2 5.8 11.0 19.7 76.5 1.0 2.8 
Summer 0.84 0.85 80.6 10.4 5.3 3.7 86.5 11.3 1.1 1.1 
Fall 0.91 0.89 57.5 21.8 18.4 2.3 67.6 28.9 2.8 0.7 
Annual — 0.91 48.9 36.7 9.1 5.3 52.4 44.7 1.5 1.4 

Capo Verde (16.43N, 22.56W) 
Winter 0.96 0.89 11.9 1.5 76.2 10.4 45.4 8.0 37.4 9.2 
Spring 0.96 0.90 2.7 1.9 87.4 8.0 15.4 13.6 62.0 9.0 
Summer 0.98 0.89 0.8 1.5 96.4 1.3 6.0 12.8 79.1 2.1 
Fall 0.97 0.89 4.3 1.9 89.2 4.6 19.0 12.2 63.8 5.0 
Annual 0.97 0.89 4.9 1.7 87.3 6.1 21.5 11.6 60.6 6.3 

Lanai (20.49N, 156.59W) 
Winter 0.97 0.98 2.0 4.2 7.5 86.3 9.7 26.5 4.0 59.8
Spring 0.97 0.97 1.9 5.6 26.6 65.9 7.9 32.6 13.9 45.6
Summer 0.97 0.98 2.1 7.9 14.7 75.3 8.2 37.4 7.2 47.2
Fall 0.96 0.98 1.3 5.9 12.9 79.9 6.3 32.0 6.4 55.3
Annual 0.96 0.98 1.8 5.9 15.4 76.9 8.0 32.1 7.9 52.0

CA=carbonaceous (OM+BC), SU=sulfate, DU=soil dust, SA=sea salt. 

Table 2.2 shows that sulfate and carbonaceous aerosols are dominant in an industrial 
region for the optical thickness through the year. The good agreement between simulated and 
observed single scattering albedos, which range from 0.92 to 0.96, suggests that our model 
assumption of the mass ratio of OC to BC (OC/BC) is suitable for fossil fuel consumption. The 
dry season of Southern Africa is characterized by large ratios of carbonaceous aerosols for both 
the simulated column mass and optical thickness. The outflow region of Saharan dust particles 
has a simulated column mass of soil dust larger than that of other aerosols through the year, 
though the ratio of carbonaceous optical thickness is also large in the Northern Hemisphere 
winter because of biomass burning along the Gulf of Guinea. The AERONET single scattering 
albedo is, however, larger than the simulated one over soil dust regions, which was also pointed 
out in the previous section. Remote ocean areas without significant anthropogenic aerosols are 
characterized by the dominant effect of sea salt to the column mass and optical thickness and 
also by sulfate aerosols originating from oceanic DMS contributing to the total optical thickness. 
Simulated and observed values of the single scattering albedo are therefore larger than 0.95. 
The Lanai site occasionally has a simulated column mass ratio of soil dust larger in spring than 
in other seasons because of the outflow of Asian dust. 
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2.5. Radiative forcing of the aerosol-radiation interaction of various aerosol species 

The radiative forcing of the aerosol-radiation interaction is calculated in this section using 
the simulated aerosol optical thickness and single scattering albedo, which are in general 
agreement with observations except for the single scattering albedo of soil dust as investigated 
in the previous section. Figure 2.7 shows the simulated seasonal mean radiative forcing for the 
aerosol-radiation interaction of a mixture of anthropogenic and natural aerosols, which are 
carbonaceous, sulfate, soil dust, and sea salt at the tropopause under a clear-sky condition. The 
sign of the forcing of the aerosol-radiation interaction is generally determined by the values of 
the single scattering albedo and the surface albedo under the clear-sky condition. The forcing 
is calculated to be negative over areas of the single scattering albedo larger than 0.85, especially 
around industrial and biomass burning regions. The negative forcing in the mid-latitudes of the 
Northern Hemisphere is larger in summer than in winter because of a larger aerosol optical 
thickness as explained in section 2.3. Seasonal mean values of the simulated maximum negative 
forcing are from –5 to –10 W m–2 in North America, Europe, and East Asia in summer. The 
negative forcing is also estimated to be larger than –5 W m–2 over the Gulf of Guinea and the 
tropical Atlantic in the Northern Hemisphere winter and over the southern Atlantic off Southern 
Africa in summer. Soil dust particles have a negative forcing over the ocean under a clear-sky 
condition because of the low surface albedo. Arctic and Tibet regions are also characterized by 
a positive radiative forcing because of the high surface albedo of ice and snow and the long-
range transport of aerosols that absorb the solar radiation such as BC and soil dust. 

 
Figure 2.7 Seasonal mean distributions of the simulated radiative forcing of the aerosol-

radiation interaction of a mixed polydispersion of all aerosol species, i.e., 
carbonaceous (OM and BC), sulfate, soil dust, and sea salt at the tropopause under 
the clear-sky condition in W m–2. 
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It has been known, on the other hand, that the radiative forcing of the aerosol-radiation 
interaction is very sensitive to the structure of cloud-laden atmospheres for BC and sulfate 
aerosols (Haywood and Ramaswamy, 1998; Liao and Seinfeld, 1998). Enhanced multiple 
scattering increases or decreases the amount of photon interaction with aerosol particles 
depending on the stratification of cloud and aerosol layers. A one-dimensional radiative transfer 
model, which is similar to the model used in the MIROC, is used to calculate the radiative 
forcing of the aerosol-radiation interaction of each aerosol species, changing the cloud water 
content and altitude of the cloud layer as shown in Figure 2.8. The surface albedo is assumed 
in this calculation to be 0.07, which corresponds to the globally averaged ocean surface albedo. 
The forcing is negative for carbonaceous and soil dust aerosols in the situation where the cloud 
layer is higher than the aerosol layer, whereas it becomes positive with an increase in cloud 
water content if the cloud layer is lower than the aerosol layer. This is because carbonaceous 
and soil dust aerosols absorb multiply scattered solar radiation enhanced by the cloud layer. 
The cloud effect in the forcing of the aerosol-radiation interaction of soil dust was argued in 
detail by Quijano et al. (2000). Haywood and Ramaswamy (1998) indicated that BC near the 
surface tends to produce a weak positive radiative forcing due to overlying clouds. Sulfate and 
sea salt aerosols, that do not absorb the solar radiation significantly, produce a negative forcing 
even in cloudy atmospheres. The forcing value is insensitive to the altitude of a cloud layer, 
though it approaches 0 W m–2 with an increase in cloud water content. This sensitivity test 
suggests that an assumption of proper spatial and temporal distributions of clouds is necessary 
for proper estimations of not only the aerosol-cloud interaction but also the aerosol-radiation 
interaction. It is therefore necessary to investigate whether the cloud distribution is properly 
simulated by the present model before studying the simulated radiative forcing of the aerosol-
radiation interaction for the all-sky. Figure 2.9 compares the seasonal mean cloud radiative 
forcing for both shortwave and longwave radiation obtained by the simulation and the Earth 
Radiation Budget Experiment (ERBE). The 5-year mean ERBE data from 1985 to 1989 are 
used in this comparison. The figure shows that the latitudinal and seasonal patterns are similar 
between the simulation and the satellite retrieval and that there are no large differences except 
over tropical regions where the simulated cloud radiative forcing is overestimated by about 20% 
for the solar radiation in comparison with ERBE data. 
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Figure 2.8 Direct radiative forcing in W m–2 for (a) carbonaceous, (b) sulfate, (c) soil dust, and 

(d) sea salt aerosols as a function of the cloud water content in kg m–3 and the cloud 
layer height from 0 to 1 km (short dashed line), 1 to 2 km (long dashed line), and 4 
to 5 km (solid line) assuming a vertically homogeneous aerosol optical thickness of 
0.1 from 0 to 2 km height. A surface albedo of 0.07 and a cosine of solar zenith angle of 
0.5 are assumed. 
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Figure 2.9 Zonal mean distributions of the seasonal mean cloud radiative forcing derived from 

the simulation and ERBE in (a) Northern Hemisphere winter, (b) spring, (c) summer, 
and (d) fall. 

Figure 2.10 shows the annual mean global distributions of the simulated radiative forcing 
of the aerosol-radiation interaction by each aerosol species at the tropopause for clear-sky and 
all-sky conditions. Carbonaceous aerosols have positive forcing because of the high BC content 
originating from fossil fuel consumption and high surface albedo (Figure 2.10a). The positive 
forcing is seen not only over land but also over the ocean under the all-sky condition due to low 
cloud layers. The radiative forcing of carbonaceous aerosols from biomass burning over Africa 
and South America can be either positive or negative. The carbonaceous positive forcing is 
produced over the Sahara Desert because of the high surface albedo for both clear-sky and all-
sky. On the other hand, the radiative forcing of the aerosol-radiation interaction of carbonaceous 
aerosols is simulated to be negative over Central Africa and the Amazon even for all-sky 
because of the dry condition of the atmosphere when the optical thickness is large. The annual 
mean maximum forcing by biomass-burning carbonaceous aerosols is estimated to be about –
2 W m–2 around biomass burning regions over land. 

 

mean maximum forcing by biomass-burning carbonaceous aerosols is estimated to be about 
–2 W m–2 around biomass burning regions over land. 
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Figure 2.10 Annual mean distributions of the simulated effective radiative forcing of the aerosol-

radiation interaction by each aerosol species of (a) carbonaceous (OM and BC), (b) 
sulfate, (c) soil dust, and (d) sea salt at the tropopause under clear-sky (left) and all-
sky (right) conditions in W m–2. 
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Sulfate and sea salt aerosols have negative forcings globally for both clear-sky and all-sky, 
but the forcing value is smaller for all-sky than for clear-sky (Figures 2.10b and 2.10d). This is 
because cloud droplets attenuate the incident solar radiation on aerosol particles. The annual 
mean forcing is estimated to reach –3 W m–2 for all-sky conditions over industrial regions of 
the Northern Hemisphere due to large sulfate aerosol loading, although it has relatively small 
homogeneous values over the ocean with sea salt aerosols. 

Table 2.3 lists the simulated annual mean values of the radiative forcing of the aerosol-
radiation interaction for each aerosol component at the tropopause in all-sky and clear-sky 
atmospheres. The differences in the estimates among studies are mainly caused by differences 
in the simulated aerosol column burden and the prescribed extinction efficiency depending on 
the relative humidity and particle size. In this respect, we have detailed comparisons of the 
simulated optical thickness, Ångström exponent, and single scattering albedo with seasonal 
variations using the AERONET retrieval and other observations before the calculation of the 
radiative forcing of the aerosol-radiation interaction. The annual mean global total burden of 
each aerosol species simulated by the present model is 1.86 Tg, 0.294 TgS, 17.7 Tg, and 2.50 
Tg for carbonaceous, sulfate, soil dust, and sea salt aerosols, respectively. The total radiative 
forcing of sulfate aerosols including natural sources such as DMS and volcanic SO2 is estimated 
to be –0.30 W m–2 for all-sky and –0.56 W m–2 for clear-sky conditions. In the Southern 
Hemisphere, the calculated radiative forcing by natural sulfate aerosols is as large as that by 
anthropogenic ones. The simulated radiative forcing of the aerosol-radiation interaction of soil 
dust is large over arid and semi-arid regions of the Northern Hemisphere, producing the annual 
global mean value of –0.70 W m–2. The annual mean forcing of the aerosol-radiation interaction 
by sea salt aerosols is calculated to be similar between the Northern and Southern Hemispheres. 

Table 2.3 Annual hemispheric and global mean effective radiative forcing of the aerosol-
radiation interaction by each aerosol component at the tropopause for all-sky and 
clear-sky in W m–2. 

Species All-sky Clear-sky 
NH SH Global NH SH Global 

OM+BC –0.30 –0.25 –0.28 –0.76 –0.58 –0.67 
Sulfate –0.48 –0.13 –0.30 –0.86 –0.26 –0.56 
Soil dust –1.11 –0.29 –0.70 –1.51 –0.43 –0.97 
Sea salt –0.15 –0.15 –0.15 –0.25 –0.34 –0.29 

NH=Northern Hemisphere, SH=Southern Hemisphere, ANT=anthropogenic sources, BB=biomass 
burning. 

Figure 2.11 shows the simulated annual mean radiative forcing of the aerosol-radiation 
interaction for a mixture of anthropogenic and natural aerosols at the tropopause for the clear-
sky and all-sky conditions. The annual global mean values of the simulated radiative forcing of 
the aerosol-radiation interaction of all main tropospheric aerosols are calculated to be –0.85 W 
m–2 for clear-sky and –0.36 W m–2 for all-sky. In industrial regions of the mid-latitudes of the 
Northern Hemisphere, however, the simulated forcing is negative and as large as –2 W m–2 
even for all-sky, which is close to the global mean radiative forcing of greenhouse gases with 
the opposite sign (IPCC, 1996). The global annual mean values of the total radiative forcing of 
the aerosol-radiation interaction of anthropogenic carbonaceous and sulfate aerosols, which are 
emitted from fossil fuel consumption and biomass burning, are calculated to be –0.36 W m–2 
and –0.85 W m–2 for all-sky and clear-sky conditions at the tropopause, respectively. This all-
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sky negative forcing of the aerosol-radiation interaction is two-third that of the estimate of IPCC 
(1996). 

 
Figure 2.11 Annual mean distributions of the simulated radiative forcing due to the aerosol-

radiation interaction of a mixed polydispersion of all aerosol species (carbonaceous 
(OM and BC), sulfate, soil dust, and sea salt) at the tropopause under (a) clear-sky 
and (b) all-sky conditions in W m–2. 

 

2.6. Conclusions 

The aerosol optical thickness, Ångström exponent, and single scattering albedo on a global 
scale were simulated using an aerosol climate model SPRINTARS coupled with the MIROC. 
Simulated aerosol optical properties for the mixture of all main tropospheric aerosols, which 
are carbonaceous (OM and BC), sulfate, soil dust, and sea salt, have been compared with the 
observed optical thickness and Ångström exponent from AVHRR (Higurashi et al., 2000) and 
AERONET (Holben et al., 1998, 2001) and with the observed single scattering albedo from 
AERONET (Dubovik and King, 2000) and other measurements including seasonal variations. 
They are in reasonable agreement with observed values. The annual global mean value of the 
radiative forcing of the aerosol-radiation interaction is estimated to be –0.30 W m-2 for 
anthropogenic sulfate aerosols, which had been considered to be mostly dominant 
anthropogenic aerosols. The forcing by anthropogenic carbonaceous aerosols is evaluated to be 
–0.28 W m–2. Table 2.4 shows hemispheric and global mean values of the aerosol optical 
thickness and the single scattering albedo. The simulated single scattering albedo is smaller 
over the Northern Hemisphere than the Southern Hemisphere. It is larger than 0.85 on the global 
scale, so that aerosol particles are calculated to cool the earth by the aerosol-radiation 
interaction in the present model. In industrial regions of the mid-latitudes of the Northern 
Hemisphere, the cooling effect of the forcing of the aerosol-radiation interaction is simulated 
to largely cancel the warming effect by greenhouse gases, though the global mean value of the 
aerosol forcing is small in the present study. 
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Table 2.4 Annual hemispheric and global mean optical thickness τ and single scattering albedo 
ω with global mean values over land and the ocean. 

 τ ω 
NH 0.126 0.972 
SH 0.067 0.983 
Global 0.096 0.977

Land 0.145 0.967 
Ocean 0.069 0.984 

NH=Northern Hemisphere, SH=Southern Hemisphere. 

There have been many past studies on estimates of the radiative forcing of the aerosol-
radiation interaction of sulfate aerosols with chemical transport models, but they were not 
compared with optical observations in detail. Koch et al. (2000) roughly compared with satellite 
remote sensing data on the aerosol optical thickness, but they regarded sulfate as the main 
contributor to the aerosol optical thickness over North America, though carbonaceous aerosols 
are also another main contributor in industrial regions as suggested in this study. Therefore, 
their simulated column burden of anthropogenic sulfate aerosols was overestimated, which was 
3.3 mg m–2 as the global annual mean, in comparison with other models. Boucher and Anderson 
(1995), Feichter et al. (1997), Kiehl et al. (2000), and the present study give similar values of 
simulated column burdens of sulfate aerosols from anthropogenic sources, which are 2.3, 2.2, 
2.2, and 2.4 mg m–2 as the global annual mean, respectively. In spite of this agreement, the 
radiative forcing of the aerosol-radiation interaction of sulfate aerosols is estimated to be –0.56 
W m–2 by Kiehl et al. (2000); on the other hand, it was about –0.3 W m–2 in three other studies. 
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Chapter 3 

Simulation of climate response to aerosol direct and indirect effects with 
aerosol transport-radiation model 

This chapter is based on “Takemura, T., T. Nozawa, S. Emori, T. Y. Nakajima, and T. Nakajima 
(2005) Simulation of climate response to aerosol direct and indirect effects with aerosol 
transport-radiation model. J. Geophys. Res., 110, D02202, doi:10.1029/2004JD005029.”, 
(c)American Geophysical Union. 
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Abstract 

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 aerosol-radiation interaction (ARI) and aerosol-cloud interaction (ACI) are simulated and 
its radiative forcing are calculated. A microphysical parameterization diagnosing the cloud 
droplet number concentration based on the Köhler theory is introduced into the model, which 
depends on not only the aerosol particle number concentration but also 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 ACI, are in reasonable agreement with satellite 
observations. The model results indicate that a decrease in the cloud droplet effective radius by 
anthropogenic aerosols globally occurs, 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 ARI and the cloud albedo effect in the ACI rather than the cloud lifetime effect in the 
ACI 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 cloud lifetime effect in the ACI. The global mean radiative 
forcings of the ARI and ACI at the tropopause by anthropogenic aerosols are calculated to be –
0.36 and –0.84 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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3.1. Introduction 

Aerosol particles are considered to be one of the factors inducing climate change mainly 
through two effects. One is the aerosol-radiation interaction (ARI) in which aerosol particles 
scatter and absorb the solar and thermal radiation. The other is the aerosol-cloud interaction 
(ACI) in which they change the microphysical and optical properties of cloud droplets acting 
as cloud condensation nuclei (CCN). The ACI can be, moreover, divided into two categories. 
The cloud albedo 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 cloud 
lifetime effect is that a decrease in the cloud droplet effective radius also results in an inhibition 
of precipitation and an increase in the cloud water (Albrecht, 1989). 

The Third Assessment Report (TAR) of the Intergovernmental Panel on Climate Change 
(IPCC) (IPCC, 2001) estimated that the radiative forcing due to anthropogenic aerosols is –0.5 
W m–2 with an uncertainty factor of 2 for the ARI and from 0 to –2.0 W m–2 without a plausible 
value for the cloud albedo effect in the ACI. The cloud lifetime effect in the ACI 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 ACI, than of the 
greenhouse gases which exist more homogeneously than aerosol particles both spatially and 
temporally. The IPCC (2001) mainly compiled past modeling studies on estimating the aerosol 
radiative forcing, while Nakajima et al. (2001) derived the radiative forcing of the ACI to be 
from –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 radiative forcing of the 
ACI with the relationship between the satellite-derived cloud effective radius, cloud water path, 
and aerosol loading from the Polarization and Directionality of the Earth’s Reflectances 
(POLDER), so that it was reduced from –1.4 to –0.85 W m–2. The information on cloud 
properties, such as the effective radius and liquid water path, acquired from satellites is useful 
for reducing the uncertainty of the ACI. 

Modeling studies about aerosol effects on climate change are progressing in which 
changes in the primary meteorological parameters, such as wind, temperature, cloud water, and 
precipitation, due to anthropogenic and natural aerosols are quantitatively estimated in order to 
analyze the past climate in detail and to improve the confidence level for predicting future 
climates. Miller and Tegen (1998) simulated the climate response to the ARI of soil dust 
aerosols with an atmospheric general circulation model (AGCM) including a mixed-layer ocean 
model for discussing changes in the heat flux, precipitation, and surface temperature. Rotstayn 
and Lohmann (2002) studied a change in the precipitation by the ACI of anthropogenic sulfate 
aerosols using an AGCM coupled with a mixed-layer ocean, and indicated a southward shift in 
tropical rainfall in response to the ACI. Simple formulae only with the aerosol mass 
concentration were, however, used for diagnosing the cloud droplet number concentration in 
order to estimate the ACI in most past studies. It is also necessary to carry out a comprehensive 
simulation for analyzing climate response to the aerosol effects including all of the main 
tropospheric aerosols to improve the accuracy of reproducing the past climate and predicting 
the future climate changes.  

In this study, a global aerosol transport-radiation model, Spectral Radiation-Transport 
Model for Aerosol Species (SPRINTARS) (Takemura et al., 2000, 2002a) (Chapters 1 and 2) 
simulates changes in the meteorological field due to the ARI and ACI. It is completely coupled 
with a coupled atmosphere-ocean general circulation model (GCM), and treats the main 
tropospheric aerosols. The cloud droplet number concentration is diagnosed by a 
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parameterization considering the cloud microphysical processes based on the Köhler theory, 
which includes not only the aerosol particle number concentration but also the updraft velocity, 
size distributions and chemical properties of each aerosol species, and saturation condition of 
the water vapor. We especially focus on differences in the simulated cloud droplet effective 
radius, cloud water path, precipitation, and temperature between the pre-industrial era and the 
present day. The model description is given in section 3.2. Section 3.3 shows the global 
distributions of the simulated cloud parameters and precipitation considering the aerosol effects, 
compares them with several observations, and discusses the aerosol radiative forcing of the ARI 
and ACI. Changes in the cloud, precipitation, and temperature due to anthropogenic aerosols 
are discussed in section 3.4. Our conclusions are then presented in section 3.5. 

3.2. Model description 

The global three-dimensional aerosol transport-radiation model, SPRINTARS, is driven 
by the GCM, MIROC, jointly owned by the Atmosphere and Ocean Research Institute (AORI) 
(formerly Center for Climate System Research (CCSR))/University of Tokyo, National Institute 
for Environmental Studies (NIES), and Japan Agency for Marine-Earth Science and 
Technology (JAMSTEC) (Numaguti et al., 1995; Watanabe et al., 2010). The model predicts 
mass mixing ratios of the main tropospheric aerosols, that is, carbonaceous (black carbon (BC) 
and organic matter (OM)), sulfate, soil dust, and sea salt, and the precursor gases of sulfate, that 
is, sulfur dioxide (SO2) and dimethylsulfide (DMS). The aerosol transport processes include 
emission, advection, diffusion, sulfur chemistry, wet deposition, and gravitational settling. The 
radiation scheme in MIROC (Nakajima et al., 2000) is extended for the aerosol direct effect 
related to scattering and absorption by aerosol particles. The detailed description of 
SPRINTARS is in Takemura et al. (2000, 2002a) (sections 1.2 and 2.2). 

Figure 3.1 shows the global distributions of annual mean emissions of BC, OC, and SO2 
in 2000. Carbonaceous sources are anthropogenic (i.e., fossil and bio fuels), biomass burning, 
and precursor gases of terpene and isoprene (see section 1.3.2). Precursor gases of sulfate 
aerosols are emitted from oceanic phytoplankton and land vegetation/soil as dimethylsulfide 
(DMS), and fossil fuel consumption, biomass burning, and volcanic activities as sulfur dioxide 
(SO2) (see section 1.3.3). The monthly mean oxide field of OH, H2O2, and O3 for the sulfur 
chemistry is prescribed by the global chemical model, CHASER, which is driven by the 
MIROC (Sudo et al., 2002) using the same historical emission database as SPRINTARS. Soil 
dust and sea salt emissions are calculated using internal parameters of the model which are 
vegetation, wind speed at 10-m height, soil moisture, and snow amount (sections 1.3.1 and 
1.3.4). 
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Figure 3.1 Annual emission fluxes of (a) BC and (b) OC in g m–2 yr–1 and (c) SO2 in gS m–2 yr–1. 

 
The present study considers both the ACI both for water and ice clouds. While the simple 

relationship between the total aerosol number concentration and cloud droplet number 
concentration was used in the previous version of SPRINTARS (Takemura et al., 2003), a 
parameterization based on the Köhler theory is introduced into this study (Ghan et al., 1997; 
Abdul-Razzak et al., 1998; Abdul-Razzak and Ghan, 2000). The number concentration of 
nucleation of the cloud droplet Nnuc originating from an aerosol component i is diagnosed as 
follows: 

 , (3.1) 

where 

 , (3.2) 

 , (3.3) 

where j also shows an aerosol component, J is the total number of aerosol components, nai is 
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the aerosol particle number concentration of component i, ω is the updraft velocity, rmi and σai 
are the mode radius and standard deviation of the aerosol particle size distribution, respectively, 
A and Bi are the coefficients of the curvature and solute effects, respectively, α and β are 
functions with the saturated water vapor mixing ratio, temperature, and pressure, G is a function 
with the water vapor diffusivity, saturated water vapor pressure, and temperature, and f1, f2, and 
b depend on the standard deviation of the aerosol particle size distribution. The minimum 
number concentration of cloud droplet is assumed to be 14 cm–3. Chemical properties of each 
aerosol component in Bi are according to Ghan et al. (2001), which depends on the number of 
dissolved ions per molecule, osmotic coefficient, soluble mass fraction, component density, and 
molecular weight (Table 3.1). The mode radii and standard deviations of each aerosol 
component used in equations from (3.1) to (3.3) and in the calculation of aerosol particle 
number concentrations are the same described in section 1.3. The updraft velocity ω is given 
as the sum of the grid mean updraft velocity and sub-grid updraft velocity because the grid scale 
of GCM is too coarse to explicitly represent cloud-scale phenomena (Lohmann et al., 1999): 

 , (3.4) 

where TKE is the turbulent kinetic energy. nai and ω at the cloud base are adapted to equations 
(3.1) and (3.3) when Nnuc is diagnosed. The cloud droplet effective radius rel, which is related 
with the cloud albedo effect of the ACI, is then calculated depending on the cloud droplet 
number concentration nl as follows: 

 , (3.5) 

where ρ is the air density, ql is the in-cloud cloud water mixing ratio, ρl is the water density, 
and k is the empirical constant which is 1.1 in this study (Martin et al., 1994). The constant k 
means the fixed shape of the cloud droplet size distribution, while the effect of anthropogenic 
aerosols on its shape was reported to reduce the aerosol indirect radiative forcing of 0.2 W m–2 
(Peng and Lohmann, 2003). The precipitation rate P, which is related to the cloud lifetime effect 
of the ACI, is parameterized depending on nl as follows (Berry, 1967): 

 , (3.6) 

where α=0.05, β=0.12, and γ=1×10–13. Changes in the cloud droplet effective radius and cloud 
water amount affect the radiation process in the model. 

Table 3.1 Hygroscopicity Bi of each aerosol component. 

Component BC OM Sulfate Soil dust Sea salt 
Bi 5×10–7 0.14 0.51 0.14 1.16 

The latest version of SPRINTARS treats the cloud droplet number concentration nl and 
ice crystal number concentration ni as prognostic variables: 

 , (3.7) 

 , (3.8) 
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where R indicates the advection and diffusion terms, qi is the in-cloud mass mixing ratios of 
cloud ice, and the time-varying terms N and Q with subscripts are as follows: Nnuc is the 
nucleation of cloud droplets shown in equation (3.1), Nfrh is the homogeneous freezing of 
supercooled aerosols, Nfrc is the contact freezing, Nfri is the immersion/condensation freezing, 
Nsel is the self-collection of cloud droplets, Nagg is the aggregation of ice crystals, Qaut is the 
autoconversion of cloud droplets, Qarl and Qasl are the accretion of cloud droplets by rain and 
snow, respectively, and Qasi is the accretion of ice crystals by snow. The homogeneous freezing 
Nfrh is based on Karcher and Lohmann (2002). BC and soil dust aerosols act as ice nuclei (IN) 
for the heterogeneous freezing including the contact and immersion/condensation processes. 
Ratios of activated IN to the total number concentration of BC and dust for the contact freezing 
ffrc and the immersion/condensation freezing ffri are based on Figure 1 in Lohmann and Diehl 
(2006): 

 , (3.9) 

 , (3.10) 

where T is the temperature in K, ac, bc, T0,i are constants depending on aerosol species (Table 
3.2), and Ti=3 K. The terms of Nfrc and Nfri are according to Lohmann and Diehl (2006) and 
Diehl et al. (2006). The deposition freezing is neglected in this study because it generally takes 
place at lower temperatures and higher supersaturation than the other heterogeneous freezing 
processes (Lohmann and Diehl, 2006). The self-collection of cloud droplets Nsel and the 
aggregation of ice crystals Nagg are following Lohmann et al. (1999) and Levkov et al. (1992), 
respectively. The Berry’s parameterization (Berry, 1967) is adopted as the autoconversion of 
cloud droplets Qaut (equation (3.6)). The accretion of cloud droplets by rain and snow is 
calculated as: 

 , (3.11) 

where Fp is the in-cloud flux of rain or snow and El is a constant, 1.0 for rain and 0.5 by snow. 
The accretion of ice crystals by snow is also calculated as: 

 , (3.12) 

where Ei is 0.05. 

Table 3.2 Constants for equations (3.9) and (3.10). 

 ac, K–1 bc T0,i, K 
dust 0.1014 0.3277 241.15 
BC 0.00978 0.0913 232.15 

The horizontal resolution of the triangular truncation is set at T85 (approximately 1.4 by 
1.4 in longitude and latitude) and the vertical resolution at 40 layers with a hybrid σ–p 
coordinate. In this study SPRINTARS is coupled with the mixed layer ocean model under the 
prescribed surface heat flux that was previously calculated using the given monthly mean sea 
surface temperature (SST) and sea ice by SPRINTARS. Three equilibrium experiments are 
carried out for different scenarios of aerosols and greenhouse gases; present-day aerosol 
emissions and present-day greenhouse gas concentrations (E1), pre-industrial aerosol emissions 
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and present-day greenhouse gas concentrations (E2), and preindustrial aerosol emissions and 
preindustrial greenhouse gas concentrations (E3). Each experiment is integrated for 50 years 
and analyzed for the last 30 years. Only the radiative forcing is estimated with the prescribed 
sea surface temperature and sea ice experiment according to the general method of calculating 
the effective radiative forcing. 

3.3. Simulated aerosol and cloud parameters 

3.3.1. Aerosol particle and cloud droplet distributions 

Figure 3.2 shows the annual mean distributions of the optical thickness at 0.55 µm for each 
aerosol component in the present-day simulation. Carbonaceous aerosols concentrate over 
populous regions in the mid-latitude of the Northern Hemisphere due to consumption of fossil 
and bio fuels and agricultural activities. They also exist over biomass burning regions in central 
and southern Africa and South America. The optical thickness of sulfate aerosols is large over 
urban areas in the mid-latitude of the Northern Hemisphere, and they are also broadly 
distributed over the ocean due to the chemical reaction of DMS. A large amount of soil dust 
aerosols are emitted from the Saharan region and then transported to the tropical Atlantic. They 
also concentrate over the Arabian and Asian regions. The optical thickness of sea salt aerosols 
over the ocean is more homogeneous than that of other aerosols. The simulated aerosol optical 
properties of not only optical thickness but also Ångström exponent that is an index of particle 
size and single scattering albedo are in reasonable agreement with the ground-based 
observations of the Aerosol Robotic Network (AERONET) (Holben et al., 2001) and satellite 
retrievals of AVHRR (Higurashi et al., 2000), which has been described in detail by Takemura 
et al. (2002a) (Chapter 1). The reproduction of aerosol distributions by SPRINTARS was also 
indicated to be realistic as shown in the intercomparison among several global aerosol transport 
models and satellite retrievals (Kinne et al., 2002). 
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Figure 3.2 Annual mean distributions of the simulated optical thickness for (a) BC plus OM, 

(b) sulfate, (c) soil dust, and (d) sea salt aerosols at 0.55 µm. 

Before discussion on the climate effect by anthropogenic aerosols in the next section, 
differences of global distributions of mass concentrations for BC, OM, and sulfate between pre-
industrial and present-day simulations are shown in Figure 3.3. BC is a minor aerosol 
composition at the pre-industrial era, a few-tenth µg m–3 even in urban and biomass burning 
areas. An increasing rate of OM from pre-industrial to present days is slightly smaller than that 
of BC because main sources of carbonaceous aerosols at the pre-industrial era are biofuel, 
traditional slash-and-burn farming, natural biomass burning, and biogenic terpene, which are 
effective OM sources. Sulfate aerosols at the pre-industrial day are more prominent over the 
ocean than over land because of natural DMS emission from oceanic phytoplankton and 
outflow of volcanic SO2. 
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Figure 3.3 Annual mean distributions of the simulated surface mass concentrations of (a) BC, 

(b) OM, and (c) sulfate in 1850 (left) and 2000 (right). 

Number concentrations of aerosol particles na and cloud droplet nl are important 
parameters in case of discussion on the cloud microphysics, which are shown in Figure 3.4. na 
is dominated by nucleation and accumulation mode particles of carbonaceous and sulfate 
aerosols, so that na of soil dust aerosols is small though their optical thickness is large (Figure 
3.2c). The spatial distribution of nl is similar to that of na, while the contrast of nl between land 
and ocean is weaker than that of na. Aircraft measurements also obtained that an increasing rate 
of nl is getting small with an increase in na (Martin et al., 1994). The relationship between na 
and nl is dispersed using equation (3.1) because of differences in the updraft velocity, aerosol 
particle size distribution, chemical property, and saturated condition of water vapor among the 
grids (Figure 3.5). 
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Figure 3.4 Annual mean distributions of the simulated number concentrations of (a) aerosol 

particles and (b) cloud droplet at 850 hPa. 

 
Figure 3.5 Relationship between aerosol particle and cloud droplet number concentrations at 

the sigma level between 0.95 and 0.55 in the simulation. 

 

3.3.2. Cloud droplet effective radius 

It is important to quantitatively simulate the cloud droplet radius for estimating the cloud 
albedo effect of the aerosol-cloud interaction. Figure 3.6 illustrates the annual mean 
distributions of the cloud droplet effective radius at cloud top above 273K simulated by 
SPRINTARS. The simulated small radius from 6 to 12 µm over continents is consistent with 
the AVHRR retrieval (Nakajima and Nakajima, 1995). It is especially small in the industrialized 
areas of Europe, East Asia, and North America. It is, on the other hand, large above 14 µm 
mostly over the ocean, particularly in the Southern Hemisphere where it is only slightly affected 
by anthropogenic pollutants, though SPRINTARS overestimates it in the tropical western 
Pacific because of an excess of cloud water in the middle troposphere. The cloud droplet, 
however, is somewhat small even over the ocean off the industrialized areas due to outflows of 
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anthropogenic aerosols and of the subtropical eastern Pacific and Atlantic due to cloud water 
concentrated in the lower troposphere, which is in good agreement between SPRINTARS and 
AVHRR. nl was determined only by na or the aerosol mass concentration for the simulation of 
the aerosol-cloud interaction in past AGCM studies (e.g., Rotstayn and Lohmann, 2002; 
Takemura et al., 2003). Using the parameterization based on the Köhler theory in this study, 
the simulated land-ocean contrast of the cloud droplet effective radius becomes closer 
quantitatively to the satellite observation than that by the past simple parameterization, and the 
large one between 30 and 60S can be also simulated well. 

 
Figure 3.6 Annual mean distributions of the cloud droplet effective radius at the cloud top 

above the temperature of 273 K by SPRINTARS. 

 
The correlation of the cloud droplet effective radius between the simulation and satellite 

observation is high on a global scale except for a difference in the larger radius of about 20 µm 
in the tropical western Pacific by SPRINTARS than by AVHRR mentioned above and another 
difference below 10 µm by AVHRR and 10 to 15 µm by SPRINTARS around the desert regions 
(Figure 3.7). In the case when the cloud water is low, such as in the desert regions, the precision 
of the satellite retrieval for cloud water may get poor unless the surface albedo and temperature 
are appropriately assumed (Nakajima and Nakajima, 1995). 
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Figure 3.7 Comparison of the cloud droplet effective radius at the cloud top above the 

temperature of 273 K between the SPRINTARS and AVHRR retrieval. 

 
Figure 3.8 shows the frequency distributions of the cloud droplet effective radius for the 

present-day and pre-industrial simulations over land and the ocean. The mode radius over land 
is about 11 µm in the pre-industrial era, and then the distribution broadens to small radii of 
about 8 µm due to an increase in anthropogenic aerosols. The small droplets from 9 to 12 µm 
over the ocean also increase in the present-day simulation though the mode radius does not 
change much. 

 
Figure 3.8 Frequency distributions of the cloud droplet effective radius over land (solid lines) 

and ocean (dashed lines) for the present (thick lines) and pre-industrial (thin lines) 
simulations. 
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3.3.3. Cloud water and precipitation 

Before discussion of the aerosol second indirect effect, the simulated cloud water and 
precipitation are confirmed to be appropriate in comparison with observations when equations 
(3.1) to (3.6) are applied. The nucleation process of the cloud water microphysics is only 
considered in equation (3.1), that is, the model doesn’t include processes of autoconversion, 
accretion, evaporation, freezing, and melting of ice, so that the cloud droplet number 
concentration nl may be overestimated (Ghan et al., 1997). Therefore, in this study, the 
sensitivity of the precipitation rate P to nl is decreased with smaller γ in equation (3.6) than the 
other study (Lohmann et al., 1999). α in equation (3.6) is also adjusted to balance the net 
incoming shortwave radiation with the net outgoing longwave radiation. Figure 3.9 illustrates 
the annual mean liquid water path and precipitation simulated by the model, and the simulated 
cloud radiative forcing and precipitation are compared with data from the Earth Radiation 
Budget Experiment (ERBE) (Harrison et al., 1990) and Global Precipitation Climatology 
Project (GPCP) (Adler et al., 2003) in Figures 3.10 and 3.11, respectively. The model calculates 
the seasonal and latitudinal cloud and rain generally well, though there are some differences 
both in cloud and precipitation between the simulation and observations in high latitudes of the 
Southern Hemisphere which is less affected by anthropogenic aerosols than the other regions. 
Based on these comparisons of cloud and precipitation in the previous and present subsections, 
changes in these parameters by anthropogenic aerosols are discussed in the next section. 

 
Figure 3.9 Annual mean distributions of the simulated (a) liquid water path and (b) 

precipitation. 
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Figure 3.10 Zonal mean distributions of the seasonal mean cloud radiative forcing of 

SPRINTARS and ERBE for both the shortwave (SW) and longwave (LW) radiation 
in the Northern Hemisphere (a) winter, (b) spring (c) summer, and (d) fall. 
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Figure 3.11 Zonal mean distributions of the seasonal mean precipitation of SPRINTARS and 

GPCP in Northern Hemisphere (a) winter, (b) spring (c) summer, and (d) fall. 

 

3.3.4. Direct and indirect radiative forcing 

The aerosol radiative forcing is estimated by the simulation with the prescribed SST and 
sea ice as mentioned in section 3.2. Figure 3.12 shows the annual mean effective radiative 
forcing by the ARI and ACI of anthropogenic aerosols at the tropopause. The radiative forcing 
of the ARI in this study is defined as a comparison between pre-industrial and present 
simulations on a difference in net fluxes with and without aerosols. It exceeds –1 W m–2 in East 
and South Asia, Europe, and North America due to industrial and domestic OM and sulfate 
aerosols though the anthropogenic BC produces a positive forcing. The negative forcing is also 
large over most of southern Africa and South America mainly because of biomass burning 
aerosols which is a mixture of BC, OM, and sulfate. On the other hand, the outflow of 
carbonaceous aerosols from biomass burning and industrialized regions makes the radiative 
forcing of the ARI positive over the Saharan and Arabian deserts with their high surface albedo. 
Biomass burning aerosols also cause the positive forcing off central and southern Africa and 
South America because the multiple scattering of the solar radiation by the lower cloud layer 
than the aerosol layer enhances its absorption by biomass burning aerosols (Haywood and 
Ramaswamy, 1998; Takemura et al., 2002a). If it is under clear-sky conditions or the cloud 
layer is relatively higher than the aerosol layer, the radiative forcing of the ARI by biomass 
burning aerosols is negative. The global mean anthropogenic forcing at the tropopause by the 
ARI is calculated to be –0.36 W m–2 and –0.85 W m–2 under all-sky and clear-sky conditions, 
respectively. Table 3.3 indicates the mean direct radiative forcing by anthropogenic aerosols at 
the tropopause and the surface. 
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Table 3.3 Annual mean effective radiative forcing of the ARI from pre-industrial to present 
days for all-sky and clear-sky conditions at the tropopause and surface in W m–2. 

 All-sky Clear-sky 
Land Ocean Global Land Ocean Global 

Tropopause –0.65 –0.17 –0.36 –1.50 –0.46 –0.85 
Surface –1.59 –0.49 –0.91 –2.41 –0.73 –1.37 

 
Figure 3.12 Simulated effective radiative forcings of the (a) aerosol-radiation and (b) aerosol-

cloud interactions from pre-industrial to present days. 

 
The effective radiative forcing of the ACI by anthropogenic aerosols in this study is 

calculated as a comparison between two experiments, pre-industrial and present runs, on a 
difference in the cloud radiative forcing. The radiative forcing of the ACI is generally negative 
except in the polar region and areas less affected by anthropogenic aerosols. The large negative 
forcing is seen over the northwestern Pacific, Southeast Asia, Eurasia, North America, South 
America, and southern Africa. The global mean anthropogenic forcing by the ACI is calculated 
to be –0.84 W m–2. If the other formula of Sundqvist (1978) is used for calculating the 
precipitation rate instead of equation (3.6), which doesn’t depend on the aerosol number 
concentration, only the cloud albedo effect can be estimated to be –0.52 W m–2. Most past 
studies cited by the IPCC TAR (IPCC, 2001) estimated the radiative forcing of the aerosol-
cloud interaction over –1 W m–2 for the global mean from the pre-industrial to present days. If 
it is over –1 W m–2, however, an unrealistic temperature decrease by the aerosol effects may be 
simulated as mentioned in the next section. Lohmann and Lesins (2002) constrained the 
simulated aerosol-cloud interaction by a global climate model using a satellite cloud retrieval, 
so that its radiative forcing was reduced from –1.4 to –0.85 W m–2. 

3.4. Climate effects by anthropogenic aerosols 

Figure 3.13 illustrates the changes in the cloud droplet effective radius at cloud top above 
273K, liquid water path, precipitation, and surface air temperature for the period from pre-
industrial to present days by comparing the simulations between E1 and E2. The blue contours 
in the figures indicate the general direction of the ACI. Reliance on the estimation of changes 
in the cloud and precipitation parameters is low in the high latitudes because there is little cloud 
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water. A comparison between E1 and E2 is not in strict correspondence with Figure 3.12 
because the radiative forcing of the ACI is estimated with prescribed atmospheric temperature, 
SST, and sea ice. The cloud droplet effective radius, which is related to the cloud albedo effect 
in the ACI, decreases almost all over the globe. Large changes from 1 to 3 µm are simulated in 
East and South Asia, Europe, and North America due to their industrial and domestic activities, 
and in central and southern Africa and South America due to the expansion of anthropogenic 
biomass burning. The global mean change in the cloud droplet effective radius is calculated to 
be –0.48 µm, comparable between land and the ocean. The increase in cloud droplet radius over 
the remote ocean of the Southern Hemisphere and the pole regions, where a change in the 
aerosol concentration is less than that in other regions, is diagnosed by an increase in cloud 
water at the altitude of 273K mainly because the altitude is descending and getting close to the 
cloud base due to the aerosol cooling effects. An increase in cloud water results in an increase 
in precipitation over a large part of the globe, and vice versa. Especially, there is a strong 
constraint in tropical regions though the cloud microphysical treatment is not included in the 
convective scheme of the model (Rotstayn and Lohmann, 2002). The change in the horizontal 
water vapor flux from the pre-industrial to present days at the lower troposphere is shown in 
Figure 3.14. It clearly indicates that an increase (decrease) in liquid water in the southern 
(northern) tropics is due to convergence (divergence) of water vapor at the lower troposphere. 
Therefore it is suggested that changes in liquid water and precipitation in the tropics is a 
feedback effect due to tropospheric cooling by the aerosol effects. The difference in the 
horizontal water vapor flux is much smaller at the middle troposphere than the lower 
troposphere (not shown). It is also suggested that a change in water vapor around cloud base is 
essential for this feedback mechanism. In East and Southeast Asia and the Atlantic in the tropics 
and mid-latitude of the Northern Hemisphere, on the other hand, an increase in the cloud water 
and a decrease in precipitation simultaneously occur. There is not large-scale convergence of 
water vapor in these regions as shown in Figure 3.14. This suggests that the effect of the cloud 
lifetime effect of the ACI on the cloud microphysical process is stronger than the effect of the 
dynamic hydrological cycle in the regions where a large amount of anthropogenic aerosols and 
cloud water exist. 
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Figure 3.13 Change in the simulated (a) cloud droplet effective radius at the cloud top above the 

temperature of 273 K, (b) liquid water path, (c) precipitation, and (d) surface air 
temperature from pre-industrial to present days. 

 

 
Figure 3.14 Annual mean distribution of a difference in the horizontal water vapor flux between 

pre-industrial and present days at 925 hPa. The unit vector indicated at the bottom left-
hand corner is 0.03 kg kg–1 m sec–1. 
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Figure 3.13(d) shows a change in the surface air temperature from the pre-industrial to 
present days by comparing experiments E1 and E2. The surface air temperature change over –
2 K occurs in East Asia, Europe, and the high-latitudes of the Northern Hemisphere, and it also 
decreases almost all over the globe. This suggests that the decrease in the surface air 
temperature is mainly caused by the ARI and the cloud albedo effect of the ACI because the 
areas where its change is large are in general agreement with those where the negative radiative 
forcing of the ARI (Figure 3.12a) and the decrease in the cloud droplet radius (Figure 3.13a) 
are large. The global mean surface air temperature change by the aerosol effects is calculated 
to be –1.0 K, while it is estimated to be +2.3 K due to the greenhouse gases as the difference 
between experiments E2 and E3. Therefore, the simulated cooling effect by aerosol particles 
reduces about 40 % of the global warming by the greenhouse gases from the pre-industrial to 
present days, which is consistent with IPCC (1996), though the temperature change is 
quantitatively larger in the simulation than the real past climate not because of the transient but 
equilibrium experiments. 

3.5. Conclusions 

A global aerosol transport-radiation model, SPRINTARS, coupled to a general circulation 
model simulated climate response to the direct and indirect effects of anthropogenic aerosols. 
The diagnosing scheme based on the Köhler equation calculated the cloud droplet effective 
radius, cloud water, and precipitation, which are in reasonable agreement with satellite 
observations. Table 3.4 summarizes the effective radiative forcing and change in the cloud 
parameters, precipitation, and surface air temperature by anthropogenic aerosols. This study 
indicated that the global mean effective radiative forcing of the aerosol-radiation interaction is 
–0.36 W m–2. The radiative forcing of the ACI was calculated to be –0.84 W m–2, which is 
consistent with recent studies using satellite retrievals on aerosol and cloud parameters 
(Nakajima et al., 2001; Lohmann and Lesins, 2002). The simulation indicated that the changing 
ratios of all the cloud and precipitation parameters are larger over land than over the ocean due 
to the direct and indirect effect of anthropogenic aerosols. The cloud droplet effective radius 
reduces about 4 %, while changes in the liquid water and precipitation mainly depend on the 
change in the hydrological cycle due to cooling by the aerosol-radiation interaction and the 
cloud albedo effects of the aerosol-cloud interaction. The change in the surface air temperature 
is also large over land. 

Table 3.4 Annual mean changes in radiative forcings at the top of the atmosphere and 
meteorological parameters related to the aerosol effects from pre-industrial to 
present days. Numbers in parentheses indicate the radiative forcing of the cloud albedo 
effect in the ACI in the section of radiative forcing of the ACI or changing ratios in other 
sections. 

 Land Ocean Global 
Effective radiative forcing: ARI, W m–2 –0.65 –0.17 –0.36 
Effective radiative forcing: ACI, W m–2 –1.00 –0.66 –0.84
Cloud effective radius, µm –0.79 (–8%) –0.27 (–2%) –0.48 (–4%) 
Liquid water path, g m–2 –4.2 (–6%) –1.8 (–1%) –2.4 (–2%) 
Precipitation, mm day–1 –0.10 (–6%) –0.11 (–4%) –0.11 (–4%)
Surface air temperature, K –1.5 –0.9 –1.0 

Figure 3.13(d) shows a change in the surface air temperature from the pre-industrial to 
present days by comparing experiments E1 and E2. The surface air temperature change over –2
K occurs in East Asia, Europe, and the high-latitudes of the Northern Hemisphere, and it also 
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The present model includes a lot of assumptions; size distributions, refractive indices, and 
emission fluxes for each aerosol component, use of parameterization on nucleation process for 
diagnosing the cloud droplet number concentration in equation (3.1), parameters in equations 
from (3.1) to (3.6), and so on. Zhang et al. (2002) and Peng and Lohmann (2003), for example, 
discussed the uncertainty of the aerosol indirect effect due to assumed aerosol size distribution. 
It is, however, difficult to quantitatively estimate the uncertainty of the aerosol effects in this 
study because assumptions are used a lot and then complex. To make the confidence level of 
the estimation high, many comparisons of aerosol and cloud parameters with various 
observations have been carried out including not only aerosol burden but also aerosol Ångström 
exponent (size index) and single scattering albedo in past (Takemura et al., 2002a, 2002b, 2003) 
and this studies. 
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