
Atmos. Chem. Phys., 9, 3061–3073, 2009
www.atmos-chem-phys.net/9/3061/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

A simulation of the global distribution and radiative forcing of soil
dust aerosols at the Last Glacial Maximum

T. Takemura1, M. Egashira2, K. Matsuzawa2, H. Ichijo 3, R. O’ishi3, and A. Abe-Ouchi3

1Research Institute for Applied Mechanics, Kyushu University, Fukuoka, Japan
2Interdisciplinary Graduate School of Engineering Sciences, Kyushu Univ., Fukuoka, Japan
3Center for Climate System Research, University of Tokyo, Chiba, Japan

Received: 12 September 2008 – Published in Atmos. Chem. Phys. Discuss.: 9 December 2008
Revised: 26 February 2009 – Accepted: 8 May 2009 – Published: 13 May 2009

Abstract. In this study an integrated simulation of the global
distribution and the radiative forcing of soil dust aerosols
at the Last Glacial Maximum (LGM) is performed with an
aerosol climate model, SPRINTARS. It is compared with
another simulation for the present climate condition. The
global total emission flux of soil dust aerosols at the LGM is
simulated to be about 2.4 times as large as that in the present
climate, and the simulated deposition flux is in general agree-
ment with estimations from ice core and marine sediment
samplings though it appears to be underestimated over the
Antarctic. The calculated direct radiative forcings of soil
dust aerosols at the LGM is close to zero at the tropopause
and−0.4 W m−2 at the surface. These radiative forcings are
about twice as large as those in the present climate. SPRINT-
ARS also includes the microphysical parameterizations of
the cloud-aerosol interaction both for liquid water and ice
crystals, which affect the radiation budget. The positive ra-
diative forcing from the indirect effect of soil dust aerosols
is mainly caused by their properties to act as ice nuclei. This
effect is simulated to be smaller (−0.9 W m−2) at the LGM
than in the present. It is suggested that atmospheric dust
might contribute to the cold climate during the glacial pe-
riods both through the direct and indirect effects, relative to
the interglacial periods.

1 Introduction

The air temperature during the glacial and interglacial pe-
riods has been analyzed with ice cores, marine sediments,
and pollens. The annual mean surface air temperature is 3 to
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6 K lower on the global mean at the Last Glacial Maximum
(LGM), which is about twenty-one thousands years ago, than
in the present climate (Jouzel et al., 1993; Kucera et al., 2005;
Masson-Delmotte et al., 2005; Wu et al., 2007; Otto-Bliesner
et al., 2009). It is regionally about 3 and 10 K lower over
the tropics and southern Europe, respectively. It is, how-
ever, impossible to quantitatively explain the remarkable low
temperature and extended ice sheets at the LGM only with
the change in the insolation. It is now accepted that a com-
bination of lower greenhouse gas concentrations, extended
ice sheets, and feedback mechanisms within and among the
atmosphere, ocean, cryosphere, and vegetation played im-
portant roles in the LGM climate. Based on simulations
from the Paleoclimate Modeling Intercomparison Project 2
(PMIP2) (Braconnot et al., 2007), Jansen et al.(2007) re-
ported the radiative perturbation at the LGM to be−4 to
−7 W m−2 relative to the pre-industrial (1750) climate due
to lower greenhouse gas concentrations, extended continen-
tal ice, and lower sea level than the present climate. This
range for the perturbation does not include the effects of veg-
etation and aerosol changes. The scientific understanding of
the radiative perturbation due to atmospheric mineral dust is
very low.

Analyses of ice cores and sediments have shown that the
deposition flux of atmospheric soil dust aerosols varied be-
tween the glacial and interglacial periods (Petit et al., 1999).
Soil dust aerosols are considered as one of the factors induc-
ing climate change principally through two effects. One is
the direct effect in which they scatter and absorb the solar and
thermal radiation. The other is the indirect effect in which
they alter the microphysical and optical properties of cloud
droplets and ice crystals acting as cloud condensation nuclei
(CCN) and ice nuclei (IN). Soil dust is one of the essential
aerosols for IN although it has less effect for CCN because of
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its hydrophobicity which does not favor internal mixing with
other aerosols. The aerosol semi-direct effect is related to
the absorption of solar and/or thermal radiation, such as soil
dust, warm the surrounding atmosphere, resulting in changes
in the atmospheric stability and cloud production. Therefore
the difference in the concentration of soil dust aerosols be-
tween the glacial and interglacial periods may contribute to
the large difference in the climate condition between them.
Petit et al.(1999) indicated that the concentration of soil dust
aerosols in the ice core from Vostok, Antarctica is one order-
of-magnitude larger during the glacial than interglacial pe-
riods, especially at the LGM. The data from marine sedi-
ments also show that dust fluxes from Africa transported to
the tropical and subtropical Atlantic at the LGM are three to
five times higher than the present-day (Harrison et al., 2001).
The increase of the soil dust concentration at the LGM may
be assigned to the less precipitation, expansion of land areas,
and strong winds.

Several modeling studies have simulated and analyzed
the soil dust emission, concentration, and deposition at the
LGM. Joussaume(1993) investigated the desert dust cycle
in the LGM with an atmospheric general circulation model
(AGCM), however only a weak increase in the dust emis-
sion was simulated.Andersen et al.(1998) simulated larger
dust amounts during the LGM compared to present-day al-
most everywhere over the globe as a consequence of varia-
tions in soil moisture. The simulated deposition rates are still
lower than the ones reported from ice cores. They indicated
that inclusion of more realistic boundary conditions for the
dust emission (e.g., vegetation) could also improve the LGM
dust cycle. Indeed,Mahowald et al.(1999) showed that the
simulated dust deposition flux at the LGM were roughly in
agreement with observed data from marine sediments and ice
cores by including a more realistic representation of the veg-
etation during the LGM. They showed that changes in source
areas are required to predict any substantial increase in the
dust deposition over the polar regions.Werner et al.(2002)
suggested from their simulation that one third of the increase
in the total global dust emission flux in the LGM is related to
source-region changes, while two thirds is caused by glacial
wind speed changes over modern dust emission regions.Ma-
howald et al.(2006) indicated that low CO2 concentration
at the LGM resulted in expanding dust sources through less
fertilization of vegetation. The previous studies mentioned
above have improved the understanding of the atmospheric
dust condition at the LGM by numerical simulations. How-
ever, they concerned the dust distribution at the LGM, not its
radiative impact.

Soil dust aerosols affect the radiation budget through the
direct and indirect effects as mentioned above, so that they
may have important potential to have an impact on the cli-
mate system in the glacial period. The PMIP2, however, did
not treat the dust effects on the climate system.Claquin et al.
(2003) calculated a difference in the direct radiative forcing
of dust between the LGM and present conditions based on

Mahowald et al.(1999). They estimated its global and annual
mean value to be about−2.0 W m−2 at the top of the atmo-
sphere without the indirect effect. In this study, the radiative
forcings both of the direct and indirect effects by soil dust
aerosols at the LGM are calculated with a global aerosol cli-
mate model, Spectral Radiation-Transport Model for Aerosol
Species (SPRINTARS), which is accompanied by the simu-
lation of global distributions for main tropospheric aerosols.
One of the significant improvement brought by this study
is the inclusion of the interaction between ice crystals and
aerosol particles in order to calculate the aerosol indirect ef-
fect. The model description is given in Sect.2. Section3
shows the simulated emission, distribution, and deposition of
soil dust aerosols as well as sea salt aerosols both at the LGM
and present-day. The simulated deposition fluxes of soil dust
aerosols are compared with their estimations from ice cores
and marine sediments in order to evaluate the performance
and problems of the present model. Section4 presents the
calculated direct and indirect radiative forcings of soil dust
aerosols and discuss their effects on the climate system at the
LGM. This study is concluded in Sect.5.

2 Model description

In this study, global distributions and radiative forcings of
aerosol particles in the LGM climate condition are simu-
lated by SPRINTARS (Takemura et al., 2000, 2002, 2005).
It is fully coupled with an AGCM developed by the Center
for Climate System Research (CCSR)/University of Tokyo,
National Institute for Environmental Studies (NIES), and
Frontier Research Center for Global Change (FRCGC) (K-
1 Model Developers, 2004). The horizontal resolution used
is T42 (approximately 2.8◦ by 2.8◦ in latitude and longitude)
and the vertical resolution is 20 layers (sigma levels based
on the surface pressure at 0.995, 0.980, 0.950, 0.900, 0.830,
0.745, 0.650, 0.549, 0.454, 0.369, 0.295, 0.230, 0.175, 0.124,
0.085, 0.060, 0.045, 0.035, 0.025, and 0.008). The standard
time step is 20 min.

SPRINTARS predicts mass mixing ratios of the main tro-
pospheric aerosols, that is, carbonaceous (black carbon (BC)
and organic carbon (OC)), sulfate, soil dust, and sea salt,
and the precursor gases of sulfate, that is, sulfur dioxide
(SO2) and dimethylsulfide (DMS). The aerosol transport pro-
cesses include emission, advection, diffusion, sulfur chem-
istry, wet deposition, dry deposition, and gravitational set-
tling. The emission flux of soil dust aerosols depends on the
near-surface wind speed, vegetation, leaf area index (LAI),
soil moisture, and snow amount (see AppendixA). The other
natural emissions included in this study is sea salt aerosols
(see AppendixB), BC, OC, and SO2 from biomass burning,
OC from the gas-to-particle conversion of terpene (Guenther
et al., 1995), and dimethylsulfide (DMS) from oceanic phy-
toplankton and land. The global distribution of emission for
biomass burning BC is based on the monthly mean data of the
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Fig. 1. Distributions of the vegetation in(a) LGM and(b) PRE.

Global Fire Emissions Database version 2 (GFEDv2) from
the year 1997 to 2006 (Randerson et al., 2005), and the nat-
ural sources are assumed to be 10% of the total GFEDv2
emission (Andreae, 1991). The natural emissions of BC
and OC mentioned above are assumed to be the same be-
tween the simulations for the LGM and a present climate
condition. Differences in BC and OC emissions from nat-
ural sources between glacial and interglacial periods should
be considered in future studies. A scheme of the DMS emis-
sion from oceanic phytoplankton which is a function of the
downward surface solar radiation is the same asTakemura
et al.(2000) and that from land vegetation and soil which is
function of LAI, solar zenith angle, and temperature is ac-
cording toSpiro et al.(1992). The other transport processes
are according toTakemura et al.(2000, 2002, 2005).

The radiation scheme in the CCSR/NIES/FRCGC AGCM,
which adopts the two-stream discrete ordinate and adding
method (Nakajima et al., 2000), includes the calculation of
the aerosol direct effect. The refractive indices depending on
wavelengths, size distributions, and hygroscopic growth are
considered for each type of aerosol. The refractive indices
of dry aerosols and water are according toDeepak and Ger-
ber (1983) andd’Almeida et al.(1991), respectively, except
the imaginary part of soil dust aerosols which is a quarter
of values inDeepak and Gerber(1983) because their weaker
absorption of the solar radiation has been recently reported

(e.g., Kaufman et al., 2001). The detailed description of
the aerosol direct effect in SPRINTARS is inTakemura et
al. (2002, 2005). An effect of dust deposition on the snow
albedo change is not included in this study.

The aerosol indirect effect is also included both for wa-
ter and ice clouds in SPRINTARS. The cloud droplet and
ice crystal number concentrations are prognostic variables.
The nucleation of the cloud droplets depends not only on the
aerosol particle number concentrations but also on the size
distributions, curvature effect, and solute effect of each type
of aerosol, and the updraft velocity. The nucleation of the
ice crystals includes both homogeneous and heterogeneous
processes (see AppendixC). The growth and collision pro-
cesses for cloud droplets and ice crystals are described also
in AppendixC. Changes in the cloud droplet and ice crystal
number concentrations induce changes in the cloud droplet
and ice crystal effective radii, respectively, that is the first
indirect effect, which result in a change in the radiation bud-
get. The precipitation rate for warm rain is treated according
to Berry’s parameterization (Berry, 1967). It depends on the
cloud droplet number concentration, that is the second indi-
rect effect. The detailed description of the aerosol indirect
effect for water clouds in SPRINTARS is inTakemura et al.
(2005). Note that a change in the precipitation rate for cold
rain is not included in the present version of SPRINTARS.
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Fig. 2. Annual mean distributions of the leaf area index in(a) LGM and(b) PRE.

Fig. 3. Annual total distributions of the emission flux of soil dust aerosols in(a) LGM and (b) PRE and annual mean distributions of the
mass column loading of soil dust aerosols in(c) LGM and(d) PRE.

The vegetation and monthly mean LAI distributions are
prescribed with the simulation by the CCSR/NIES/FRCGC
AGCM coupled with the Lund-Potsdam-Jena Dynamic
Global Vegetation Model (LPJ-DGVM) (Sitch et al., 2003;
Gerten et al., 2004). The potential vegetation types for dust
emission are wooded c4 grassland, bare ground/shrub, tun-
dra, and warm grassland/shrub in this study (Fig.1). The
bare ground/shrub in the LGM expands over the inland Asia,
Middle and Near East, and southern Sahara in comparison
with the present condition. The tundra also increases in the
LGM, which is partly due to expansion of land because of the
lower sea level, although there are large-scale ice sheets over

the North America and Northern Europe. The prescribed
vegetation distribution in the LGM is confirmed to be in gen-
eral agreement with reconstruction data (Harrison and Pren-
tice, 2003). Figure2 shows the annual mean LAI distribu-
tion, and it is possible to emit soil dust aerosols if the LAI is
less than about 0.575 according to Eqs. (A3)–(A4).

The initial condition and the climatological monthly mean
data of sea surface temperature (SST) and sea ice in the
LGM are prescribed from the results of the LGM simula-
tion using the CCSR/NIES/FRCGC atmosphere-ocean cou-
pled general circulation model (AOGCM), MIROC (Model
for Interdisciplinary Research on Climate) (Yanase and Abe-
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Fig. 4. Comparisons of annual total deposition flux of soil dust aerosols between the DIRTMAP database and SPRINTARS simulation in(a)
LGM and(b) PRE. Dots and crosses show comparisons with DIRTMAP from ice cores and marine sediments, respectively.

Ouchi, 2007) which took part in the PMIP2 Project (Bra-
connot et al., 2007). The model result shows about 2.5 to
3 K SST change in the low latitude and about 5 K global
change, which is in the range of uncertainty of climate re-
constructions from different proxies and also comparable
to the performance of other coupled AOGCMs in PMIP2
(Masson-Delmotte et al., 2005; Kageyama et al., 2006; Otto-
Bliesner et al., 2009). As a reference simulation SPRINT-
ARS also calculates global distributions and radiative forc-
ings of aerosols in the pre-industrial era as a present climate
condition (PRE). The HadISST data set (Rayner et al., 2003)
averaged from the year 1870 to 1879 is used as the monthly
SST and sea ice in the PRE simulation. The solar radiative
flux at the top of the atmosphere is calculated with the ec-
centricity, obliquity of the earth’s axis, and longitude of peri-
helion for the present and LGM time slices (Table1). The
atmospheric CO2, N2O, and CH4 concentration are set to
be constant globally and annually for the pre-industrial and
LGM time slices (Table1). Each experiment is integrated for
6 years and analyzed for the last 5 years.

3 Aerosol emission, distribution, and deposition in the
LGM experiment

Figure3a and b shows simulated global distributions of the
annual dust emission at LGM and PRE, respectively. Dur-
ing PRE, the main emission sources are distributed between
50◦ N to 40◦ S: over the Sahara, the Middle East, Central
Asia, the Kalahari Desert, Patagonia, and Australia. At
LGM, sources expand southward over the Sahara and north-
ward over Eastern Europe and Central Asia due to extended
arid regions (Fig.1). Other sources appear over northern
Siberia during the glacial period because of the more ex-
tensive exposed continental shelves resulting from the sea
level falling. As well as expansion of emission sources, the

Table 1. Earth’s planetary constants and main greenhouse gas con-
centrations in LGM and PRE.

LGM PRE

Eccentricity 0.018994 0.016720
Obliquity of the earth’s axis, degrees 22.949 23.450
Longitude of perihelion, degrees 114.42 102.04
CO2, ppm 185 287.96
N2O, ppb 200 281.30
CH4, ppb 350 902.48

dust emission flux is also larger over the Sahara, the Mid-
dle and Near East, Asia, and Europe during LGM compared
to PRE (Table2). The global total flux in LGM is calcu-
lated to be 6200 Tg/yr, about 2.4 times as large as in PRE
conditions.Werner et al.(2002) estimated a 2.2-fold higher
dust emission flux at LGM compared to PRE, which is close
to this study, though their estimation of the total LGM flux
was smaller (2383 Tg/yr). The dust emission flux under the
present climate condition is estimated to be 2594 Tg/yr in this
study, which is in agreement with most past studies, rang-
ing about from 1500 to 3000 Tg/yr (e.g.,Tegen and Fung,
1994; Dentener et al., 1996; Chin et al., 2002; Tanaka and
Chiba, 2005), while Werner et al.(2002) estimated it to be
1060 Tg/yr.

Reasons for the high dust emission flux at LGM could be
due not only to expansion of emission sources but also to
stronger winds during this period. In order to separate the
influence of extended arid regions from the other meteoro-
logical factors on the dust emission flux, an additional exper-
iment (LGMfv) is performed with the present-day vegetation
distribution as shown in Fig.1b and with the same LGM con-
ditions for other factors. Table2 shows that the large emis-
sion flux of soil dust aerosols for LGM is more affected by
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Table 2. Regional and global total annual emission fluxes of soil dust aerosols in LGM, PRE, and LGMfv and their ratio of LGM to PRE.

Region LGM, Tg/yr PRE, Tg/yr LGM/PRE LGMfv, Tg/yr

Sahara 4200 1692 2.48 3629
Middle and Near East 734 447 1.64 698
Asia and Europe 1187 273 4.36 311
Australia 48 83 0.58 91
North America 1.6 3.8 0.41 1.4
South America 16 48 0.33 44
Southern Africa 12 48 0.26 16

Total 6200 2594 2.39 4790

Table 3. Zonal and global total mass column loading and deposition fluxes of soil dust aerosols in LGM and PRE and their ratio of LGM to
PRE. Numbers in parentheses in the deposition fluxes are percentages of the wet deposition fluxes to the total ones.

Mass column loading Deposition
Latitude LGM, Tg PRE, Tg LGM/PRE LGM, Tg/yr PRE, Tg/yr LGM/PRE

90◦ N–60◦ N 0.77 0.11 6.80 143 (38%) 6.5 (93%) 21.9
60◦ N–30◦ N 6.90 2.69 2.57 1586 (23%) 536 (32%) 2.96
30◦ N–0◦ 21.47 9.35 2.29 4345 (13%) 1858 (15%) 2.34
0◦–30◦ S 1.49 1.13 1.32 110 (28%) 156 (16%) 0.71
30◦ S–60◦ S 0.18 0.29 0.62 15 (65%) 37 (57%) 0.41
60◦ S–90◦ S 0.02 0.02 1.20 0.2 (95%) 0.4 (96%) 0.50

Total 30.84 13.60 2.27 6200 (17%) 2594 (19%) 2.39

the meteorological condition than the vegetation over the Sa-
hara and Middle and Near East, and vice versa over Asia and
Europe. The simulation suggests that about 60% of the in-
crease in the global total dust emission at LGM relative to
PRE is due to a difference in the meteorological conditions,
especially the strong winds and less precipitation, and the
other is due to a difference in vegetation. These contribu-
tions to the increase in LGM dust emissions are close to the
ones computed byWerner et al.(2002).

Figure3c and d shows simulated global distributions of the
annual mean dust column loading at LGM and PRE, respec-
tively, and Table3 shows zonal column loading and deposi-
tion flux of soil dust aerosols. When emitted from the Sahara,
dust aerosols are transported to the West by the trade winds
and when emitted from Asia to the East by the westerlies.
The atmospheric dust loading is larger during the LGM than
at PRE all over the Northern Hemisphere, especially in the
high latitudes mainly due to the expansion of the emission
sources. The distribution of the dust deposition flux is simi-
lar to that of the mass column burden (not shown). The zonal
mean mass burden and deposition flux at LGM are respec-
tively about 7 and 20 times as large as those at present be-
tween 90◦ N and 60◦ N, and 2 to 3 times between 60◦ N to 0◦.
The ratio of the dry to the total deposition flux is high near
the source regions, and the wet deposition becomes a pre-
dominant deposition process away from the sources. One

of the simulated characteristics at LGM is a high ratio of
the dry deposition at northern high latitudes. The ratio of
the dry to total deposition is also larger at LGM for low-
and mid-latitude of the Northern Hemisphere than in present
conditions because of the drier atmospheric conditions dur-
ing LGM as well as the larger mass column loading at that
time.

The simulated dust deposition fluxes for both LGM and
PRE are compared with the DIRTMAP (Dust Indicators
and Records of Terrestrial and Marine Palaeoenvironments)
database (Kohfeld and Harrison, 2001), which includes de-
position estimates from ice cores and marine sediments. It
is to our knowledge the most complete database to compare
simulated results with, though there are uncertainties. For
example, fluxes from ice cores rely on estimates of ice ac-
cumulation rate in the cores which we cannot correct for the
subtantial amount of dust that is advected by ocean currents
(Kohfeld and Harrison, 2001; Mahowald et al., 2006). The
DIRTMAP database suggests that tropical and mid-latitudes
dust deposition fluxes are 2 to 5 times larger during the LGM
than during interglacial periods, and over 20 times larger in
the polar regions. Figure4 shows comparisons of the annual
dust deposition fluxes between DIRTMAP and the simula-
tion by SPRINTARS for LGM and PRE. They are in general
agreement in PRE, though there is a little underestimation
over the Indian Ocean. Also, the LGM simulation generally
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Fig. 5. Annual total distributions of the emission flux of sea salt aerosols in(a) LGM and(b) PRE and annual mean distributions of the mass
column loading of sea salt aerosols in(c) LGM and(d) PRE.

Fig. 6. Annual mean distributions of radiative forcing for the shortwave plus longwave radiation due to the direct effect of soil dust aerosols
under the all-sky condition at the tropopause in the(a) LGM and(b) PRE and at the surface in(c) LGM and(d) PRE.
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Table 4. Zonal and global total annual emission fluxes of sea salt
aerosols in LGM and PRE, and their ratio of LGM to PRE.

Latitude LGM, Tg/yr PRE, Tg/yr LGM/PRE

90◦ N–60◦ N 21 76 0.27
60◦ N–30◦ N 638 697 0.91
30◦ N–0◦ 502 488 1.03
0◦–30◦ S 554 539 1.03
30◦ S–60◦ S 1693 1963 0.86
60◦ S–90◦ N 26 191 0.14

Total 3433 3955 0.87

captures the five order of magnitude range in the deposition
fluxes although it underestimates the fluxes over Antarctica.
Isotopic measurements from dust collected in ice-cores have
suggested that dust deposited over Antarctica have a primary
source over Patagonia whereas smaller amounts (10 to 15%)
could be traced to Southern Africa and/or Australia (Basile
et al., 1997). There are three possible reasons for the un-
derestimation of dust emission from Patagonia in the LGM
simulation from this study presented in Fig.3 and Table2.
First, the large difference in the emission flux from the South
America between LGM and LGMfv could be due to inappro-
priate vegetation indices and an underestimation of emerging
land as a consequence of the fall in sea level. The second
cause could be an underestimation of the wind intensity be-
cause the emission flux in LGMfv experiment is smaller than
in PRE, in constrast to the behavior in the Northern Hemi-
sphere. The other reason could be the underestimation of
precipitation because the deposition flux over the high lati-
tudes of the Southern Hemisphere at LGM is half of the de-
position flux at PRE despite a mass burden during the LGM
being somewhat larger than that at present and because the
wet deposition is a primary process in the total dust deposi-
tion as indicated in Table3.

The other principal natural aerosol is sea salt. Figure5
shows simulated distributions of the annual emission flux and
annual mean mass column loading of sea salt aerosols, and
Table4 presents their zonal and global total emission fluxes
at LGM and PRE. Both the LGM emission flux and atmo-
spheric burden in the tropics and at mid-laitudes are similar
to those at PRE, though the LGM emission flux is slightly
larger due to stronger winds. In constrast, the high-latitudes
emission is prevented by the extended sea ice in LGM con-
ditions.

4 Dust radiative forcing in the LGM experiment

The direct radiative forcing of soil dust aerosols is calculated
as the difference in the radiative budget between the inclu-
sion and the exclusion of soil dust aerosol within the same
simulation. Figure6 shows the annual mean distributions of

Table 5. Global and annual mean radiative forcing for the direct
effect of soil dust aerosols at the tropopause and surface under clear-
sky and all-sky conditions in LGM and PRE. SW, LW, and SW+LW
are shortwave, longwave, and shortwave plus longwave radiations,
respectively.

Tropopause, W m−2 Surface, W m−2

SW LW SW+LW SW LW SW+LW

Clear-sky
LGM −0.38 +0.26 −0.12 −1.02 +0.53 −0.50
PRE −0.18 +0.11 −0.07 −0.46 +0.22 −0.24
All-sky
LGM −0.24 +0.22 −0.02 −0.88 +0.45 −0.43
PRE −0.10 +0.09 −0.01 −0.38 +0.18 −0.20

the direct radiative forcing due to soil dust aerosols under
the all-sky condition. The forcing at the tropopause is neg-
ative over most oceanic and forest areas, while it is positive
over arid regions due to high surface albedo. Even over the
ocean where the surface albedo is low, it is partly positive,
in spite of small values, because soil dust aerosols absorb
the solar radiation scattered by the lower cloud layer than
the dust layer as well as the direct solar radiation. The sign
and the magnitude of the aerosol direct radiative forcing at
the tropopause and at the top of the atmosphere is known to
be very sensitive to the vertical structure of the cloud layer.
The position of the aerosol layer with respect to the cloud
layer can determine the absoprtion of the aerosol in the so-
lar spectrum (Haywood and Ramaswamy, 1998; Takemura
et al., 2002). A significant characteristic of the LGM is the
strong positive forcing over Northern Europe and the Arctic
Ocean due to extended and continuous ice sheets and sea ice
throughout the year. At the surface, the direct radiative forc-
ing is negative almost all over the globe because the solar ra-
diation is attenuated at the surface whether soil dust aerosols
scatter or absorb it. The negative forcing is generally propor-
tional to the column loading (Fig.3c and d). The radiative
effect is larger at LGM than for present.

Table5 shows the annual global mean direct forcing both
under the clear-sky and all-sky conditions. The negative
shortwave forcing and positive longwave forcing under the
all-sky condition are smaller than the clear-sky due to ab-
sorption of the multi-scattered radiation by the surrounding
cloud layer as mentioned above and due to the absorption
of the terrestrial radiation by clouds, respectively. A differ-
ence in the global mean direct forcing between LGM and
PRE both in the shortwave and longwave radiation is approx-
imately proportional to a difference in the emission flux and
column loading (Tables2 and 3). At LGM, the direct ra-
diative forcing of soil dust aerosols is close to zero at the
tropopause and−0.4 W m−2 at the surface, compared with
close to zero at the tropopause and−0.2 W m−2 at the sur-
face in present conditions.
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Fig. 7. Annual mean distributions of radiative forcing for the shortwave plus longwave radiation due to the indirect effect of soil dust aerosols
at the tropopause in the(a) LGM and(b) PRE and at the surface in(c) LGM and(d) PRE.

The indirect radiative forcing of soil dust aerosols at LGM
is also estimated in this study. Soil dust aerosols play an
important role as ice nuclei in forming ice crystals through
heterogeneous nucleation (Lohmann and Feichter, 2005),
though they are not very effective in forming water cloud
droplets. Details of the model parametrization of the micro-
physical relationship between ice crystals and aerosol par-
ticles are given in AppendixC. The indirect radiative forc-
ing is calculated as a difference in the cloud radiative forc-
ing between simulations with and without the dust emis-
sion. Figure7 shows the annual mean distribution of the
indirect radiative forcing due to soil dust aerosols both in
LGM and PRE. Inclusion of soil dust aerosol as ice nuclei
results in smaller ice crystals, which leads to a more effec-
tive absorption of the longwave radiation than scattering of
the shortwave. Therefore the indirect forcing is positive at
the tropopause almost over the whole globe. At the surface,
on the other hand, attenuation of the shortwave radiation due
to the smaller ice crystals is prominent. The indirect radiative
forcing is large where the ice water content is large. The ob-
vious difference between LGM and PRE is the large positive
forcing at the tropopause and the large negative forcing at the
surface in PRE, especially over the tropics because of the re-
duced ice crystal concentration due to inactive convection at
LGM.

The global mean indirect forcing is larger in PRE at the
tropopause both in the negative shortwave and positive long-
wave radiations than during the LGM, though the dust load-

Table 6. Global and annual mean radiative forcing for the indi-
rect effect of soil dust aerosols at the tropopause and surface in
LGM and PRE. SW, LW, and SW+LW are shortwave, longwave,
and shortwave plus longwave radiations, respectively.

Tropopause, W m−2 Surface, W m−2

SW LW SW+LW SW LW SW+LW

LGM −2.81 +4.83 +2.02 −2.42 +1.25 −1.17
PRE −3.91 +6.79 +2.88 −3.08 +1.03 −2.05

ing is larger at LGM (Table6). A possible cause is the lower
ice and liquid water contents in LGM conditions due to the
lower temperatures than in present ones. The simulated ice
water path on the global mean in LGM is 11% less than that
in the present. The global mean positive value of the net
indirect radiative forcing due to soil dust aerosols in LGM
(+2.0 W m−2) is smaller than that in PRE (+2.9 W m−2),
therefore atmospheric dust might contribute to the cold cli-
mate during the glacial periods through the indirect effect as
well as the direct effect relative to the interglacial periods.

5 Conclusions

In this study, global dust distribution and radiative forcings
both of the direct and indirect effects at LGM are simu-
lated by the global aerosol climate model, SPRINTARS. The
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Table A1. Radius range, effective radius, and normalized emission
strength of each size bin for soil dust aerosols in SPRINTARS.

Radius range, Effective radius, Normalized emission
µm µm strength

0.10–0.22 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

global total dust flux during LGM is calculated to be about
2.4 times larger than the present flux due mainly to extended
arid regions and stronger surface winds. The simulated dust
deposition flux is in general agreement with estimations from
ice core and marine sediment samplings. Further studies are,
however, needed to solve the underestimation of the simu-
lated dust deposition over Antarctica. Specific sensitivity
studies should be designed to analyze the main factors that
influence the emission, the atmospheric loading, and the de-
position of soil dust aerosols. The global mean negative
value of the direct radiative forcing due to soil dust aerosols
at the tropopause at LGM is simulated to be larger than that in
the present climate. The positive value of the indirect effect is
smaller during LGM than at present. The global and annual
mean radiative forcing of the direct plus indirect effects due
to dust is−0.9 W m−2 at the tropopause in LGM conditions
relative to present ones. Therefore this study suggests that
they contribute to the lower temperature during glacial com-
pared to interglacial periods. The detailed and progressive
studies with atmosphere-ocean coupled general circulation
models or earth system models will be important to quantita-
tively analyze the effects of atmospheric dust on the climate
system during glacial periods and analyze the possible feed-
back processes.

Appendix A

Emission flux of soil dust aerosols

A scheme of the emission mass flux of soil dust aerosolsFed

in this study has been improved from the previous version of
SPRINTARS (Takemura et al., 2000):

Fed =

{
AeC (|v10| − ut ) |v10|

2 for |v10| ≥ ut

0 for |v10| < ut
, (A1)

where|v10| is the wind speed at 10-m height,ut is the thresh-
old velocity set to be 6.5 m s−1, C is the emission coefficient
depending on the soil moistureWg, snow amountWs , and

Table B1. Radius range and effective radius of each size bin for sea
salt aerosols in SPRINTARS.

Radius range, µm Effective radius, µm

0.100–0.316 0.178
0.316–1.000 0.562
1.000–3.160 1.780
3.160–10.000 5.620

region defined as,

C =

{
Cd

Wgt−Wg

Wgt

for Wg ≤ Wgt andWs ≤ Wst

0 for others
, (A2)

whereCd , Wgt are the coefficient and threshold soil mois-
ture depending on the region andWst is the threshold snow
amount, andAe is the effective area in emitting soil dust
aerosols according toTegen et al.(2002):

Ae =

{
1 − FPAR for FPAR≤ 0.25
0 for FPAR> 0.25

, (A3)

FPAR= 1 − exp(−0.5 × LAI ) , (A4)

where FPAR is the fraction absorbed photosynthetically ac-
tive radiation. SPRINTARS predicts the mass mixing ratio
of soil dust aerosols dividing radii into 6 bins from 0.1 to
10 µm. TableA1 shows the normalized emission strength of
each size bin based ond’Almeida and Scḧutz (1983). The
dust emission flux is calculated at every model time step.

Appendix B

Emission flux of sea salt aerosols

A scheme of the emission mass flux of sea salt aerosolsFes

in this study has been changed from the previous version of
SPRINTARS (Takemura et al., 2000). The new scheme is
based onMonahan et al.(1986):

dFes

dr
=

4

3
πρsa |v10|

b r−3
(
1 + crd

)
× 10f exp

[
−{(g−logr)/h}

2]
,(B1)

wherer andρs are the radius and density of sea salt aerosol,
respectively, anda, b, c, d, f , g, andh are constants ac-
cording toMonahan et al.(1986). SPRINTARS predicts the
mass mixing ratio of sea salt aerosols dividing radii into 4
bins from 0.1 to 10 µm (TableB1). The sea salt emission
flux is calculated at every model time step.

Appendix C

Parameterization of interaction between aerosols
and ice crystals

The latest version of SPRINTARS treats the cloud
droplet number concentrationnl and ice crystal number
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Table C1. Constants for Eqs. (C3) and (C4).

Aerosol ac, K−1 bc Ti0, K

dust 0.1014 0.3277 241.15
BC 0.00978 0.0913 232.15

concentrationni as prognostic variables:

∂nl

∂t
= R(nl) + Nnuc − Nsel − Nfrc − Nfri −

nl

ql

(Qaut + Qarl + Qasl) , (C1)

∂ni

∂t
= R(ni) + Nfrh + Nfrc + Nfri − Nagg−

ni

qi

Qasi, (C2)

where R indicates the advection and diffusion terms,ql

and qi are the in-cloud mass mixing ratios of cloud water
and ice, respectively, and the time-varying termsN andQ

with subscripts are as follows:Nnuc is the nucleation of
cloud droplets,Nfrh is the homogeneous freezing of super-
cooled aerosols,Nfrc is the contact freezing,Nfri is the im-
mersion/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 andQasl are the
accretion of cloud droplets by rain and snow, respectively,
andQasi is the accretion of ice crystals by snow. The nu-
cleation of cloud dropletsNnuc is according to Eqs. (1)–(4)
in Takemura et al.(2005). The homogeneous freezingNfrh
is based onKärcher and Lohmann(2002). BC and soil dust
aerosols act as 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 freezingffrc and the immersion/condensation
freezing ffri are based on Fig. 1 inLohmann and Diehl
(2006):

ffrc = ac (273.15− T ) − bc , (C3)

ffri =

exp

{
−

(
Ti0−T

Ti

)2
}

for T ≥ Ti0

1 for T < Ti0

, (C4)

whereT is the temperature in K,ac, bc, Ti0 are constants
depending on aerosol species (TableC1), andTi=3 K. The
terms ofNfrc andNfri are according toLohmann and Diehl
(2006) andDiehl et al.(2006). The deposition freezing is ne-
glected in this study because it generally takes place at lower
temperatures and higher supersaturation than the other het-
erogeneous freezing processes (Lohmann and Diehl, 2006).
The self-collection of cloud dropletsNsel and the aggregation
of ice crystalsNagg are followingLohmann et al.(1999) and
Levkov et al.(1992), respectively. The Berry’s parameteriza-
tion (Berry, 1967) is adopted as the autoconversion of cloud
dropletsQaut (Eq. 6 inTakemura et al., 2005). The accretion
of cloud droplets by rain and snow is calculated as:

Qarl,asl = FpElql, (C5)

whereFp is the in-cloud flux of rain or snow andEl is a con-
stant, 1.0 for rain and 0.5 by snow. The accretion of ice crys-
tals by snow is also calculated as:

Qasi = FpEiqi, (C6)

whereEi is 0.05.
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