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ABSTRACT

The climatic responses to the direct radiative effect of dust aerosol at the Last Glacial Maximum (LGM) are
examined using a general circulation model with online simulation of dust. The predicted global dust emission at the
LGMis 2.3 times as large as the present-day value, which is the combined effect of the expansion of dust sources and
the favorable meteorological parameters (MPs; e.g., the strong surface wind and the low air humidity) under the
LGM climate. Simulated global dust emission is 1966 Tg yr~ ! with present-day dust sources and MPs, 2820 Tg yr !
with LGM dust sources and current MPs, 2599 Tg yr™ ! with present-day dust sources and LGM MPs, and 4579
Tg yr~ ! with LGM sources and MPs. The simulated percentage increases of dust concentrations are the largest at
high latitudes in both hemispheres, which are consistent with the deposition data from geological records. The LGM
dust is estimated to exert global annual-mean shortwave (SW) and longwave (LW) radiative forcing (RF) of —4.69
and +1.70 W m ™2 at the surface, respectively, and —0.58 and +0.68 W m ™2 at the top of the atmosphere, re-
spectively. On a global- and annual-mean basis, surface air temperature (SAT) is predicted to be reduced by 0.18 K
and precipitation is reduced by 0.06 mm day !, as a result of the net (SW and LW) radiative effect of dust at the
LGM. Two sensitivity studies are performed to identify the uncertainties in simulated climatic effect of LGM dust
that arise from the assumed LW and/or SW absorption by dust: 1) in the absence of dust LW radiative effect, the
LGM global- and annual-mean SAT is predicted to be further reduced by 0.19 K; and 2) when the single scattering
albedo of the Saharan dust at 0.55 wm is increased from 0.89 to 0.98 in the LGM climate simulation, the LGM dust-
induced annual- and global-mean surface cooling increases from 0.18 to 0.63 K even with both SW and LW ra-
diative effects of dust. In these two sensitivity studies, the LGM dust is predicted to induce an average cooling of
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0.42 and 0.72 K in SAT, respectively, over the tropical oceans.

1. Introduction

Mineral dust aerosol plays important and multiple
roles in the earth system. It can absorb and scatter both
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shortwave (SW) and longwave (LW) radiation (Carlson
and Benjamin 1980; Miller and Tegen 1998), influence
optical property and lifetime of clouds (Sassen 2002;
Lohmann and Diehl 2006), change surface albedo by
deposition on ice and snow (Peltier and Marshall 1995;
Krinner et al. 2006; Painter et al. 2007), and fertilize
phytoplankton by oceanic deposition (Prospero et al.
1996; Watson et al. 2000). These physical and biochemical
processes exert impacts on energy balance and cycles of
atmospheric components (such as water vapor and CO,).

The Last Glacial Maximum (LGM; about 21 000 yr
ago) is the most recent glacial period with an extremely
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cold, dry, and dusty climate. Compared to present day,
the annual-mean LGM surface temperature from the
proxy data was lower by 2-5 K over the tropical oceans
(Guilderson et al. 1994; Patrick and Thunell 1997; Wolff
et al. 1998; Ballantyne et al. 2005). Most coupled climate
models, by taking into consideration the changes in orbital
parameters, continental ice sheet, topography, coastline,
and concentrations of greenhouse gases, obtained only a
cooling of 1.7-2.4 K in tropical regions (Jansen et al. 2007
and references therein).

Since atmospheric dust loadings during cold periods
are generally much higher than those during warm pe-
riods (Petit et al. 1990), several studies have investigated
the contribution of high concentrations of dust aerosol
to the cooling at the LGM. Earlier simulations of min-
eral dust aerosol in the LGM climate did not account for
the changes in land surface type and hence could not
reproduce the high dust concentrations at the LGM (e.g.,
Genthon 1992; Joussaume 1993; Andersen et al. 1998).
Some recent studies considered the changes in dust
sources by using the simulated LGM land cover from
vegetation models (e.g., Mahowald et al. 1999; Lunt and
Valdes 2002; Werner et al. 2002; Mahowald et al. 2006a;
Takemura et al. 2009), and results from these simulations
reported an increase of 1.5-3 times in global dust emis-
sion at the LGM relative to present day. Using the sim-
ulated LGM dust fields from Mahowald et al. (1999),
Claquin et al. (2003) estimated that the global-mean LGM
dust radiative forcing (RF) at the top of the atmosphere
(TOA) was —3.2 W m™ 2, which was larger than the RF
of =12 W m™ 2 by present-day dust. Mahowald et al.
(2006b) obtained a TOA dust RF of —1.0 W m ™2 during
the LGM by using a different climate model. Recently,
Takemura et al. (2009) found that the tropopause direct
RF of dust at the LGM was close to 0 W m ™2 because the
positive forcings over bright desert and ice surfaces offset
the negative forcings over dark oceans.

There have been large uncertainties in estimating the
climate responses to dust RF during the glacial period.
Harvey (1988) showed that a plausible increase in
aerosol (including dust and sea salt) optical depth during
the LGM could have caused a further global-mean cool-
ing of 2°-3°C. Mahowald et al. (2006b) used the National
Center for Atmospheric Research (NCAR)’s Community
Climate System Model, version 3 (CCSM3) and predicted
that dust aerosol led to a global-mean cooling of 0.85 K at
the LGM, with a maximum cooling exceeding 2 K at high
latitudes in the Northern Hemisphere (NH). The cooling
induced by dust aerosol at the LGM helps to reduce the
model biases of underestimating the cooling during the
LGM (Kohfeld and Harrison 2000; Schneider et al. 2006).
Overpeck et al. (1996), however, found that the high dust
loading at the LGM caused a significant regional warming
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of more than 5 K over the downwind regions of Asian and
ice-marginal dust sources.

The large deviations in climate responses among dif-
ferent studies can be attributed to the differences in
consideration of the radiative effect of dust acrosol. For
example, Harvey (1988) and Bar-Or et al. (2008) did not
consider LW absorption by dust in their simulations
and obtained a strong cooling during the LGM. In sim-
ulations by Harvey (1988), Claquin et al. (2003), and
Mahowald et al. (2006b), the values of single-scattering
albedo (SSA) of dust aerosol were set to be 0.94 (at solar
spectra ranging from 0.3 to 0.9 um), 0.97 (at 0.64 um),
and 0.95 (at 0.50 wm), respectively, leading to a weak
SW absorption and hence a strong cooling by dust in
these studies. Observations have shown that the SSA of
pure dust particles at the wavelength of 0.67 um can
range from 0.90 to 0.99 (Forster et al. 2007), suggesting
that the SW absorption of dust aerosol could be stronger
than that estimated in previous LGM studies.

Other factors that contribute to the uncertainties in
simulated climatic effects of LGM dust are the two-way
dust cycle—climate coupling and the sea surface tem-
perature (SST) responses to dust forcing. Yue et al.
(2010) showed that simulations with an interactive dust
cycle predict a stronger cooling than those using the
prescribed dust concentrations. The dust-induced re-
ductions in SST lead to the reduction in precipitation (or
wet deposition of dust), which increases the global
burden of small dust particles and consequently en-
hances the cooling by dust at the surface. Mahowald
et al. (2006b) investigated the dust-induced global-mean
temperature responses at the LGM with the two-way
dust cycle—climate coupling, but they did not examine
the spatial pattern of the climate responses.

Here we use the general circulation model IAPI9L-
AGCM with the two-way dust cycle—climate coupling to
1) simulate and evaluate the dust climatology at the
LGM, 2) examine the spatial patterns of the LGM climate
responses to dust LW and SW forcings, and 3) examine the
sensitivity of the LGM temperature responses to dust SSA
and the consideration of LW RF. This builds on our pre-
vious work, in which the equilibrium terrestrial biosphere
model BIOME3 (Haxeltine and Prentice 1996) was driven
by the nine-level AGCM developed by the Institute of
Atmospheric Physics IAPIL-AGCM to obtain the LGM
vegetation (Jiang 2008), a Global Transport Model of Dust
(GMOD) was coupled into the IAPI9L-AGCM to simulate
dust—climate interactions (Yue et al. 2009, 2010), and the
radiative scheme in JAP9L-AGCM was updated to con-
sider both the SW and LW radiative effects of dust acrosol
(Yue et al. 2010).

The description of model and numerical experiments
are presented in the next section. In section 3, the
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simulated LGM dust climatology is presented and
evaluated with the proxy data. Sections 4 and 5 examine
the RF and climatic effects of the LGM dust, re-
spectively. The sensitivity of the simulated LGM tem-
perature responses to the consideration of dust SW and
LW absorption is discussed in section 6.

2. The model and numerical experiments
a. The IAP9L-AGCM

The general circulation model utilized in this study is
the IAP9L-AGCM (Zeng et al. 1989; Zhang 1990; Liang
1996). It has a horizontal resolution of 4° X 5°in latitude
and longitude and has nine vertical levels. The model is
coupled with a mixed layer ocean model (Hansen et al.
1984) that utilizes an annual-mean mixed layer depth
derived from Levitus et al. (2000). The radiative scheme
in the IAP9L-AGCM follows that from the NCAR
Community Climate Model 3 (CCM3) (Yue and Wang
2009). This version of the GCM has been used in a
number of paleoclimate studies (e.g., Wang 1999, 2002;
Jiang et al. 2003, 2005; Ju et al. 2007; Zhang et al. 2007a,b;
Jiang 2008).

b. The online simulation of mineral dust in the
IAPI9L-AGCM

Dust simulation (the GMOD) was integrated into the
TAPI9L-AGCM by Yue et al. (2009). The dust scheme
simulates four dust bins with radii ranging from 0.1 to
10.0 wum. The emission scheme was taken from Wang
et al. (2000):

Use RH
0 - {ClCzspui (1 - u—*’> <1 - RH,) usx = ux, and RH=RH,

5

P
0 otherwise

ey

where Q,, is the uplift flux of particle size class p; C, is an
empirical constant; and C; is the potential emission co-
efficient of the soil, which is determined based on the
land surface types in the GCM. Desert, scrubland, and
short grassland are allowed to have dust mobilization;
the emissions from these three types of surfaces are as-
sumed to have a ratio of 10:3:1 to reflect different ca-
pabilities in dust mobilization. In addition, no dust
emissions are allowed over grid boxes that are covered
by ice or snow when snow depth is more than 0.02 m.
Also, s, represents the fraction of dust mass in size bin p
to total dust mass emitted, and u,, and RH, are the
threshold values for friction velocity and relative hu-
midity at the surface, respectively; dust particles can be
blown into the atmosphere only when the surface wind
speed u,. exceeds u.,, and relative humidity RH is smaller
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than RH,. The utility of RH as a constraint for dust uplift
instead of soil moisture is a unique feature of the dust
simulation (Yue et al. 2009). Observations show that
RH at the surface is closely correlated with soil mois-
ture, including both spatial pattern and temporal varia-
tion. Dry deposition of dust is determined by the settling
velocity, which considers the effects of both gravity and
turbulence (Yue et al. 2009). The wet scavenging of dust is
proportional to the precipitation rate, with size-dependent
coefficients (Yue et al. 2009). Yue et al. (2009) evaluated
the dust model GMOD with several sets of observations.
The GMOD reproduces reasonably well dust concen-
trations at 18 sites [mean bias (MB) of —0.67 ug m >,
normalized mean bias (NMB) of —8.0%], aerosol optical
thickness at 16 sites (MB of —0.04, NMB of —26.7%),
and deposition of dust at 251 sites with a logarithmic
correlation coefficient of 0.84 between simulated and
observed deposition.

c. Simulation of the radiative effects of dust

The radiative transfer scheme in the IAPIL-AGCM
utilizes a §-Eddington approximation with 18 spectral
intervals ranging from 0.2 to 5.0 um (Briegleb 1992) to
calculate the SW radiation at each model hour. At the
LW spectra, the GCM parameterizes the absorptivity/
emissivity of water vapor, carbon dioxide, ozone, and
trace gases (Ramanathan and Downey 1986). The orig-
inal radiative scheme has been updated to consider the
radiative effects of dust (Yue et al. 2010). For the SW
effect of dust, we calculate dust extinction coefficients,
SSA, and asymmetry factors using the Mie theory
(de Rooij and van der Stap 1984; Mishchenko et al. 1999).
The refractive indices of dust are taken from Woodward
(2001), which are wavelength-dependent values complied
based on measurements at different locations. For the LW
effect of dust, we employ the exponential transmission
approximation proposed by Carlson and Benjamin (1980).
The simulated dust transmission is then multiplied by the
atmospheric transmission to represent the LW perturba-
tion by dust (Yue et al. 2010).

d. Simulation of the LGM climate and vegetation

For the simulation of the LGM climate, the earth’s or-
bital parameters are recalculated using the equations in
Berger (1978). The atmospheric CO, concentration at the
LGM is set to 200 ppmv (e.g., Barnola et al. 1987). The
LGM continental ice sheet, topography, and coastline are
implemented into the GCM using the datasets compiled
by Peltier (2004). The Peltier datasets have a horizontal
resolution of 1° X 1° on a global scale and are used in this
work after merging values in twenty 1° X 1° grid cells into
one 4° X 5° grid box of our GCM. Ice sheet is defined if at
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FIG. 1. Simulated land surface types during (a) the present day and (b) the LGM period.

least 10 out of 20 Peltier grid cells within one GCM grid
box report ice sheet (Jiang et al. 2003). To get the LGM
topography, the differences in elevation between the LGM
and the present day from Peltier (2004) are added to the
default present-day boundary data used by the IAPIL-
AGCM (Jiang 2008). About the coastline, we define a
GCM box as an ocean (land) grid cell if the calculated
elevation is below (above) zero, following the approach
used by Jiang et al. (2003).

The LGM SSTs over open water are calculated using
the LGM ocean Q flux, which is obtained based on the
energy balance between the predicted net atmosphere-
to-ocean heat flux and the water heat content within the
oceanic mixed layer derived from the Climate: Long-Range
Investigation Mapping and Prediction (CLIMAP) LGM
SSTs (CLIMAP Project Members 1981). Following Manabe
and Broccoli (1985), the depth of the mixed layer ocean at
the LGM is assumed to be the same as that in present day.
The ocean model does not simulate sea ice; the monthly
sea ice climatology from CLIMARP is used in simulations.

The equilibrium vegetation model BIOME3 (Haxeltine
and Prentice 1996) was used to simulate the LGM land
surface. The present-day vegetation in the BIOME3 is
driven by the observed meteorological fields compiled by
Leemans and Cramer (1991). Following the approach of
Harrison et al. (1998), the climatic differences between
the LGM and the present day simulated by the IAP9L-
AGCM were added to the observed climate in the
BIOMES to simulate the LGM vegetation (Jiang 2008).
The simulated distribution of the LGM vegetation was
then used to replace the original surface types in the
TAP9L-AGCM to simulate the new LGM climate. We
repeated such routine several times until the predicted
vegetation types showed small differences between the
sequential iterations.

Figure 1b shows the predicted land cover at the LGM
by the IAP9L-AGCM-BIOMES3 coupling (Jiang 2008).
Relative to present day (PRND; Fig. 1a), the area of
deserts was predicted to increase largely during the
glacial period. Over the tropical regions, the present-day
rain forests over northern South America, central Af-
rica, and Southeast Asia were predicted to be deciduous
forests, scrubland, and even deserts at the LGM. In mid-
latitudes, the present-day arid and semiarid areas over
central Asia, South Africa, and Australia were found to
expand during the LGM. At high latitudes in the NH, the
present-day tundra over northern Siberia was simulated to
be replaced by deserts. On a global scale, the total area of
dust sources (including desert, scrubland, and short grass-
land) was predicted to increase by 82% at the LGM rel-
ative to present day.

e. Numerical experiments

For the purposes of this work, the following five main
numerical experiments are performed (Table 1):

1) PRND: Simulation of present-day climate and dust
cycle. Climate is one-way coupled with the dust cycle.
Predicted present-day meteorological fields are used
to simulate dust, but the radiative effects of dust are
not fed back into the GCM climate. The concentra-
tion of atmospheric CO; is set to 345 ppmv.

LGM: Simulation of the LGM climate and dust cycle.
The LGM climate (including vegetation) is simu-
lated as described in the last section. Climate is one
way coupled with the dust cycle. Predicted LGM
meteorological fields are used to simulate LGM dust,
but the radiative effects of dust are not fed back into
the GCM climate. The concentration of atmospheric
COs; is set to 200 ppmv.

2)
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TABLE 1. Summary of simulations.

Expt Dust transport Dust radiative effects (DRE) in the GCM climate
PRND Present-day dust cycle with present-day climate No DRE
LGM LGM dust cycle with LGM climate No DRE
LGM.DST LGM dust cycle with LGM climate SW+LW DRE with SSA = 1.0 X w
LGM.DST.SW LGM dust cycle with LGM climate SW only DRE with SSA = 1.0 X &
LGM.DST.HSSA LGM dust cycle with LGM climate SW+LW DRE with SSA = 1.1 X w

3) LGM.DST: Simulation of the LGM climate and dust
cycle with the two-way dust—climate interactions. While
the predicted LGM climate is used to drive the dust
simulation, the SW and LW radiative effects of simu-
lated dust particles are fed back into the GCM to in-
fluence the LGM climate.

4) LGM.DST.SW: This simulation is the same as
LGM.DST, except that only the SW effect of dust is
allowed to feed back into the LGM climate simulation.

5) LGM.DST.HSSA: This simulation is the same as
LGM.DST that considers both the SW and LW radi-
ative effects of dust, except that dust SSA is assumed to
be higher by 10% in this simulation than in LGM.DST.
The maximum SSA in this sensitivity run is set to 1.0.

The differences between LGM and PRND show the
changes in climate between the LGM and present day.
The differences between LGM.DST and LGM repre-
sent the climate responses to dust forcing at the LGM.
Since the simulated climatic effect of dust depends on
the consideration of dust LW radiative effect and the
assumed dust SSA, we assess the sensitivity of the LGM
temperature responses to LW RF and SSA of dust by
performing LGM.DST.SW and LGM.DST.HSSA. The
SSA of dust in LGM.DST is calculated based on the re-
fractive indices from Woodward (2001) and is 0.89 at
0.55 um over the Sahara Desert (Yue et al. 2010). The
SSA over North Africa becomes 0.98 in LGM.DST.HSSA,
close to the maximum values from observations (Forster
et al. 2007).

Each of these five experiments is integrated for 50 yr.
The model results averaged over the final 30 yr are an-
alyzed and presented in the following sections. The
Student’s ¢ test is used to calculate the statistical signif-
icance of the model results, and only the differences that
exceed the 95% confidence level are discussed.

3. Simulation of dust climatology at the LGM
a. The simulated LGM climate

Figure 2a shows the predicted differences in surface
air temperature (SAT) between simulations LGM and
PRND. Relative to the present day, a widespread LGM

cooling is predicted in mid to high latitudes in both
hemispheres, with a maximum cooling exceeding 15 K
located over the ice sheets between 60° and 80°N. The
cooling over continents is generally larger than that over
the oceans because of the higher heat capacity of the
oceans. Globally, the terrestrial SAT is lower by 5.4 K at
the LGM relative to present day. The averaged SAT over
oceans (including sea ice) exhibits a cooling of 2.8 K. The
SATs over the tropical Pacific in both hemispheres at the
LGM are even warmer than those in present day because
we use CLIMAP SST as initial conditions in climate
simulations. Relative to present-day SSTs, the CLIMAP-
reconstructed LGM SSTs show cooling of about 3°C in
the tropical Atlantic but little or no cooling in the tropical
Pacific (Jansen et al. 2007). As a result, the simulated
weak LGM warming over the tropical Pacific might be
some small variations/noises from model simulations.

The pattern of our predicted LGM cooling generally
agrees with the reconstructions from paleogeologic and
paleobiologic records (e.g., Rostek et al. 1993; Peyron
et al. 1998; Sonzogni et al. 1998; Farrera et al. 1999;
Tarasov et al. 2000) and resembles the ensemble means
from the first and second phases of the Paleoclimate
Modelling Intercomparison Project (PMIP1, PMIP2)
simulations (Braconnot et al. 2007). On a global scale,
the predicted annual-mean SAT is lowered by 3.7 K at
the LGM as compared to present-day climate. This
value is within the estimates of —3.3 to —4.7 K by
models from PMIP1 and —3.6 to —5.7 K from PMIP2
(Braconnot et al. 2007).

The predicted differences in precipitation between
simulations LGM and PRND are shown in Fig. 2b.
Relative to present day, precipitation shows reductions
over a large fraction of the continents. The largest re-
duction is predicted over South Asia, where heavy
monsoon rainfall exists in present day. The expansion of
ice sheets at the LGM leads to a decrease in global sea
level and hence an increase in area of the desert in South
Asia (Fig. 1b). Precipitation is also predicted to increase
over the tropical oceans, especially over the tropical
Pacific, because of the warmer-than-today SSTs in this
region, as suggested by the CLIMAP reconstructions
(Jiang 2008). The spatial pattern of changes in precipitation
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(b) APREC: LGM — PRND (-0.17)
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FIG. 2. Differences in predicted annual-mean (a) SAT (K), (b) precipitation (mm day %), (c) surface RH (%), and
(d) UVR (cm s~ ') between the LGM and present-day climate. The globally averaged differences are indicated in
parentheses. Results from the significance test are not shown in this figure because almost all the grid cells pass the

95% confidence level.

at the LGM simulated by the IAP9L-AGCM (Fig. 2b) is
similar to that found in the ensemble mean of PMIP1 and
PMIP2 simulations (Braconnot et al. 2007), with reduc-
tions in precipitation exceeding 1 mm day ' predicted
over South Asia, the equatorial Pacific, and high lati-
tudes in the NH and increases in precipitation exceeding
0.5 mm day ' over the western Indian Ocean and the
subtropical Pacific. On a global- and annual-mean basis,
a reduction of precipitation of 0.17 mm day ' is predicted
in LGM relative to present day.

Figures 2c and 2d show the changes in surface hu-
midity and wind friction velocity (UVR), respectively, at
the LGM relative to present day. On a global scale, the
annual-mean RH at the surface is predicted to be lower
by 0.74% during the glacial period. Relative humidity
is predicted to be reduced significantly over Eurasia,
Southeast Asia, and Australia (Fig. 2c) because of the
differences in land surface between the LGM and present
day (Fig. 1). The wind friction velocity intensifies over
these dry regions (Fig. 2d). The glacial global-mean UVR
is larger by 1.47 cm s~ ' than the present-day value.

b. The simulated LGM dust

Figure 3 shows the predicted annual-mean dust emis-
sion in present day and LGM climate. Dust mobili-
zation is more active during the LGM than in present

day, with enhanced dust uplift over the Sahara Desert,
Taklimakan Desert, Australia desert, and South Africa.
Relative to present day, additional dust sources exist over
Southeast Asia, eastern Europe, the West Siberian Plain,
and the North Siberia Lowland at the LGM. Our pre-
dicted global and annual dust emission during the LGM
is 2.3 times as large as that in present day, which is com-
parable to the estimates of 3.0 times by Mahowald et al.
(1999), 2.2 times by Werner et al. (2002), and 2.4 times by
Takemura et al. (2009).

The increase in dust emission during the LGM is
attributed to two major factors. The first is the expan-
sion of dust sources, since the exposure of continental
shelves by the lowered sea level leads to the formation
of new deserts along coastlines (such as the deserts
over Southeast Asia and northwestern Australia; Fig. 1b)
(Harrison et al. 2001), the long-term fine-grained out-
wash deposition along the margins of the NH ice sheets
results in deserts at high latitudes (Harrison et al. 2001),
and the aridity and low concentration of atmospheric
CO, lead to the degeneration of vegetation and expan-
sion of deserts (Mahowald et al. 1999). The second fac-
tor is the meteorological parameters (MPs) at the LGM.
Both the dry surface air (Fig. 2¢) and strong surface wind
(Fig. 2d) facilitate large dust mobilization at the LGM

[Eq. (D)]-
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FIG. 3. Predicted annual-mean dust emission (g m > yr~ ') during (a) the present day and (b) the LGM period.

To quantify the roles of the two factors in the LGM dust
uplift, we perform two sensitivity studies: “LGM MPs &
current sources’” and “current MPs & LGM sources.”
Global dust budgets from these two sensitivity runs and the
simulations PRND and LGM are presented in Table 2. In
simulation PRND (current MPs & current sources), the
model predicts an annual total dust emission of 1966 Tg.
The simulation LGM MPs & current sources obtains
a dust emission of 2599 Tg yr !, indicating that the LGM
meteorological condition alone increases dust emission by
633 Tg yr~ *. The simulation current MPs & LGM sources
predicts an annual-mean dust emission of 2820 Tg yr™ ',
indicating that the source expansion alone leads to an
increase of 854 Tg yr ! in dust uplift during the LGM.
Considering both the LGM dust sources and the LGM
MPs (simulation LGM), the model predicts a dust emis-
sion of 4579 Tg yr~!, which is much higher than the other
three cases. Our conclusions thus differ from those of
Werner et al. (2002), who did not obtain large differences
in total dust emission over expanded (LGM — PRND)
dust sources when using either present-day or LGM MPs.

Table 3 compares the predicted dust budget at six lat-
itudinal belts for both present day and the LGM. The
increases in emission and burden between present day and
the LGM are not spatially uniform. The largest percent-
age increases occur at the high latitudes in the NH, where
dust emission, deposition, and column burden increase by
factors of about 100, 10, and 10, respectively, relative to the
present-day values. The largest absolute increases in dust

mass are predicted over the tropical and subtropical regions
in the NH. In the Southern Hemisphere (SH), the largest
increase in dust mass occurs in the middle latitudes because
of the expansion of the Australia desert and the dust sources
in South Africa. In Antarctica, although there is no dust
emission in both present day and the LGM, dust deposition
and burden exhibit large increases at the LGM, reflecting
the increase in emissions in the SH and the longer lifetime
of dust particles as a result of the weakened hydrological
cycle during the LGM (Yung et al. 1996). It should be noted
that, because of the warm biases in CLIMAP LGM SSTs
over the tropical Pacific, our simulation may overestimate
precipitation (or wet deposition of dust) and hence under-
estimate dust concentrations there.

Table 4 shows simulated seasonal-mean emission and
global burden of dust in present day and the LGM. The
present-day global dust emission reaches a maximum in
boreal summer, owing to the largest dust emission over
the Sahara Desert in this season (Yue et al. 2009). The
minimum dust uplift is found in boreal winter; the emis-
sion in winter is 26% of the value in summer. The seasonal
variation of dust in the LGM is similar to that in present
day, with maximum and minimum emissions in boreal
summer and winter, respectively. However, the LGM dust
emission in winter is 44 % of that in summer, which can be
attributed to the enhanced LGM dust emission in the SH.

Our predicted LGM dust is evaluated using dust de-
position data from the Dust Indicators and Records of
Terrestrial and Marine Paleoenvironments (DIRTMAP)

TABLE 2. Simulated dust budget in different experiments.

PRND (current MPs & LGM MPs & Current MPs & LGM (LGM MPs &
current sources) current sources LGM sources LGM sources)
Uplift (Tg yr ') 1966 2599 2820 4579
Dry (Tg yr 1Y) 1328 1799 1891 3155
Wet (Tg yr 1) 638 803 929 1424
Burden (Tg) 28.2 40.1 39.6 67.2
Lifetime (days) 52 5.6 5.1 5.4
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TABLE 3. Comparisons of the predicted present-day and LGM dust emission (Tg yr~ '), deposition (Tg yr '), and burden (Tg) over
different latitudes.

Emission Deposition Burden
PRND LGM Ratio PRND LGM Ratio PRND LGM Ratio
61°-90°N 0.8 75 97.1 20 200 10.3 0.3 3.0 9.5
31°-60°N 500 1409 2.8 584 1383 2.4 7.0 19.7 2.8
0°-30°N 1316 2226 1.7 1138 1921 1.7 16.7 28.5 1.7
0°-30°S 105 754 72 162 783 4.8 33 124 3.8
31°-60°S 3 36 11.4 35 233 6.7 0.5 2.7 59
61°-90°S 0 0 — 0.6 3.7 59 0 0.1 32

(Mahowald et al. 1999; Kohfeld and Harrison 2001). The
dataset is composed of the geologic records obtained from
ice cores, marine sediments, and loess deposits. Most sites
have both the present-day and LGM deposition data.
Since the comparison of the simulated present-day dust
deposition with measurements has been presented in Yue
et al. (2009), we evaluate here the simulated deposition of
dust during the LGM.

Figure 4 shows the distribution of the 147 DIRTMAP
sites that have data on the LGM dust deposition. Over
the Atlantic and Indian Oceans, the sites are mostly lo-
cated in the tropical regions. Over the Pacific Ocean, most
sites are in the midlatitudes in both hemispheres. Over
Antarctica and Greenland, dust deposition values at the
LGM were obtained from ice core records. The datasets
over central China were derived from the loess sequences
of the Chinese Loess Plateau.

The predicted annual-mean dust deposition at the LGM
is compared with DIRTMAP data in Fig. 5. On a global
scale, the logarithmic correlation coefficient between the
observed and predicted LGM dust deposition is 0.72.
Over the Atlantic, predicted dust deposition values at 27
out of the 29 sites are within a factor of 5 of the obser-
vations, indicating that the model predicts reasonable
LGM dust emissions and concentrations over North Af-
rica. Over the Indian Ocean, deposition rates at 20 out of
25 sites are within a factor of 5 of the observed values. The
reconstructed LGM deposition over the Pacific Ocean
ranges from 0.4 to 4600 Tg m 2 yr~ . The model can
predict reasonable medium values at most sites over the
Pacific Ocean, but it does not perform well at the sites with
large deposition values. In Antarctica, although the ob-
served dust deposition during the LGM is about 10—
20 times as large as the present-day value (Petit et al. 1990;
Mahowald et al. 1999), the absolute value of deposition is
very small. The model captures such features of de-
position at the Antarctic sites.

The model has biases in simulating dust deposition over
Greenland and central China. The model overestimates
the deposition by a factor of 2-47 over Greenland, which
may result from the representation of meridional winds in

the GCM that overestimate the transport of dust from the
mid to high latitudes. The model underestimates dust
deposition in central China. Similar low bias also exists in
present-day simulation of dust in this region (Yue et al.
2009). The reason is that although the model simulates
dust particles with radii ranging from 0.1 to 10.0 pwm, most
loess samples contain particles of much larger size (e.g.,
Zhao et al. 2008).

4. Direct radiative forcing of dust at the LGM
a. Dust optical thickness

Simulated seasonal-mean dust optical thicknesses
(DOTs) at 0.55 wm at the LGM are presented in Fig. 6.
The global-mean DOT is predicted to be a maximum in
boreal summer, similar to the prediction in present-day
climate (Yue et al. 2010). However, while the maximum
DOT is located over the Sahara Desert in present day,
the highest DOT at the LGM is found over central Asia
where Turan Plain now exists. The extreme aridity and
gustiness over central Asia (Figs. 2c and 2d) contribute
to the formation of this maximum DOT at the LGM.
The DOT in the SH exhibits different seasonal varia-
tion; it reaches maximum and minimum in boreal winter
and summer, respectively. Predicted global- and annual-
mean DOT is 0.077 wm at the LGM, which is 2.4 times
as large as the present-day value (Yue et al. 2010). A
similar ratio of 2.8 was reported by Claquin et al. (2003),
although they predicted a much higher absolute LGM
DOT of 0.14.

TABLE 4. Simulated seasonal variation of global dust emission and
burden (Tg) in present day and the LGM.

MAM JJA SON DJF
Current climate
Total uplift 635.3 790.4 332.6 208.1
Burden 335 44.8 21.9 12.5
LGM climate
Total uplift 1214.3 1681.3 951.0 732.2
Burden 59.0 104.5 60.4 44.7
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b. Dust direct radiative forcing

The dust RF at the LGM is calculated with a ““dou-
ble radiation call”” method as described in Woodward
(2001) and Yue et al. (2010). The simulated SW and LW
RFs of dust aerosol are shown in Fig. 7. At the TOA, the
strong absorption by dust particles leads to positive SW
forcing values over the regions with high surface albedo,
such as deserts and ice sheets in the NH (Fig. 7a). A similar
pattern was also reported by Takemura et al. (2009), al-
though different refractive indices were used in their sim-
ulation. At the surface, dust aerosol greatly reduces the
downward solar radiation over the source regions. The large
negative SW forcing exceeding 10 W m ™ is predicted over
the Sahara Desert and central Asia. The LW forcings of
dust aerosol are positive at both the TOA and surface, with
larger values at the surface than at the TOA. While the
maximum LW heating is as high as +21.0 W m ™ at the
surface, the maximum value at the TOA is +53 W m™ 2.
The presence of mineral dust aerosol in the LGM atmo-
sphere is estimated to exert global- and annual-mean SW
and LW RFs of —0.58 and +0.68 W m ™~ at the TOA and
—4.69 and +1.70 W m ™2 at the surface, respectively.

It should be mentioned that there are large uncertainties
in previously estimated RFs by the LGM dust. Claquin et al.
(2003) reported that the net LGM dust RF at TOA is
—32 W m ? for externally mixed dust (i.e., quartz and
hematite present as separate grains, transported indepen-
dently, yielding the lowest SW absorption) and —2.2 W m >
for internally mixed dust (i.e., quartz coated with hematite,
yielding the highest SW absorption). Takemura et al. (2009)
estimated that the SW and LW direct RFs of dust aerosol at
the LGM are —0.24 and +0.22 W m™? at the TOA, re-
spectively. The uncertainties among different studies arise
from the differences in prescribed or calculated aerosol
concentrations, vertical profiles of dust, estimated dust op-
tical properties, and surface albedo.
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FI1G. 5. Comparison of the predicted dust deposition with the
LGM proxy values at the DIRTMAP sites (gm 2 yr ). Bold solid
diagonal means simulations and observations are in perfect
agreement. Dashed lines indicate that the ratios of simulated value
to observation are 2.0 or 0.5. Thin solid lines indicate that the ratios
of simulated value to observation are 5.0 or 0.2. The scales of the
coordinates are logarithmic. Symbols are as in Fig. 4.

The seasonal variation of predicted dust RF is shown
in Table 5. The maximum RFs of dust aerosol appear in
June-August (JJA), when dust concentrations are the
highest in a year (Table 4). The surface forcings are
about the same in March-May (MAM) and September—
November (SON), corresponding to about the same
dust burdens in these two seasons. The SW forcing at the
TOA shows stronger cooling in SON than in MAM, which
is caused by the difference in seasonal variation in the two
hemispheres. In MAM, dust emission is more active in the
NH, where a large area is covered with ice sheets in the
high latitudes. The high surface albedo in the high lati-
tudes in the NH leads to SW warming at the TOA by dust
aerosol (figures not shown). In the SH, dust concentra-
tions are high during SON (Fig. 6); however, no ice sheets
exist in the mid to low latitudes, resulting in SW cooling by
dust at the TOA (figures not shown). This also explains
why the TOA SW cooling in December—February (DJF)
is stronger than that in MAM, although the global dust
burden in DJF is lower than that in MAM (Table 4).

5. Climatic effect of dust at the LGM

Figure 8a shows the annual-mean SAT responses to
the net (SW+LW) radiative effects of dust at the LGM.
The SW+LW RF of the LGM dust leads to a wide-
spread cooling exceeding 0.3 K over the tropical oceans
(30°S-30°N), with a regional-mean cooling of 0.85 K
over the tropical Atlantic (10°-30°N, 60°~15°W). Such
strong cooling in SST induced by dust helps to explain in
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FIG. 6. Seasonal variations of the predicted LGM dust optical thickness at 0.55 um. The global and seasonal averages
are shown in parentheses.

part the reconstructed cooling in this region (Guilderson
et al. 1994; Wolff et al. 1998). The SATSs are predicted
to increase over North Africa, central Asia, and North
America in the presence of LGM dust, as a result of the
combined effects of dust LW heating and SW absorption
over high-albedo ice and snow (Overpeck et al. 1996).
On a global scale, dust aerosol is predicted to lead to an
annual-mean SAT cooling of 0.18 K, which accounts for
only 5% of the global-mean LGM cooling relative to
present day (Fig. 2a). The net radiative effect of dust even
leads to a general warming over the continents at mid and
high latitudes in the NH. Our result indicates that, with
the assumed optical properties of dust in our LGM.DST
simulation, the consideration of dust direct radiative forc-
ing in our climate model cannot improve the global-mean
underestimate of the severe cold during the LGM.

The dust-induced cooling over the tropical oceans does
not show strong seasonal variation. Over the continents,
the warming is stronger in JJA than in DJF (Figs. 8b and
8c) because of the net positive TOA forcing in JJA (Table
5). As a result, the global-mean SAT shows a smaller
reduction by the LGM dust in JJA than in DJF, although
dust concentrations are the highest in JJA.

The changes in annual-mean precipitation by the LGM
dust are shown in Fig. 9a. The dust-induced cooling over
the oceans inhibits evaporation, leading to a decrease in
global precipitation. The maximum reduction in preci-
pitation occurs over the Atlantic Ocean, where dust par-
ticles from the Sahara Desert have high concentrations.

Precipitation over central Africa is predicted to increase
because the absorption of radiation by dust reverses the
local diabatic heating dominated by longwave cooling and
leads to an anomalous ascent (Menon et al. 2002; Miller
et al. 2004). The pattern of the responses in precipitation to
the LGM dust RF resembles that of the responses to
present-day dust forcing (Yue et al. 2010), except that the
magnitude of the responses during the LGM is much
larger than that in present day.

On an annual- and global-mean basis, the LGM dust
induces a reduction in precipitation by 0.06 mm day .
Over the oceans, the reduction in precipitation is pre-
dicted to be larger in JJA than in DJF as a result of the
largest net surface RF cooling in JJA (Table 5). The
reduction in precipitation by the LGM dust contributes
to the aridity during the glacial period (Fig. 2b). The
changes in precipitation can feed back into the dust cy-
cle; the reduced wet deposition increases the burden of
dust aerosol, especially the burden of small particles
(Yue et al. 2010), which contributes to the strong dust-
induced surface cooling at the LGM.

6. Uncertainties in simulated climatic effect
of the LGM dust

We further quantify the uncertainties in simulated
LGM climatic responses to dust aerosol with the two
additional sensitivity experiments LGM.DST.SW and
LGM.DST.HSSA. Predicted differences in simulated
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FIG. 7. Predicted annual-mean all-sky dust RF (W m™2) at the LGM: (a) SW RF at the TOA, (b) SW RF at the
surface, (c) LW RF at the TOA, and (d) LW RF at the surface. The global-mean RF is indicated in parentheses above
each panel. Solid and dashed lines are positive and negative contours, respectively. Positive values indicate increases

of downward radiation.

annual-mean SAT between LGM.DST.SW and LGM
are shown in Fig. 10a. The omission of dust LW ab-
sorption in LGM.DST.SW leads to a global cooling
of 0.37 K by LGM dust, which is 0.19 K cooler than
that simulated with both SW and LW RFs of dust in
LGM.DST (Fig. 8a). An average cooling of 0.42 Kin SAT
is predicted over the tropical oceans, with the regional-
mean value reaching —1.08 K over the tropical Atlantic.
Over North Africa, central Asia, and eastern Europe, the
dust-induced warming in Fig. 8a is replaced by cooling in
Fig. 10a, indicating that the warming over these regions is
caused by the LW heating of dust. However, the pre-
dicted warming over North America in Fig. 8a still exists
in Fig. 10a, suggesting that the SW absorption by the
LGM dust over the high-albedo ice sheets is the dominant
factor that leads to the warming over North America.
Predicted differences in simulated annual-mean SAT
between LGM.DST.HSSA and LGM are shown in
Fig. 10b. The high SSA in LGM.DST.HSSA reduces the
SW absorption by dust significantly; a strong global-
mean cooling of 0.63 K is predicted in LGM.DST.HSSA
even with both the SW and LW effects of the LGM dust.
The global-mean cooling of 0.63 K accounts for 17% of
the global cooling during the glacial period (Fig. 2a).
Regionally, a maximum cooling of 1.2 K is predicted

over East Asia. Over the tropical oceans, a widespread
reduction exceeding 0.8 K in SAT is predicted over the
Atlantic and Indian Oceans.

The predictions in LGM.DST.HSSA can be further
explained by RF values. With the increase in the SSA
by 10% in LGM.DST.HSSA, the LGM dust leads to
stronger SW cooling at the TOA (Fig. 11a) and weaker
cooling at the surface (Fig. 11b), as compared to Figs. 7a
and 7b, respectively. These changes in dust RF are con-
sistent with the results of Liao and Seinfeld (1998) [the
increase in SSA here is equivalent to the reduction in the
imaginary part of refractive index of dust in Liao and
Seinfeld (1998)]. As a result, the SW RF of dust aerosol
in LGM.DST.HSSA exerts large cooling at the TOA
(Fig. 11a), even over the high-albedo surfaces, such as

TABLE 5. Simulated seasonal variation of the LGM dust RF
(W m™2). Positive values indicate increases of downward radiation.

MAM JJA SON DIJF
TOA
SW —0.38 -0.75 -0.63 —0.57
LW +0.58 +1.18 +0.56 +0.39
Surface
SW —4.00 -7.39 —4.05 -3.31
LW +1.52 +2.68 +1.45 +1.13
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FI1G. 8. Predicted changes in the (a) annual, (b) DJF, and (c) JJA
mean SAT (K) at the LGM induced by SW+LW RF of dust
aerosol. The differences that pass the 95% significance level are
denoted with dots. The globally averaged changes are indicated in
brackets.

deserts and ice sheets. On a global scale, the LGM dust
with the increased SSA of 0.98 exerts SW RF of —1.79
W m2atthe TOA and —3.27 W m™ 2 at the surface. The
net RF of the LGM dust at the TOA becomes a negative
value of —1.11 W m ™2 in this case, which is close to the
value estimated by Mahowald et al. (2006b).

7. Conclusions

We used a global dust model embedded in a GCM to
examine the climatic responses to the direct RF of dust
aerosol at the LGM. The climate model is asynchronously
coupled with the vegetation model BIOMES3 to obtain
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FIG. 9. As in Fig. 8, but for mean precipitation (mm day1).

the glacial vegetation distribution. The predicted LGM
vegetation shows that the cooling and aridity during the
glacial period lead to a widespread decrease in vegetation
and an expansion of dust sources, which favor stronger
dust mobilization together with intensified glacial wind. As
a result, the global dust emission at the LGM is predicted
to be 2.3 times as large as the present-day value. The
percentage increase of dust uplift at the LGM is greatest at
high latitudes in the NH and smallest over the tropical and
subtropical regions in the same hemisphere.

Based on the predicted dust climatology at the LGM,
the DOT and RF of dust are estimated. On an annual-
and global-mean basis, the simulated DOT is 0.077 at
0.55 pm, which is about 2.4 times as large as the present-
day value. At the surface, dust aerosol leads to a negative
SW RF globally, with the maximum cooling located over
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FIG. 10. Predicted changes in the annual-mean SAT (K) in (a)
LGM.DST.SW and (b) LGM.DST.HSSA experiments relative to
simulation LGM. The differences that pass the 95% significance
level are denoted with dots. The globally averaged changes are
indicated in brackets.

North Africa. At the TOA, strong absorption of dust
particles leads to positive SW forcing over high-albedo
surfaces, such as deserts and ice sheets. The predicted
global- and annual-mean SW RF of LGM dust is —4.69
W m ™2 at the surface and —0.58 W m™ 2 at the TOA, and
the LW RF is +1.70 W m ™~ at the surface and +0.68
W m ™2 at the TOA.
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With both the SW and LW radiative effects, the dust-
induced change in annual- and global-mean SAT at the
LGM is predicted to be —0.18 K. An average cooling of
0.85 K is predicted over the tropical Atlantic Ocean.
Over North Africa and central Asia, SAT is predicted to
increase by about 1.0 K in boreal summer but decrease by
about 0.2 K in boreal winter. The cooling by the LGM
dust predicted in this control simulation is smaller overall
than that estimated in previous studies (e.g., Harvey 1988;
Mahowald et al. 2006b; Bar-Or et al. 2008).

The dust-induced cooling over the oceans inhibits evap-
oration, leading to a reduction in precipitation, especially
over the tropical Atlantic and Indian Oceans. The reduc-
tion in precipitation is larger over the oceans than over the
continents. The global- and annual-mean precipitation is
predicted to be reduced by 0.06 mm day ' in the presence
of the LGM dust. As a result, dust direct radiative effect
enhances the aridity at the LGM.

We further examine the uncertainties in estimating the
climatic effect of the LGM dust that may arise from
the consideration of dust LW and/or SW absorption. The
absence of dust LW radiative effect is predicted to further
decrease the LGM global- and annual-mean SAT by
0.19 K. When the SSA of Saharan dust at 0.55 um in-
creases from 0.89 in simulation LGM.DST to 0.98 in
LGM.DST.HSSA, the dust-induced LGM annual- and
global-mean surface cooling increases from 0.18 to 0.63 K
even with both SW and LW radiative effects of the
aerosol, indicating that simulated climatic effect of the
LGM dust is very sensitive to the assumed SSA of dust. In
these two sensitivity experiments, the dust-induced
cooling in SAT over the tropical oceans increase to 0.42
and 0.72 K, respectively.

Although there are uncertainties, our study shows that
the direct radiative effects of dust play an important role
in influencing the cooling and aridity at the LGM.
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FIG. 11. Predicted annual-mean all-sky dust SW RF (W m™?) at the (a) TOA and (b) surface during the LGM
period in the sensitivity simulation LGM.DST.HSSA. The global-mean RF is indicated in parentheses above each
panel. Solid and dashed lines are positive and negative contours, respectively. Positive values indicate increases of

downward radiation.
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Considering that the CLIMAP SSTs used in our simu-
lations may have some warm biases over tropical oceans
and may lead to larger precipitation (or higher wet de-
position of dust), we may the underestimate direct ef-
fects of dust in this work. It also should be noted that the
indirect effect of dust is not considered here. Takemura
et al. (2009) reported that the magnitude of indirect RF
of the LGM dust is larger than that of its direct RF.
Future research needs to include the indirect effect of
dust in LGM climate simulations to better understand
the roles of dust at the LGM.
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