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Abstract During glacial periods, dust deposition rates
and inferred atmospheric concentrations were globally
much higher than present. According to recent model
results, the large enhancement of atmospheric dust
content at the last glacial maximum (LGM) can be ex-
plained only if increases in the potential dust source
areas are taken into account. Such increases are to be
expected, due to effects of low precipitation and low
atmospheric (CO2) on plant growth. Here the modelled

three-dimensional dust fields from Mahowald et al. and
modelled seasonally varying surface-albedo fields de-
rived in a parallel manner, are used to quantify the mean
radiative forcing due to modern (non-anthropogenic)
and LGM dust. The effect of mineralogical provenance
on the radiative properties of the dust is taken into ac-
count, as is the range of optical properties associated
with uncertainties about the mixing state of the dust
particles. The high-latitude (poleward of 45�) mean
change in forcing (LGM minus modern) is estimated to
be small (–0.9 to +0.2 W m–2), especially when com-
pared to nearly –20 W m–2 due to reflection from the
extended ice sheets. Although the net effect of dust over
ice sheets is a positive forcing (warming), much of the
simulated high-latitude dust was not over the ice sheets,
but over unglaciated regions close to the expanded dust
source region in central Asia. In the tropics the change in
forcing is estimated to be overall negative, and of simi-
larly large magnitude (–2.2 to –3.2 W m–2) to the radi-
ative cooling effect of low atmospheric (CO2). Thus, the
largest long-term climatic effect of the LGM dust is
likely to have been a cooling of the tropics. Low tropical
sea-surface temperatures, low atmospheric (CO2) and
high atmospheric dust loading may be mutually rein-
forcing due to multiple positive feedbacks, including the
negative radiative forcing effect of dust.

1 Introduction

Mineral aerosol (dust) in the atmosphere contributes to
the radiative forcing of the present-day climate (Tegen
and Fung 1994; Sokolik and Toon 1996). Deposition
fluxes of dust at the last glacial maximum, LGM
(�21,000 yr BP) were on average 2 to 20 times higher
than modern values over most of the world (e.g.
Thompson and Moseley-Thompson 1981; Rea 1994;
DeAngelis et al. 1997; Petit et al. 1999), indicating a far
higher long-term global atmospheric concentration of
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dust than is observed at present. This study represents a
first attempt to quantify the climatological mean radia-
tive forcing due to dust at the LGM, and considers
possible implications of this forcing for the mechanisms
of glacial–interglacial climate change.

Modern and past accumulation rates of aeolian
material in loess, marine sediments and ice cores provide
a benchmark for numerical simulations of the dust cycle
and its response to climate change (Mahowald et al.
1999). In so far as we can establish agreement between
model results and observations, we can begin to attrib-
ute causes to the changes seen in the palaeorecord of
dust. High levels of dust in the glacial atmosphere could
in principle be explained by changes in atmospheric
circulation (e.g. stronger winds), the strength of the
hydrological cycle (decreased scavenging of dust parti-
cles, Yung et al. 1996), and potential source areas (in-
creased unvegetated or sparsely vegetated regions with
exposed dry soil). Model results by Andersen et al.
(1998) and Mahowald et al. (1999) indicate that changes
in source areas are an essential part of the explanation
for the observed change in dust accumulation rates
between LGM and present. Mahowald et al. (1999) in
particular showed that the magnitude of the change in
observed dust deposition fluxes can be reproduced
when account is taken of the effects of low precipi-
tation, in combination with physiological effects of low
atmospheric (CO2), on terrestrial plant productivity as
simulated by the BIOME3 equilibrium biogeography–
biogeochemistry model. Modelled changes in atmo-
spheric circulation and the hydrological cycle were not
sufficient to explain the observations, unless consequent
changes in vegetation between LGM and present were
allowed to influence the potential dust source regions.
The simulations of Mahowald et al. (1999) succeeded in
matching many specific geographic features of the LGM
and modern dust distributions, including the large high-
latitude amplification of the glacial–interglacial differ-
ence in aeolian fluxes, evident in records from the polar
ice caps (e.g. DeAngelis et al. 1997; Petit et al. 1999). The
three-dimensional dust fields as simulated by Mahowald
et al. (1999) provided the starting point for the present
study.

Radiative forcing by dust depends on aerosol optical
properties (a function of particle size distribution and
refractive index) and the albedo of the underlying sur-
face, including liquid cloud cover (Quijano et al. 2000).
The top-of-the-atmosphere (TOA) forcing due to dust is
generally negative (implying potential cooling) because
of short wave backscattering, but it can reach positive
values (implying potential warming) when the underly-
ing surface albedo is high, or when the absorption of
short- and longwave radiation by the aerosol particles is
substantial. Because of the likely sensitivity of radiative
forcing by dust to changes in land surface conditions
between LGM and modern conditions, we simulate
seasonally varying fields of modern and LGM land-
surface albedo that are consistent with the vegetation
patterns obtained by Mahowald et al. (1999). We use

these simulated fields in the radiative calculations. The
largest uncertainty concerning aerosol optical properties
however stems from the scarcity of atmospheric mea-
surements documenting the relationship between min-
eralogical composition of particles and their radiative
properties (Tegen and Lacis 1996; Claquin et al. 1998;
Sokolok and Toon 1999). Our calculation of radiative
forcing takes into account the influence of mineralogical
provenance on dust optical properties (Claquin et al.
1999). We also consider the different optical properties
possible due to different mixing states of the minerals,
particularly the disposition of haematite. The presence
of haematite can significantly increase the optical ab-
sorption of dust particles by forming an internal mix-
ture, in which this dark-coloured mineral tends to form a
coating over the particle surface. We therefore make
bounding calculations, using the alternatives of external
mixing (i.e. all minerals separate), and internal mixing of
haematite.

2 Methods

2.1 Climate, vegetation and potential dust source regions

The BIOME3 model (Haxeltine and Prentice 1996) was used to
simulate dust source regions. BIOME3 is an equilibrium biogeog-
raphy model that predicts the large-scale distribution of major
terrestrial ecosystem types (biomes) as a function of climate, soil
properties and atmospheric (CO2). In BIOME3, an initial ‘‘sieve’’
selects the plant functional types (PFTs) that can occur in a given
environment, based on specific tolerances (such as the low tem-
perature limits for different frost resistance mechanisms). Then, for
each grid cell, the model computes multiple values of annual net
primary production (NPP). These values correspond to different
assumptions about the dominant PFT and its leaf area index (LAI).
The NPP calculations are based on a mean seasonal cycle of
photosynthesis and plant respiration. Leaf-level photosynthetic
capacity is determined according to optimal nitrogen allocation
theory. Photosynthesis is calculated using a simultaneous solution
of the biochemical (Farquhar) and diffusion equations. Stomatal
conductance satisfies both the Monteith (1995) parametrization of
the relation between evapotranspiration and bulk surface conduc-
tance, and a representation of evapotranspiration as the lesser of
the atmospheric water ‘‘demand’’ (Monteith 1995) and the soil
‘‘supply’’, a linear function of volumetric soil moisture and a PFT-
dependent maximum transpiration rate. PFTs differ in several
further parameters including phenological rules, photosynthetic
pathway, and parameters affecting the inhibition of photosynthesis
at high and low temperatures. The PFT selected as dominant, and
the associated values of NPP and LAI, correspond to the combi-
nation of PFT and LAI that produces the largest NPP and is
therefore considered the most competitive, with the proviso that
tree PFTs are assumed to outcompete herbaceous PFTs wherever
soil moisture and NPP are sufficient for forest growth. A set of
empirical rules finally translates information on the dominant and
subdominant PFTs and their relative NPP values into a biome
assignment.

The modern vegetation distribution was obtained with BIOM-
E3 using an observed modern climatology. A scenario for the LGM
climate was obtained by an anomaly method, as described in
Mahowald et al. (1999). That is, for each monthly climate variable,
differences between mean values simulated by an atmospheric
model for LGM and modern conditions were used to perturb the
observed modern climatology. This procedure, widely used in cli-
mate impact studies, is designed to eliminate the direct influence of
biases in the atmospheric model’s simulation of modern climate. It
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also allows a rough downscaling by simple interpolation from cli-
mate anomaly values at the grid of the atmospheric model to the
finer (0.5�) grid of BIOME3. This downscaling is artificial, in the
sense that it cannot produce reliable fine-scale boundaries, but it is
nevertheless useful in the present context because the complexity of
topography, the relatively small extent of dust sources, and the
nonlinear (threshold) relation between dust deflation and vegeta-
tion density, could combine to give unstable estimates of source
areas if all calculations were made on the atmospheric model grid.
The estimated source areas, computed as a Boolean field at the 0.5�
grid, are subsequently upscaled again as fractional areas at a coarse
grid scale for modelling atmospheric transport.

In the modern case, the CLIMATE 2.0 (W. Cramer personal
communication 1998) data set was used to provide the driving data
for BIOME3. CLIMATE 2.0 is a 0.5� gridded climatology of
monthly mean temperature, precipitation and fractional sunshine
hours, which has been extensively used for terrestrial ecosystem
modelling and model intercomparisons. CLIMATE 2.0 is an up-
date of the published Leemans and Cramer (1991) climatology, but
it is based on a much larger weather-station data set. Also, unlike
Leemans and Cramer (1991), CLIMATE 2.0 uses a three-dimen-
sional interpolation technique (piecewise thin-plate smoothing
splines) to adjust each monthly climate variable for elevation ef-
fects. The resulting vegetation map produced with BIOME3 sub-
stantially agrees with present-day patterns of potential natural
vegetation (Haxeltine and Prentice 1996).

The LGM climate scenario was derived from the ECHAM3
atmospheric general circulation model (AGCM under the Palaeo-
climate Modelling Intercomparison Project (PMIP) protocol (Pinot
et al. 1999). The LGM boundary conditions specified by the PMIP
protocol are as follows: 21,000 yr BP insolation (Berger and Loutre
1991), CLIMAP sea-surface temperatures (CLIMAP Project
Members 1981), ICE-4G ice-sheet extent, height and sea-level
equivalent (Peltier 1994), and atmospheric (CO2) set to 200 ppm.
The atmospheric (CO2) prescribed to BIOME3 was also lowered to
200 ppm in order to account for the effects of low (CO2) on pro-
ductivity and canopy conductance, which limit the sustainable LAI
in any given climate (Cowling 1999). The resulting LGM vegetation
map shows generally satisfactory agreement with LGM vegetation
patterns reconstructed from pollen and plant macrofossil data as
part of the International Geosphere–Biosphere Programme project
BIOME 6000 (Kohfeld and Harrison 2000; Prentice et al. 2000).

Potential dust source regions are regions in which vegetation is
sparse due to inadequate moisture supply, and/or inadequate
warmth. Sparse vegetation is indicated in BIOME3 by low values
of LAI. When moisture supply is limiting, LAI is low because the
advantage of higher LAI in increasing light capture is outweighed
by the adverse effect of increased water use. When temperature is
limiting, LAI is low because the potential growth is inadequate to
sustain a higher leaf biomass. We defined the dust source areas as
being all 0.5� grid cells where computed annual-maximum leaf area
index (LAI) <0.35 (for tropical or temperate biomes), or <0.20
(for cold biomes). The LAI threshold for cold biomes is lower so as
to compensate for a known tendency of BIOME3 to underestimate
NPP at low temperatures. Within these potential dust source re-
gions, monthly maximum soil moisture criteria for dust deflation
on sand, silt and clay soils were defined in terms of relative soil
moisture content of the uppermost soil layer (W/Wmax) as 0.2, 0.25
and 0.5 respectively, following Tegen and Fung (1994). These
choices of threshold values for LAI and W/Wmax give an acceptable
simulation of the large-scale patterns of present-day natural
sources of dust (Mahowald et al. 1999).

2.2 Dust deflation and transport

The offline atmospheric tracer transport model TM3 (Heimann
1995; Schulz et al. 1998) was used to simulate global dust transport.
TM3 has 3.75� · 5.0� horizontal resolution and 19 vertical levels.
Tracer advection is computed using the slopes scheme (Russell and
Lerner 1981) and mixing is computed for dry and moist convection.
Wind speeds (u) for modern and LGM climates were read in from

ECHAM3 at 12 h intervals. Dust deflation was taken as propor-
tional to u3 for u> 5 m s–1, and proportional to the fractional area
of each grid cell occupied by active dust sources. Snow cover was
assumed to suppress deflation. Dust was removed from the atmo-
sphere by both dry and wet deposition (Mahowald et al. 1999).
Total global dust emission by soils was adjusted to 3 Pg yr–1 (see
Tegen and Fung 1994 for a discussion of the 0.2 to 5 Pg yr–1 range
found in the literature).

Transport modelling for dust has to take account of the fact
that dust particles vary in size over several orders of magnitude.
This aspect was dealt with in a computationally efficient manner
using the spectral scheme of Schulz et al. (1998), assuming a log-
normal particle-radius distribution with a standard deviation of
2.0. The mean of the distribution is allowed to vary during trans-
port. This scheme has been shown to give results as accurate as
those from ‘‘bin’’ schemes (in which the aerosol is treated as being
composed of a number of fixed size classes) while producing a
severalfold gain in computational efficiency (Schulz et al. 1998),
provided that attention focuses on grains of radius <10 lm, which
are overwhelmingly dominant in determining the radiative forcing
due to airborne dust.

2.3 Surface albedo

Monthly sea-surface albedo values were obtained directly from
ECHAM3. To account for the effect of simulated vegetation
changes on land-surface albedo, we modelled land-surface albedo
based on the modern and LGM climatologies and on biome dis-
tributions from BIOME3. Generic values of vegetation (Av) and
ground (Ag) albedos and vegetation roughness length (zov) were
prescribed for each biome. Snow albedo (As) was assumed to de-
cline exponentially with time, due to melting, whenever daily sur-
face temperatures exceed –2 �C (Haxeltine and Prentice 1996).
Under freezing conditions the albedo of snow was assumed to
decline linearly due to ageing, following the parametrization of
Douville et al. (1995a, b). Fractional areas of vegetation and bare
ground were estimated from modelled LAI, using Beer’s law.
Snow-covered fraction of vegetation was estimated on a daily time
step as Hs/(Hs + 5zov), where Hs is snow depth (m). Snow-covered
fraction of bare ground was estimated as Ws/(Ws + 50) where Ws

is snow water equivalent (mm) (Douville et al. 1995a, b). The grid
cell albedo was obtained as the area-weighted average of Av, Ag and
As. This approach to modelling snow cover and surface albedo has
been tested (Roelandt, 2002 in press) against ERBE observations
for albedo (Barkstorm et al. 1990) and with the ETAC data set for
snow (Foster and Davy 1988). Zonal mean albedo values simulated
in this way underestimate the ERBE-derived annual average albedo
slightly (by 1 to 4%), while showing good agreement with the
observed seasonal cycle. Simulated snow cover is slightly too per-
sistent on the Northern Hemisphere land masses during spring
(April to June), and otherwise shows good large-scale agreement
with the ETAC data.

2.4 Optical properties and radiative forcing due to dust

For each grid cell of the TM3 model, the average dust mineralogy
was calculated (Claquin 1999) based on a previous modelling study
(Claquin et al. 1999) of the mineralogical composition of desert
soils. Six minerals with distinct optical properties, i.e. quartz, cal-
cite, haematite, illite, kaolinite and smectite, were considered. Dust
mineralogy was assumed to be largely determined by soil parent
material, and to have remained constant between the LGM and
present.

Refractive indices for the minerals are presented in Claquin
(1999). The single scattering albedo (x) of dust is largely deter-
mined by the content of haematite and goethite, both of which
absorb strongly in the visible waveband. When minerals are
considered as an external mixture the single scattering albedo of
dust is estimate to be on average 0.99 (0.98 to 1.00) over most
regions. When the minerals are considered as an internal mixture,

Claquin et al.: Radiative forcing of climate by ice-age atmospheric dust 195



with 3% haematite uniformly coating the grain of dust, the av-
eraged value for x decreases to 0.94 due to the larger surface area
of haematite. Thus, the single scattering albedo of dust is esti-
mated to lie within the range 0.94 to 0.99. These values are higher
than those used in previous work (0.85–0.95), based on the work
of Patterson (1981) and Volz (1973). The values we now compute
for x are consistent with a recent observational study on Saharan
dust (Kaufmann et al. 2001). They measured reflectance by
Saharan dust from Landsat 5 and extinction at the ground
by sunphotometer measurements from the AERONET network.
They obtained x = 0.97 at 640 nm, compared to older estimates
�0.87at the same wavelength.

Radiative forcing at the top-of-the-atmosphere was computed
taking into account both solar (0.3 to 4 lm) and infrared radiation
(>4 lm) (Fouquart and Bonnel 1980; Morcrette and Fouquart
1985; Morcrette et al. 1986). The radiative code is based on a two-
stream approximation and covers the infra-red and visible spectra
in eight bands (Claquin et al. 1998). The infrared model is com-
posed of six spectral bands. For each of these bands the fluxes are
tabulated using the highly resolved code described in Morcrette and
Fouquart (1985). Cloud, humidity and temperature fields for the
radiative calculation were read in directly from ECHAM3 for both
LGM and present.

2.5 Dust accumulation rates: the DIRTMAP data set

The DIRTMAP data set (Mahowald et al. 1999; Kohfeld and
Harrison 2000, 2001) as used in this work contains 363 modern or
LGM observations of the mass accumulation rate (MAR) of aeo-
lian mineral material in marine and ice cores, or on land in the form
of loess. The MAR in marine cores was defined as the product of
bulk density, sedimentation rate and terrigenous fraction. Non-
carbonate accumulation rates from Catubig et al. (1998) were
included. In certain regions these may be inflated by the presence
of marine biogenic SiO2 (opal); however, exclusion of these data
within the region over which opal is preserved at depth was found
not to materially affect the patterns of MAR.

3 Results

3.1 Dust loading: simulated optical depth
and observed accumulation rates

The three-dimensional dust fields of Mahowald et al.
(1999) were used to generate estimates of total column
optical depth at 550 nm (s550) (Figs. 1, 2a–c). Modelled
s550 in the modern climate shows a large peak in the
northern subtropics, shifting by about 10� of latitude
with the seasonal movement of the subtropical anticy-
clone and intertropical convergence zone (Fig. 1c). This
behaviour is in good agreement with satellite measure-
ments (Husar et al. 1997; Hermann et al. 1997).
Figure 1c also indicates 14-year average locations of
seasonal maxima in the absorbing aerosol index derived
from the Total Ozone Mapping Spectrometer satellite
instrument (TOMS AI) (Hermann et al. 1997). The
magnitude of the TOMS AI depends on optical depth,
aerosol height and optical properties, and clouds;
however, even with partial cloud cover, the presence of
absorbing aerosol can be detected. The TOMS AI signal
in the northern subtropies and tropics is dominated
by dust.

Modelled annual mean s550 for the LGM was
greater than modern at all latitudes (Figs. 1b, 2a–c). The

Fig. 1 Zonal averages: a observed modern and LGM dust
accumulation in loess, marine sediments and ice, from DIRTMAP.
b Modelled annual-mean optical depths due to natural dust
sources. c Modelled seasonal mean optical depths for the modern
climate. The arrows indicate the average 1979–1992 location of
seasonal maxima in the absorbing aerosol index derived from the
Total Ozone Mapping Spectrometer satellite instrument (Herman
et al. 1997). d Optical depths calculated from the seasonally
invariant dust fields used in earlier model sensitivity tests for the
possible impact of LGM dust
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latitude of the simulated dust maximum changed little,
but the zone of simulated maximum dust loading at the
LGM was extended by about 7 to 8� towards the south.
This equatorward extension of the dust plume is con-
firmed by offshore dust records (e.g. Sarnthein et al.
1981; Ruddiman 1997). An additional simulated dust
peak appears in the southern mid-latitudes due to the
enlargement of the Patagonian and Australian deserts
(both features confirmed by pollen and geomorphic ev-
idence: Markgraf 1993; McTainsh and Lynch 1996) and
stronger simulated winds.

These simulated zonal patterns and their changes
between LGM and modern climates are consistent
with the zonal patterns of observed recent and LGM
dust accumulation rates (Figs. 1a, 2d,e). Observations
support the geographic features seen in the simulated
dust fields (Fig. 2d), including increased offshore
transport from the Sahara (Kolla et al. 1979; Ruddi-
man 1997) and Australia (Hesse 1994) during the
LGM, and an enhancement in the amount of dust
transported from central Asia to high northern lati-
tudes (Rea and Leinen 1988; Biscaye et al. 1997;
Fig. 2e). General consistency between the simulated
increase in dust source areas and the palaeovegetation
evidence for widespread LGM aridity in the tropical
continents (Farrera et al. 1999) suggests that the sim-
ulation of generally increased dust loadings in the
tropics is reasonable. Dust accumulation rate data
(Fig. 2e) support this finding for the Arabian Sea and
the tropical Atlantic, where data are abundant. We are
however lacking data from some tropical regions
where the model shows large increases in dust loading,
notably southeast Asia, southern Brazil and the
equatorial Pacific.

Dust accumulation rate data from the Southern
Hemisphere tropics are sparse. However, based on the
limited data available, the overall magnitude of the
Southern Hemisphere dust peak at the LGM appears
to be overestimated by the simulation. In particular,
the Australian dust source is overestimated. Dust in
East Antarctic ice cores has been attributed to Pata-
gonian sources (Basile et al. 1997), whereas in our
simulation as much as half of the dust deposited at
these sites originates from Australia. Although the
provenance of dust in West Antarctica is not yet
determined, quartz accumulation rates northwest of
Australia (Kolla and Biscaye 1977) and dust accumu-
lation rates in the Tasman Sea (Hesse 1994) suggest
that LGM deposition rates exceeded present rates by a
factor of 3 to 8. The model results indicate increases
by a factor of 20 to 200. Comparison with palaeo-
vegetation data for the LGM (Pickett et al. submitted)

Fig. 2 Modelled annual mean optical depths due to natural dust
sources for a modern climate, b LGM climate, c ratio LGM/
modern. The modelled ratios of dust deposition d can be compared
with e observed LGM/modern ratios of dust deposition rates, from
DIRTMAP

b
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confirms that Australian aridity was exaggerated in
these simulations, due to underestimation of pre-
cipitation by ECHAM3 and/or underestimation of
the water holding capacity of some soil types in
BIOME3.

Figure 1d illustrates dust optical depth fields used in
earlier sensitivity studies on the potential effects of LGM
dust (Harvey 1988; Overpeck et al. 1996). Comparison
with Fig. 1a immediately reveals that both studies
greatly over-represented the amount of dust in the high
northern latitudes relative to the tropics and subtropics
(see also Table 1). According to our simulations
(Figs. 1, 2), although the dust accumulation rate over
(for example) Greenland was greatly amplified at LGM
(consistent with ice-core records), the absolute atmo-
spheric dust loading was still very small, and was slight
compared with regions nearer to the major sources of
dust.

3.2 Factors modifying the radiative effects of dust:
particle size distribution and surface albedo

Simulated particle size distribution in regions distant
from the major dust sources did not change substan-
tially between LGM and modern climates (mass
median diameter �2 l min both regimes). Greenland
ice-core data confirm that modal particle diameter
changed by less than 0.3 lm between LGM and
modern regimes (Steffensen 1997). Marine sediment
data lead to the same conclusion, showing no signifi-
cant correlation between flux density and particle size
of aeolian material on glacial–interglacial time scales
(Rea 1994).

The simulated surface albedo field (not shown)
changed substantially, however, due to the presence of
large ice sheets, extended sea ice, increased duration of
snow cover, and exposure of continental shelf regions
at the LGM. Vegetation changes, including large
reductions of forest area and increases in tundra,

steppe and desert biomes (consistent with observations
as summarized e.g. by Prentice et al. 2000), further
modified the surface albedo. As a result of these
changes, simulated continental-surface albedo values
were on average appreciably higher than modern val-
ues at high latitudes, and slightly higher even in the
tropics.

3.3 Simulated radiative forcing by dust

We performed three main experiments as follows:

1. In experiment 1, all minerals were assumed to be
externally mixed (i.e. quartz and haematite present
as separate grains, transported independently),
yielding the lowest radiation absorption, and there-
fore the most negative TOA forcing (largest poten-
tial cooling). This assumption likely represents a
lower limit of absorption.

2. Experiment 2 assumed internal mixing of haematite
(i.e. grains coated with haematite), which yields the
highest radiation absorption, and therefore the
strongest tendency toward positive TOA forcing
(poential warming) over bright surfaces. This
assumption likely represents an upper limit of
absorption.

These two experiments bracket the most important
uncertainty concerning the optical properties of mineral
aerosol.

3. Experiment 3 assumed external mixing, like experi-
ment 1, but optical depths over the Australian sector
(60–180�E, 0–90�S) were reduced by a factor of 4.5.
This rescaling renders the mean simulated LGM
dust MAR over the seas surrounding Australia ap-
proximately equal to the mean observed rate based
on marine sediment cores in the same region. This
change is expected to lead to a somewhat more re-
alistic estimate of the radiative forcing due to LGM
dust in the affected region.

Table 1 Modelled annual and zonal mean optical depths and radiative forcing – summary of results. (D = LGM minus modern)

Latitude
band

Optical depth (s550) TOA forcing (W m–2)

This study Overpeck
et al. (1996)

Effect of dust Other effects Hewitt
and Mitchell (1997)

Modern LGM LGM Modern
(Exp 1)

LGM
(Exp 1)

D (Exp 1)
External
mixing

D (Exp 2):
Internally
mixed
haematite

D (Exp 3):
Australia
dust
reduced

D (Exp 4):
Surface
albedo
unchanged

D low
[CO2]

D Insolation
and albedo

45–90�N 0.00 0.07 0.08 –0.1 –1.0 –0.9 –0.3 –0.9 –1.2 –1.5 –18.8
15–45�N 0.13 0.19 0.07 –2.7 –4.2 –1.5 –0.8 –1.4 –1.9 –1.7 –3.7
0–15�N 0.14 0.26 0.04 –4.5 –7.7 –3.2 –2.3 –3.2 –3.8 –1.8 –2.0
0–15�S 0.01 0.13 0.00 –0.2 –3.5 –3.3 –2.1 –2.0 –3.7 –1.8 –2.0
15–45�S 0.01 0.15 0.01 –0.2 –2.9 –2.7 –1.1 –1.0 –3.1 –1.8 –2.0
45–90�S 0.00 0.02 0.00 0.0 –0.3 –0.3 +0.2 –0.3 –0.4 –1.5 –4.5
Global 0.05 0.14 0.03 –1.2 –3.2 –2.0 –1.0 –1.4 –2.3 –1.7 –5.2
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In addition, we performed a sensitivity test:

4. Experiment 4 assumed external mixing, like experi-
ment 1, but used modern surface albedo to compute
the LGM radiative forcing. This experiment was
designed to quantify the effect of surface albedo
changes on the radiative forcing due to dust.

At high latitudes, the simulated annual average
change in radiative forcing, LGM minus modern
(Table 1; Fig. 3) in experiment 1 was negative:
–0.9 W m–2 poleward of 45�N and –0.3 W m–2 pole-
ward of 45�S. Experiment 2 also showed negative
forcing in northern high latitudes, albeit smaller
(–0.3 W m–2 poleward of 45�N), and showed a small
positive forcing in southern high latitudes (+0.2 W m–2

poleward of 45�S). These results suggest that the mean
LGM dust loading in the high latitudes produced a
relatively minor, and probably overall negative, radia-
tive effect. Recent work suggesting a somewhat reduced
extent of continental (Moller et al. 1999) and sea
(Weinelt et al. 1996; Crosta et al. 1998a, b) ice at the
LGM implies a smaller ‘‘bright’’ area and therefore
points in the direction of still more negative forcing
by dust in the zonal average at high latitudes. The
simulated forcing over the ice sheets themselves is
nevertheless consistently positive, as in the model
experiment of Overpeck et al. (1996).

Over the tropics, the simulated radiative forcing of
the LGM climate is of much larger magnitude than the
forcing in high latitudes. The LGM radiative forcing is
estimated to be –2.2 to –3.2 W m–2 more negative than
present (based on experiments 1 and 2, to bracket the
mixing assumptions) when averaged between 15�N and
15�S (Table 1). Both experiments show coherent struc-
ture with some areas showing very large negative
anomalies (locally < –20 W m–2 over some ocean re-
gions), and other areas with (generally smaller) positive
anomalies (> +5 W m–2 over some desert regions)
(Fig. 3). The simulated spatial patterns are similar in the
two experiments, but experiment 2 with internal mixing
of haematite shows generally weaker negative forcing
anomalies, and a larger area with positive anomalies.

Experiment 3 with reduced dust in the Australian
sector shows about 40% smaller negative forcing south
of the equator. The tropical average effect of dust
in the externally mixed case is reduced from –3.2 to
–2.6 W m–2.

Experiment 4 quantifies the importance of surface
albedo changes on the radiative forcing due to dust. These
changes reduce the magnitude of negative forcing at all
latitudes, but the consequences are shown to be minor
compared to the first-order radiative effects of dust.

4 Discussion

4.1 Interannual variability and the role
of dust over ice sheets

Comparison of estimated radiative forcing anomalies
due to features of the LGM environment apart from
dust (Table 1; Hewitt and Mitchell 1997) shows that in
high latitudes, the zonal average radiative forcing due to
dust was one to two orders of magnitude smaller than
the large negative (albedo) forcing due to more extensive
snow and sea-ice cover and the presence of large conti-
nental ice sheets. This result appears superficially to
conflict with that of Overpeck et al. (1996). They applied
a uniform, enhanced dust cloud selectively over the
LGM ice sheets, and they showed the resulting potential
for a destabilizing warming due to dust. However, our
results agree with Overpeck et al. (1996) to the extent
that both studies show the sign of the radiative forcing
due to dust over the ice sheets to be positive.

Further, we set out to simulate mean conditions
during a period of two millenia around the LGM.
Overpeck et al. (1996) in contrast set out to test the
maximum effect of dust ‘‘spikes’’ as observed in the
Greenland ice-core record. Some of these spikes show
deposition enhanced by a further order of magnitude,
for a period of years to decades, compared with the
LGM baseline. The causes of this large interannual/
interdecadal variability in Greenland dust have not been
firmly established. For example, although our results
show relatively little dust over the Laurentide and
Scandinavian ice sheets and greater dust loadings over

Fig. 3 Modelled annual mean difference in radiative forcing at the
top of the atmosphere (TOA), LGM minus modern, based on the
optical depth fields in Fig.2. a experiment 1, assuming external
mixing of minerals in the aerosol. b Experiment 2, assuming
internal mixing of haematite
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unglaciated Siberia due to the proximity of major dust
sources in Central Asia (Fig. 2), we do not know
whether any mechanism exists that could transport
sufficient dust over the Laurentide ice sheet over a period
of years to decades to meet the requirements of the
Overpeck et al. (1996) hypothesis. Future modelling
work could usefully attempt to determine the possible
causes and characteristics of the dust spikes observed in
high latitudes during glacial times.

4.2 Dust and climate change in the tropics

Over the tropics, the simulated negative radiative forcing
of the LGM climate by dust is much larger than in the
high latitudes, due to the high absolute concentrations of
dust and the more extensive ocean areas underneath.
The forcing is comparable in magnitude to the negative
forcing due to lowered atmospheric CO2. Our simulated
numerical values have considerable uncertainty, in part
because available dust deposition data do not allow us
to evaluate simulated large dust loading and radiative
forcing over e.g. SE Asia and the eastern equatorial
Pacific. If the large dust increases we predict over these
areas were not upheld by observations then the esti-
mated magnitude of the tropical dust effect would have
to be lowered. Nevertheless, our simulation results in-
dicate that the potential contribution of dust to radiative
forcing over the tropics is too large to be ignored. This
conclusion holds independently of the assumptions
made in the different model experiments concerning the
mineral mixing state, the strength of the Australian dust
source, and the effect of vegetation changes on surface
albedo. Recently compiled LGM marine and terrestrial
records are converging on an estimated tropical sea-level
cooling �–3 K (Sonzogni et al. 1998; Farrera et al.
1999). A significant proportion of this cooling may be
attributable to dust.

Negative radiative forcing by dust does not translate
directly into cooling of the surface climate. The potential
surface cooling due to radiative forcing by the additional
LGM dust can be roughly bracketed, by applying
modelled tropical climate sensitivities (surface tempera-
ture change per unit radiative forcing, in K W–1 m2).
Using the full range of tropical climate sensitivities es-
timated from LGM simulations performed for the Pal-
aeoclimate Modelling Intercomparison Project (PMIP)
(Pinot et al. 1999), together with the uncertainty range in
the forcing from experiments 1–3, we estimate that the
dust-induced LGM cooling relative to present over the
30�S to 30�N band lies within the bounds –0.8 to –7 K.
These actual values are intrinsically unlikely, and the
large value of –7 K especially would be hard to reconcile
with observations (Sonzogni et al. 1998; Farrera et al.
1999). However, this calculation emphasizes the inherent
uncertainty in translating radiative forcing into surface
cooling. The release of absorbed energy in the tropo-
sphere may also have contributed to reducing convec-
tion (Miller and Tegen 1998; Mohalfi et al. 1998) and

precipitation (Hansen et al. 1997) in the tropics. Current
understanding of the impact of aerosols on tropical cli-
mates likely does not permit a precise quantification of
these effects. Progress should be possible nevertheless, by
including dust as an active tracer in atmospheric general
circulation models, thus closing the feedback loop link-
ing the physical climate to vegetation and dust deflation.
We present results here in terms of radiative forcing
alone, recognizing that future work must include at-
tempts to simulate the full set of climatic consequences
and feedbacks.

4.3 Possible feedbacks among dust, sea-surface
temperatures and atmospheric [CO2]

Cold ocean surface conditions and low atmospheric CO2

are mutually reinforcing, because of the radiative forcing
effect of CO2 and the effect of temperature on the
solubility of CO2 in surface seawater. Both factors sep-
arately contribute to the conditions favouring extensive
dust sources (Mahowald et al. 1999). A cold ocean
surface generates less precipitation on land, while CO2 at
LGM levels reduces the ratio of plant carbon fixed to
water transpired, lowering the sustainable vegetation
density in water-limited ecosystems (Farrera et al. 1999;
Mahowald et al. 1999). Extensive dust sources in turn
may help to maintain low sea surface temperatures in the
tropics by radiative mechanisms as shown here, and may
be instrumental in maintaining low CO2 by providing Fe
to fertilize marine ecosystems and promote export pro-
duction in the Southern OceanOcean (Martin 1990;
Lefévre and Watson 1999; Watson et al. 2000). Our
results therefore support the notion that ice sheets, sea-
surface temperatures, dust and CO2 may be linked
through multiple positive feedbacks. In order to further
quantify and evaluate this idea, it will be necessary to
include atmospheric dust as a fully interactive compo-
nent of Earth system models with biogeochemical as well
as physical components.
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