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ABSTRACT

The temperature anomaly and dust concentrations recorded from central Antarctic ice core records
display a strong negative correlation. The dust concentration recorded from an ice core in central Antarctica
is 50–70 times higher during glacial periods than interglacial periods. This study investigated the impact
of dust aerosol on glacial–interglacial climate, using a zonal energy balance model and dust concentration
data from an Antarctica ice core. Two important effects of dust, the direct radiative effect and dust-albedo
feedback, were considered. On the one hand, the direct radiative effect of dust significantly cooled the
climate during the glacial period, with cooling during the last glacial maximum being as much as 2.05◦C in
Antarctica. On the other hand, dust deposition onto the ice decreased the surface albedo over Antarctica,
leading to increased absorption of solar radiation, inducing a positive feedback that warmed the region by
as much as about 0.9◦C during the glacial period. However, cooling by the direct dust effect was found
to be the controlling effect for the glacial climate and may be the major influence on the strong negative
correlation between temperature and dust concentration during glacial periods.
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1. Introduction

During the Late Quaternary, dust concentrations
recorded from central Antarctic ice cores fluctuated
substantially and were 50–70 times higher during
glacials and stadials than during interglacials and in-
terstadials (Imbrie et al., 1989; Petit et al., 1999; Fis-
cher et al., 2007; Petit and Delmonte, 2009). The
relationship between the glacial–interglacial climate
and dust has been studied previously (Lambert et al.,
2008; Harrison and Goñi, 2010) and a tight coupling
between Antarctic atmospheric dust aerosol and cli-
mate has been corroborated (Lambert et al., 2008;
Röthlisberger et al., 2008). Wang et al. (2006) found
a strong negative correlation between the frequency of
dust events and air temperature over the northern Ti-
betan Plateau of China, reflected in the Malan ice core
record. The loess record also shows a similar relation-

ship between dust and air temperature (Zhang et al.,
1997).

Dust may affect the glacial–interglacial climate di-
rectly by scattering and absorbing both solar and ter-
restrial radiation (Charlson et al., 1992; Aoki et al.,
2005; Hayasaka et al., 2006; Wang et al., 2010; Liu et
al., 2011), which is termed the “dust direct effect”.
However, dust also has indirect and semi-direct ef-
fects on cloud properties (Ackerman et al., 2000; Ra-
manathan and Crutzen, 2003; Nakajima et al., 2003;
Huang et al., 2006a, b, c, 2007; Stith et al., 2009;
Huang et al., 2008, 2009, 2010). With the fluctuation
in the glacial–interglacial climate, two further impor-
tant effects may occur. Firstly, dust from the lower
and higher latitudes (Prospero et al., 2002; Crucius et
al., 2011) contains iron (Fe), which in its soluble form
is an essential micronutrient for marine biota. Conse-
quently, dust nutrient inputs to the oceans could in-
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crease the drawdown of CO2 from the atmosphere to
the ocean, which could cool the atmosphere (Ridgwell
and Watson, 2002; Zeng, 2007). And secondly, the
dust deposited on the surface of glaciers absorbs solar
radiation, which changes the ice albedo, thereby in-
creasing the rates of glacial melting (Warren and Wis-
combe, 1980; Peltier and Marshall, 1995; Calov et al.,
2005; Bar-Or et al., 2008; Xu et al., 2009).

Many studies have attempted to identify the direct
effect of dust on the glacial–interglacial climate (Har-
vey, 1988; Kiehl and Briegleb, 1993; Overpeck et al.,
1996; Andersen and Ditlevsen, 1998; Claquin et al.,
2003). Mahowald et al. (2006) suggested that globally
averaged dust loadings changed by +88% during the
last glacial maximum (LGM), which generated glob-
ally averaged dust radiative forcing at the top of at-
mosphere of –1 W m−2 and decreased global mean
surface temperature by approximately 0.85◦C relative
to the current climate. Estimates of glacial dust radia-
tive forcing vary from –3 to +0.1 W m−2. Schneider
von Deimling et al. (2006a, b) reported that a failure
to account for the impact of glacial dust and vegeta-
tion cover generates an underestimation of global cool-
ing during the LGM of about 1.5◦C. Harvey (1988)
also used an energy balance climate model to show
that plausible increases in the atmospheric aerosol op-
tical depth during the LGM could have created a fur-
ther global mean cooling of 2◦C–3◦C. Simultaneously,
many concerns regarding the albedo effect of dust de-
position have been raised, with Peltier and Marshall
(1995) describing the dust effect on snow albedo during
glacial periods as a multiplicative constant that accel-
erates the ablation rate of ice sheets. However, major
uncertainties still remain in the detailed understand-
ing of past and future dust-albedo feedbacks (Ridgwell
and Watson, 2002; Mahowald et al., 2006).

This paper examines the reason for the negative re-
lationship between the temperature anomaly and dust
concentration and investigates two major dust effects:
the direct radiative effect, and dust-albedo feedback.
We report upon work using a one-dimensional energy
balance model and dust concentration records from the
Vostok ice core in central Antarctica. The contribu-
tion of dust to the Antarctic climate during the last
glacial–interglacial cycle was then compared with the
effects of other forcings such as orbital changes and
variation in the emission of greenhouse gases (GHGs).

2. Model and experimental design

The energy balance model (EBM) used here is a
typical zonally averaged energy balance model. The
climate calculations can be executed for only one hemi-
sphere given the antisymmetric seasons in the North-

ern and Southern Hemispheres. The fundamental as-
sumptions of the EBM are that the atmospheric state
can be summarized entirely by the surface tempera-
ture and that all energy fluxes can be computed on
the basis of surface temperature. Latitude is the only
spatial variable presented in the model, and thus, heat
is transferred poleward within the atmosphere, but not
longitudinally or vertically. The basic equation of the
EBM is as follows:

Q(x)[1 − α(x)] − I(x) = D(x) , (1)

where x = sin ϕ, ϕ is latitude, Q(x) is insolation, α(x)
is the albedo of the surface, I(x) is the infrared emis-
sion from the Earth, and D(x) is horizontal (merid-
ional) heat transport.

2.1 The dust direct effect

According to the parameterization scheme of the
dust direct effect (Charlson et al., 1992; Penner et al.,
1992; Sokolik and Toon, 1996; Diaz et al., 2001), the
forcing due to dust (Fdust) is considered. By neglect-
ing the effect on thermal radiation due to dust, Fdust

can be merged into the term of insolation, Q(x), giving

Q(x) = Q′(x) + Fdust , (2)

in which Q′(x) is defined as (Budyko, 1969; Berger,
1978; North, 1975; North et al., 1981, 1983)

Q′(x) = S0f(e, o, p)/4 , (3)

where S0 is the solar constant (assumed to be 1367
W m−2 in this study), and f(e, o, p) is the factor of
latitude distribution for insolation and is a function
of eccentricity (e), obliquity (o), and the precession of
perihelion (p).

The direct forcing due to dust, Fdust, can be cal-
culated as

Fdust
∼= −1

2
Q′(x)τ2

r (1 − Ac)[1 − α(x)]βσd , (4)

where τr is the atmospheric transmission (0.76 was
used here); Ac is the global averaged cloud fraction
(0.5); σd is the areal mean dust optical depth, which is
determined by the mass concentration (g m−2) and the
specific cross extinction cross (m2 g−1); and β is the
fraction of radiation scattered upward by dust (0.29).

2.2 Dust-albedo feedback

Dust deposition is considered to lead to a decrease
in the surface albedo and to absorb more solar ra-
diation, inducing positive feedback. In this study, we
included dust-albedo feedback in the parameterization
of surface albedo, α(x).

Firstly, we parameterized α(x) as

α(x) =

{
0.62 T (x) > Tc

0.303 + 0.0779P2(x) T (x) < Tc

, (5)
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Table 1. Experimental design.

Experiment (Exp.) Forcing factor(s)

I Solar radiation change
II Factors in Exp. I + GHGs + WaterV
III Factors in Exp. II + Aerosol
IV Factors in Exp. III + Dust-albedo feedback

where Tc is the temperature of the snowline and P2(x)
is the second Legendre polynomial, (3x2 − 1)/2.

To consider the effect of dust deposition on the sur-
face, we quantified ice-albedo feedback in a simplified
manner by determining the average clear-sky reflected
shortwave radiation at the surface and then further pa-
rameterized the albedo as follows (Calov et al., 2005):

αn(x) = α(x) − 0.4λα(x)[1 − α(x)] , (6)

where αn(x) is the new albedo after considering the
deposition of dust, and λα(x) is the function of aver-
aged zenith angle and dust concentration, which was
taken from ice core records in this study. The effect of
the dust-albedo feedback can have a greater impact on
ice surfaces than on ice-free surface, which is reflected
in the factor λα(x).

2.3 Experimental design

In addition to the quantitative contribution of the
dust to the Antarctic glacial–interglacial climate, we
computed the impact of orbital forcing according to
Milankovich theory. We also simulated radiative forc-
ing due to GHGs (Shi, 1992) by using the CO2 and
CH4 concentrations from the Vostok ice core record
in central Antarctica. The feedback process caused
by water vapor was also included. We calculated the
temperature anomaly during the period 0–10 kyr B.P.
and compared it with present conditions. The ref-
erence temperature anomaly used in this study was
taken from the Vostok ice core data. In the descrip-
tion below, we briefly present results simulated by the
EBM, and the temperature anomaly from the Vostok
ice core data, to represent the simulated and observed
temperature anomalies, respectively. We designed four
experiments, as listed in Table 1. In experiment I, the
only driver was the change in solar radiation due to or-
bital forcing. In experiment II, the model was driven
by orbital forcing, radiative forcing due to GHGs, and
water-vapor feedback. On the basis of experiment II,
dust direct radiative forcing was included in experi-
ment III (dust-albedo feedback was not included). In
experiment IV, dust-albedo feedback was included.

3. Results

First, we confirmed the performance of the model
by simulating the present state of the climate over
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Fig. 1. Simulated and observed present-day surface tem-
peratures in the Southern Hemisphere.

Antarctica. Figure 1 shows the zonal mean temper-
ature distribution in the Southern Hemisphere simu-
lated by the EBM in this study (solid line). In Fig. 1,
the observed zonal mean temperature (dashed line)
was calculated from European Centre for Medium-
Range Weather Forecasts (ECMWF) 40-Year Reanal-
ysis (ERA-40) data for the period 1958–2000. The
ERA-40 dataset contains temperature values at a res-
olution of 2.5◦×2.5◦. Figure 1 shows that the simu-
lation for the present climate corresponds well to the
observed temperature (dotted line). The simulation is
good for the Antarctica region.

Insolation due to orbital forcing is the basic driver
for modeling the glacial–interglacial climate and was
included in each experiment (see Table 1). The im-
pact of dust on the Antarctic glacial–interglacial cli-
mate was computed according to the difference in the
simulated temperature anomalies simulated under ex-
periments III and II. Figure 2 shows the temperature
anomalies in central Antarctica in experiments I, II,
and III.

High-resolution records indicate that millennial-
scale cold periods during the last glacial period and
deglaciation were marked by abrupt dust flux increases
(Fischer et al., 2007; Tjallingii et al., 2008; David et al.,
2010). As shown in Fig. 2, the abrupt increase in dust
aerosol during glacial periods simulated a significant
cooling effect. During the period from 72 to 57 kyr
B.P., atmospheric dust generated an obvious radiative
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Fig. 2. Antarctic temperature anomalies in experiments
I (solid line), II (dashed line) and III (dotted line).

effect, which induced a considerable cooling. Similar
circumstances occurred during the period from 33 to
13 kyr B.P. The direct effect due to dust aerosol may
have reached −3.32 W m−2 and made a pronounced
contribution to cooling, by as much as 2.05◦C during
the LGM. Harvey (1988) also showed that plausible in-
creases in the atmospheric aerosol (including dust and
sea salt) optical depth during the LGM could have
caused a further global mean cooling of 2◦C–3◦C. The
result of this study is almost in accordance with Har-
vey’s result. Chylek and Lohmann (2008) found that
dust radiative forcing generated a 3.10 W m−2 cool-
ing in the LGM, with the climate sensitivity ranging
from 0.36◦C (W m−2)−1 to 0.69◦C (W m−2)−1. In
the present study, the radiative forcing of dust aerosol
in the LGM is close to Chylek and Lohmann’s re-
sult, and the climate sensitivity [0.61◦C (W m−2)−1]
is also in the range of the values reported by Chylek
and Lohmann (2008). Yue et al. (2010) estimated that
LGM dust aerosol exerted a global annual-mean short-
wave radiative forcing of −4.69 W m−2 at the surface
and would have reduced the global annual mean sur-
face air temperature by 0.18◦C. The radiative forcing
of LGM dust in this study is comparable with that
of Yue et al. (2010), except that we simulated greater
climate sensitivity.

Figure 2 also shows that the contribution of solar
radiation change due to orbital forcing was less than
10% of the total temperature anomaly and accounted
for only a small part of the temperature anomaly. The
radiative forcing of GHGs was estimated to be about
4.45 W m−2 in the present study.

The simulated result, containing the dust direct ef-
fect (experiment III), displayed periods where it did
not fit well with the central Antarctic temperature
anomaly from Vostok ice core data (solid line in Fig. 3)

In particular, for cold periods when dust aerosol de-
posited abruptly, there were variations of about 0◦C–
1◦C. Considering that the simulation result in exper-
iment III does not agree well with the temperature
anomalies from the Vostok ice core record, we postu
late that some important factor that has an influence
on the glacial climate was omitted in experiment III.
As we know, in addition to the dust direct effect, the
presence of dust on the ice/snow surface could have
decreased the surface albedo (Warren and Wiscombe,
1980; Peltier and Marshall, 1995; Calov et al., 2005;
Bar-Or et al., 2008), inducing positive feedback that
could have increased the atmospheric temperature. In
experiment IV (Table 1), we added another possible
effect of dust, the feedback of dust-albedo. The effect

0 20 40 60 80 100
-10

-8

-6

-4

-2

0

2

 Vostok ice core data

 without dust/ice feedback

Year (K. B.)

Te
m

pe
ra

tu
re

 a
no

m
al

y 
(o

C
)

 with dust/ice feedback

Fig. 3. Temperature anomaly in central Antarctica sim-
ulated (dot-dashed line: experiment III, without dust-
albedo feedback; dashed line: experiment IV, with dust-
albedo feedback) and derived from an ice core record of
the last glacial–interglacial period (solid line).
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Fig. 4. Contributions of the direct radiative effect due
to dust aerosol and dust-albedo feedback to the climate
anomaly over the last glacial–interglacial cycle.



NO. 6 LIU ET AL. 1729

Table 2. Explained variance and correlation coefficients in
each experiment.

Experiment
Explained Correlation

variance coefficient

I 5.44% 0.09
II 75.71% 0.78

III 86.2% 0.83
IV 86.5% 0.83

of dust-albedo feedback is postulated to increase the
ice albedo and warm the climate, especially during
glacial periods.

Figure 4 shows the warming by such dust-albedo
feedback, and also presents a comparison with the
cooling caused by the dust direct effect. As shown in
Fig. 4, warming by dust-albedo feedback ranged from
about 0 to 0.91◦C. The radiation flux change was from
0 to 1.54 W m−2. The effect of such feedback could
almost be neglected during interglacial periods, but
was significant during glacial and deglaciation peri-
ods. The dust-albedo feedback may have induced a
temperature increase of as much as 0.91◦C and a ra-
diation flux change of 1.54 W m−2 during the LGM.
As the results of Prospero et al. (2012) showed, dust
may decrease the albedo of glacial area and acceler-
ate glacial melting. The positive feedback due to the
dust and ice surface albedo may increase glacial melt-
ing and bring about the transition from a cold glacial
to a deglaciation period.

As shown in Fig. 3, after considering dust-albedo
feedback in experiment IV, the variation between the
observed (Vostok ice core data) and simulated Antarc-
tic temperature was reduced. Our results demonstrate
that dust aerosol plays an important role in glacial
climate change. However, large discrepancies still oc-
curred during the period from 0 to 20 kyr B.P. because
of the coarse temporal resolution of the GHG record
in the Vostok ice core data.

Table 2 lists the explained variances and correla-
tion coefficients between simulated and observed (ice
core data) temperature anomalies in the experiments
(shown in Table 1). The results presented in Table 2
also suggest that the dust direct effect and dust-albedo
feedback are very important factors in glacial climate
simulation. Although a consideration of dust-albedo
feedback may not improve correlation results, it can
enhance the explained variance (i.e., improve the sim-
ulation).

4. Conclusions

Using an improved energy balance model, this
study explained the relationships between dust aerosol

and the Antarctic temperature anomaly during the
last glacial–interglacial cycle. The results show that
dust aerosol could have cooled the climate by the direct
effect during the last glacial–interglacial cycle, with a
huge decrease of up to 2.05◦C identified during the ex-
tremely cold glacial period. The direct effect of dust
aerosol may have contributed to abrupt climate change
with the rapid emission of dust aerosol during the cold
glacial period and stadial epoch. At the same time,
dust deposition on the ice could have decreased the
surface albedo in the Antarctic, inducing an obvious
positive feedback that could have increased the atmo-
spheric temperature during the glacial–interglacial cy-
cle. Dust-albedo feedback was predicted to be as much
as about 0.9◦C during the LGM, inducing an obvi-
ous warming, which may have increased glacial melt-
ing. However, although both of these opposite dust ef-
fects have played important roles in the glacial climate,
cooling by the dust direct effect is the controlling fac-
tor for the glacial climate and may be the major reason
for the strong negative correlation between tempera-
ture and dust concentrations during glacial periods.
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