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a b s t r a c t

Atmospheric mineral dust aerosols affect Earth’s radiative balance and are an important climate forcing
and feedback mechanism. Dust is argued to have played an important role in past natural climate
changes through glacial cycles, yet temporal and spatial dust variability remain poorly constrained, with
scientific understanding of uncertainties associated with radiative perturbations due to mineral dust
classified as “very low”. To advance understanding of the dust cycle, we present a high-resolution dust
record from the Red Sea, sourced principally from Arabia, with a precise chronology relative to global sea
level/ice volume variability. Our record correlates well with a high-resolution Asian dust record from the
Chinese Loess Plateau. Importing our age model from the Red Sea to the Chinese Loess Plateau provides
a first detailed millennial-scale age model for the Chinese loess, which has been notoriously difficult to
date at this resolution and provides a basis for inter-regional correlation of Chinese dust records. We
observe a high baseline of dust emissions from Arabia and China, even through interglacials, with strong
superimposed millennial-scale variability. Conversely, the distal EPICA Dome C Antarctic ice core record,
which is widely used to calculate the radiative impact of dust variations, appears biased to sharply
delineated glacial/interglacial contrasts. Calculations based on this Antarctic dust record will therefore
overestimate the radiative contrast of atmospheric dust loadings on glacial/interglacial timescales.
Additional differences between Arabian/Asian and circum-Saharan records reveal that climate models
could be improved by avoiding ‘global mean’ dust considerations and instead including large-scale
regions with different dust source variability.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Wind-borne mineral dust can influence climate both directly
and indirectly (Tegen et al., 1996; Kaufman et al., 2002; Maher et al.,
2010). Dust can influence climate directly because it changes the
radiative properties of the atmosphere by scattering and absorbing
solar and terrestrial radiation (IPCC, 2007). Dust also acts as ice
nuclei in clouds (Sassen et al., 2003) and modifies cloud properties,
which influences the formation and lifetime of clouds and affects
Earth’s radiative balance (Spracklen et al., 2008) and the hydro-
logical cycle (e.g., Arimoto, 2001). Dust deposition onto the ocean
surface may affect climate indirectly by supplying iron as a micro-
nutrient to Fe-limited waters, thereby fertilizing phytoplankton
productivity (Martin et al., 1991; Jickells et al., 2005; Wolff et al.,
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2006; Boyd and Ellwood, 2010). Increased productivity results in
drawdown of atmospheric CO2; subsequent export of biogenic
carbon from surface to deep ocean waters can lead to long-term
geological sequestration of carbon (e.g., Martinez-Garcia et al.,
2009). It is therefore well established that aeolian dust responds
to, and has a direct role in, climate change (Jickells et al., 2005;
Maher et al., 2010).

It remains a crucial goal of climate research to understand the
dust cycle, how it is involved in climate forcing, and how the dust
cycle responds to changing climate. Anthropogenic changes to land
use have been demonstrated to have major impacts on dust gener-
ation (e.g., Mulitza et al., 2010). Dust cycle models for the coming
centuries predict large changes in aeolian transport from land to sea
in response to anthropogenic change (e.g., Mahowald et al., 2006).
Such modelling depends on understanding feedbacks between dust
aerosols and radiative forcing for the past and present and the effects
of dust flux changes on ocean fertilization and productivity-related
atmospheric CO2 change. One key requirement is a global view of
spatial and temporal variability in dust fluxes from the major
dust-producing regions, including the Sahara, Arabia, central Asia,
Patagonia, and Australia (Fig. 1). The northern hemisphere is
responsible for up to 80% of the global atmospheric dust loading,
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Fig. 1. Major global dust sources and locations of dust records. Dust flux contours (mg m�2 yr�1) are shown in oceans surrounding dust sources (after Duce et al., 1991). Locations of
dust records discussed are indicated (ODP sites 659 (Tiedemann et al., 1994), 721 (deMenocal et al., 1991), and 967 (Larrasoaña et al., 2003), core KL09 (this study) and the
Zhaojiachuan and Lingtai loess sections (Sun et al., 2006)). Note that Antarctica lies in a distal region with low dust flux.
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with the Sahara estimated to provide 40e60% of the global dust
supply (Prospero et al., 2002; Maher et al., 2010). The dust belt from
Arabia to the Chinese Loess Plateau represents the next major
supplier of northern hemisphere dust, with Arabia producing
10e20% of global dust emissions (Maher et al., 2010). Trauth et al.
(2009) compiled the longest available dust records sourced from
the Sahara and Arabia. Despite the fact that these records are
astronomically tuned, the records lack millennial resolution.

We present here a new dust record from marine sediment
core KL09 from the central Red Sea (latitude ¼ 19�5703600N;
longitude ¼ 38�801800E; water depth ¼ 814 m), for which Arabia,
and to a lesser extent eastern North Africa, are the dominant dust
sources (Stein et al., 2007), and from which we have published
detailed records of relative sea level (RSL) variations for the last 5
glacial cycles that span the past 520 kyr (Rohling et al., 2009). This
record has the advantage that it has a UeTh validated chronology
for the major glacial/interglacial sea level changes (Rohling et al.,
2010), which enables us to make a detailed comparison between
our dust record and those from polar ice cores to assess spatial and
temporal dust flux variability in different regions. Crucially, our
dust record is co-registered with (i.e., measured on the same
samples as) the RSL record from core KL09. Hence, the phase
relationship of these records (Fig. 2a) is absolute. We compare our
dust record with other regional dust records and discuss these
comparisons in terms of their implications for understanding the
global dust cycle.
2. Methods

We use an environmental magnetic proxy for haematite content,
with which we have developed aeolian dust records for hyper-arid
Saharan (Larrasoaña et al., 2003) and Arabian sources (Rohling
et al., 2008). The proxy is an isothermal remanent magnetization
(IRM) that was imparted to samples using an inducing field of
900 mT, followed by alternating field (AF) demagnetization at
120 mT (IRM900 mT@AF120 mT). The IRM was imparted using an
impulse magnetizer, with AF demagnetization and remanence
measurements made using a 2-G Enterprises superconducting rock
magnetometer with in-line demagnetization capability at the
National Oceanography Centre, Southampton (NOCS), UK (Roberts,
2006). Measurements were made on continuous discrete samples
taken atw1 cm stratigraphic intervals. IRM900 mT@AF120 mT has been
validated as an aeolian dust proxy through significant correlations
between Fe and Ti abundances in the Red Sea (Rohling et al., 2008),
as is also demonstrated for core KL09 in Fig. 2b. Elemental abun-
dances were measured using an ITRAX core-scanning X-ray fluo-
rescence system (Croudace et al., 2006), with measurements made
at 0.5 mm stratigraphic increments at NOCS prior to sub-sampling
for stable isotopic (as presented by Rohling et al. (2009)) and envi-
ronmental magnetic measurements.
3. Results and discussion

Global dust fluxes during the last few glacial cycles are usually
recognised to have been higher during glacial stages and lower
during interglacials (e.g., Lambert et al., 2008;Winckler et al., 2008;
Maher et al., 2010). In contrast, the highest dust fluxes in our Red
Sea record coincide with glacial terminations (dashed lines in
Fig. 2a) rather than with glacial stages, although dust fluxes overall
were higher during glacials than during interglacials. We observe
a strong similarity between our Red Sea dust record and those from
the Chinese Loess Plateau (Fig. 2c and d; Sun et al., 2006). Mean
quartz grain size is widely used as a proxy for wind strength on the
Chinese Loess Plateau (Porter and An, 1995; Sun et al., 2006), and is
plotted in Fig. 2c for two Chinese loess records and a stack of these
records (Sun et al., 2006) beside our Red Sea dust record. Despite
the strong similarity between the Red Sea and Chinese data sets,
there appear to be chronological offsets in detail. Orbitally tuned
chronologies exist for the Chinese loess (e.g., Sun et al., 2006), but
the ages obtained by Sun et al. (2006) for several geomagnetic
reversals in the Chinese loess remain inconsistent with those of the
standard geomagnetic polarity timescale (Cande and Kent, 1995).
The persistence of age offsets for geomagnetic reversals in the
chronology of Sun et al. (2006) demonstrates that the longstanding
problem with the chronology of the Chinese loess (cf. Liu et al.,
2008) is not completely resolved. Construction of millennial-scale
chronologies is notoriously difficult because of a lack of suitable
material for precise dating. The signal similarity between the Red
Sea and Chinese dust records suggests that they document the
same climate variability and that it is appropriate to correlate the
Chinese loess record to the Red Sea dust record. Correlation of dust
records from the Red Sea and Chinese Loess Plateau (Fig. 2)
provides a solution to the problem of dating the Chinese loess
because the Red Sea chronology is tied through our RSL record
(Rohling et al., 2009) to a sound UeTh chronology for sea level
variations on glacial/interglacial timescales (Rohling et al., 2010).
We use the stacked quartz grain size record of Sun et al. (2006) and
tune it to our Red Sea dust record (Fig. 2d). This enables us to export



Fig. 2. Comparison of sea level and dust records for the Red Sea and Chinese Loess Plateau. (a) Sea level (blue) and dust (grey shading) for Red Sea core KL09 (sea level after Rohling
et al. (2009), with chronology tied to UeTh dating of corals from Rohling et al. (2010); black tie points at top of panel). (b) Two dust proxies from Red Sea core KL09, including Ti/Ca
ratio (pink) and the IRM900 mT@AF120 mT haematite (Hem.) proxy (black). (c) Comparison of our Red Sea dust record (grey shading) with two representative dust records (quartz grain
size (GSQ)) from Zhaojiachuan (blue) and Lingtai (black), Chinese Loess Plateau, on their own age model (from Sun et al., 2006), with a stack of the two records (red). (d) Comparison
of our Red Sea dust record (grey shading) with the stacked Chinese loess record (red) after tuning to the Red Sea chronology of Rohling et al. (2010). R2 values improve from 0.15 to
0.28 (for n ¼ 1582 data points) after tuning (both correlations are statistically significant at P ¼ 0.01). Vertical dashed lines denote dust spikes at glacial terminations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a millennial chronology to the Chinese loess for the first time, for
synchronizing Chinese loess records to global climate signals.
Relative to sea-level/ice-volume changes, our dust chronology is
precise on millennial timescales because both signals are obtained
from the same samples. In an absolute (UeTh equivalent) sense, the
chronology of the Red Sea sequences is well defined on glacial/
interglacial timescales (Rohling et al., 2010). However, although the
absolute chronology through parts of the sequence could still be
subjected to fine-tuning on millennial timescales (e.g., Rohling
et al., 2008), age control through the studied record should be
considered accurate to within �5 kyr.

The major dust maxima that stand out in the Red Sea and
Chinese loess records at the early stages of glacial terminations II,
III, IV and V (Fig. 2d) are not systematically present in Antarctic
(Fig. 3b) (Lambert et al., 2008), Saharan (Fig. 3c and d) (Tiedemann
et al., 1994; Larrasoaña et al., 2003) or low-resolution Arabian
(Fig. 3c) (deMenocal et al., 1991) records. A dust spike also occurs at
termination I in our Red Sea record, but it is less visible in Fig. 3
because the immediately underlying interval is obscured by an
indurated aplanktonic zone (Rohling et al., 2008). The apparent
absence of systematic dust peaks in the deglaciations in near-
Saharan marine records may result from inadequate resolutions
and/or chronological uncertainties. Improved records are needed to
investigate this in detail.

Winckler et al. (2008) concluded that there is a high degree of
correlation between dust fluxes in the equatorial Pacific and
Antarctica. The Antarctic EPICA Dome C ice core dust record
(Lambert et al., 2008) has therefore been used to represent an
inter-hemispheric response of dust generation to climate change
on glacial/interglacial timescales (Köhler et al., 2010). The Antar-
ctic record is genuinely different from the records shown in Fig. 3.
Antarctica is a remote depositional site, whereas our records are
located within globally significant ablation zones (Fig. 1).

Similarity between Red Sea and Chinese dust records suggests an
atmospheric teleconnection across two major northern hemisphere
dust producing regions. The abrupt climate variations documented
in Greenland ice cores (Dansgaard et al., 1993) have been detected in
the Chinese loess (Porter and An, 1995), Arabian Sea (Schulz et al.,
1998) and Red Sea (Rohling et al., 2008). However, we here docu-
ment for the first time that a detailed similarity exists between dust
signals fromChina andArabia, and that dust variability in these areas
may be significantly different from that in circum-Saharan records
(cf. Trauth et al., 2009). The observed dust peaks at deglaciations in
the ArabiaeChina dust belt (Fig. 2d) appear to coincide with North
Atlantic Heinrich events at the last 5 glacial terminations (Hodell
et al., 2008). Heinrich events have been linked to intensified winter
conditions with stronger westerly circulation over Eurasia, weak-
ened summer monsoons and increased aridity in Eurasian deserts
(Jin et al., 2007), and reduced summermonsoon-relatedupwelling in
the Arabian Sea (Schulz et al., 1998). Large-scale atmospheric tele-
connections therefore provide a credible explanation for the
observed close relationship between variations in widely separated
dust sources (Fig. 2d). By comparison, Saharan deflation is more
related to changes in aridity associatedwith the position of the inter-



Fig. 3. Comparison of sea level and dust records from the Red Sea with those from Antarctica and around North Africa. (a) Sea level as in Fig. 2a. Comparison of dust records from
core KL09 (grey shading) and (b) EPICA Dome C, Antarctica (Lambert et al., 2008); (c) ODP Site 659, off northwest Africa (Tiedemann et al., 1994); (d) ODP Site 967, Eastern
Mediterranean Sea (Larrasoaña et al., 2003); and (e) ODP Site 721, Arabian Sea (deMenocal et al., 1991). Vertical dashed lines denote dust spikes at glacial terminations.
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tropical convergence zone and to the intensity of tropical easterlies
(e.g., Larrasoaña et al., 2003; Itambi et al., 2009). While millennial-
scale Saharan dust responses to DansgaardeOeschger and Heinrich
events have been documented in high-resolution marine records
(Moreno et al., 2002; Itambi et al., 2009), the largest Saharan dust
fluxes occurred in glacials rather than during glacial terminations
(e.g., Itambi et al., 2009), as is also shown in the records compiled in
Fig. 3.

4. Conclusions

We conclude first that large regional differences in dust fluxes
from major dust producing regions indicate that understanding
global dust cycle variabilityonglacial/interglacial timescales requires
separate treatment of the easterly-dominated low-latitude Sahara
and the westerly-dominated dust belt from Arabia to China.
Modelling studies can be improved by incorporating regional zones
with different source variability. Second, dust flux patterns for the
ArabiaeChina dust belt also contrast with the Antarctic ice core
records (Lambert et al., 2008) that are increasingly used to assess
climatic responses to changes in radiative forcing (e.g., Köhler et al.,
2010). The distal response records from Antarctica have sharply
delineated glacial/interglacial contrasts compared to the more
proximal records shown in Figs. 2 and 3, which have a much higher
total dust flux, a higher baseline of dust emissions through inter-
glacials, and considerable high-frequency variability throughout the
records. Studies that rely on Antarctic dust records to represent
global atmospheric dust loadings will therefore erroneously over-
estimate the radiative contrast of aerosol loadings on glacial/inter-
glacial timescales. Furthermore, the radiative forcing effect of
atmospheric dust at low latitudes is up to an order of magnitude
greater than at polar latitudes (Claquin et al., 2003). Third, further
proximal dust flux records are needed from all major global dust
source regions inorder toproperlyconstrain the spatial and temporal
source variability and radiative impact of atmospheric dust loadings
for use in climate models. Such records should resolve millennial-
scale responses of the dust cycle to abrupt climate changes. Fourth,
correlation of our Red Sea recordwith Chinese loess recordsmakes it
possible to export our UeTh validated chronology, which enables
millennial-scale correlation of the Chinese records with other global
records for the first time.
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