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Change begets change ... The mine which Time has 4.13.1 INTRODUCTION
slowly dug beneath familiar objects is sprung in an

instant; and what was rock before, becomes but sand 4.13.1.1 What is Dust?
and dust.

Charles Dickens Soil dust is a type of mineral aerosol, and
All we are is dust in the wind, dude. comprises one component of the total atmos-
Ted, Bill and Ted’s Excellent Adventure ~ pheric aerosol loading. Atmospheric aerosols
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Figure 1 Satellite image of a Saharan dust storm. A long line of Saharan dust swept across Mali, Mauritania,

and Western Sahara and out over the Canary Islands on March 3, 2004 when the Moderate Resolution

Imaging Spectroradiometer (MODIS) acquired these images during the morning (a) and afternoon (b)

passovers. As the day progressed, the dust grew thicker and the storm extended farther west. Image courtesy of
the NASA Visible Earth Observatory (Visible Earth, 2006).

play an important role in the climate system,
affecting the energy balance of the atmosphere
by controlling the amount of radiative energy
that enters and exits, through the scattering
and absorption of radiation. They can influence
important atmospheric processes such as cloud
formation, which in turn affect regional energy
balances as well as the chemistry (e.g., pH) and
quantity of precipitation. The degree to which
atmospheric aerosols, both anthropogenic and
natural, affect climate remains an important
question in earth system science, and has been
addressed in Chapter 4.04. For the purpose of
this review, we will focus strictly on soil dust
and its role within the earth system.
Atmospheric soil dust is defined here as par-
ticles that are formed in soils and emitted into
the atmosphere during strong surface wind
events. Soil dust particles are a combination of
irregular-shaped mineral grains such as quartz,
feldspars, and calcite, clay minerals rich in
elements such as aluminum, and oxides and
hydroxides rich in elements such as iron. The
composition of dust can change depending on
the source region. A compilation by Claquin
et al. (1999) indicates that quartz is the most
abundant mineral in the silt size fraction of the
soil (particles in the size range of 2-50pum

diameter), and illite is the most abundant clay
mineral. The chemical properties of dust can
change during atmospheric transport when dust
surfaces become coated with soluble sulfate and
nitrate species. Soil particles that are generally
<60-100 um in diameter can be picked up by
wind, and far-traveled dust is typically around
2um in diameter (Seinfeld and Pandis, 1997).
Atmospheric soil dust particles are visible in the
atmosphere as a haze. High dust aerosol loads
originate from dust storms that can reduce
atmospheric visibility to <lkm and are even
visible from space (Figure 1).

4.13.1.2 Why is Dust Important?

Atmospheric dust can have substantial regio-
nal impacts on agriculture and human health.
Dust storms affect agriculture through ex-
tensive erosion of the soil surface (Nordstrom
and Hotta, 2004). Dust can also affect the
quality of the air that we breathe. Minute
particles of soil dust with diameters smaller
than 10um (PM10) in the atmosphere have
been shown to be damaging to human res-
piratory health (Chapter 9.07). Furthermore,
certain toxic metals, such as mercury and
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arsenic, can be associated with the transport of
aeolian dust (Gill et al., 2002; Cannon et al.,
2003; Givelet et al., 2004).

Although there have been efforts to quantify
the interactions between atmospheric dust and
regional climate (e.g., Seinfeld et al, 2004;
House et al., 2006), the overall radiative impact
of soil dust on the climate cycle is still not well
quantified. In fact, it is not known if soil dust
aerosols on the whole will have a net warming
or cooling effect (Houghton et al., 2001). Dust
can either increase or decrease planetary
albedo, depending on both the single scatter-
ing albedo of the dust particle as well as the
albedo of the underlying surface. For example,
dust over optically “dark” regions, such as
oceans or forests, can have a cooling effect (see,
e.g., Tegen et al., 1996). Alternatively, dust can
increase the absorption of solar radiation over
high reflective regions such as ice sheets, snow,
or even desert surfaces. The role of dust as
condensation nuclei in cloud formation and
precipitation is unknown but potentially im-
portant (e.g., Rosenfeld et al, 2001; Levin
et al., 2005). The radiative forcing of high at-
mospheric dust concentrations in the geologic
past have been proposed as a means of cooling
the tropics (Claquin et al., 2003) and the mid-
continental United States (Roberts et al., 2003),
but also as a means of accelerating deglaciation
(Overpeck et al., 1996).

Dust can also impact the earth system via
biogeochemical  feedbacks (see  Section
4.13.7.2). Soil dust contains micronutrients
(such as iron, zinc, and cadmium) and macro-
nutrients (such as phosphate and silica) all of
which can fertilize terrestrial and marine eco-
systems. Iron in particular has been suggested
to limit phytoplankton growth in ocean re-
gions, which are otherwise rich in macronutri-
ents, such as nitrate (Martin and Fitzwater,
1988). As such, changes in dust inputs to the
ocean could affect marine productivity as well
as the sequestration of carbon in the deep sea
(Martin, 1990).

Assessing the magnitude of these regional
impacts, radiative forcing, and biogeochemical
feedbacks in the earth system requires an abil-
ity to quantify the amounts of dust produced,
both in the past and in the present. Predicting
future changes in the dust cycle and its inter-
action with climate are even more uncertain.
Estimating the importance of dust depends on
our ability to estimate (1) the natural processes
controlling dust entrainment, transport, and
deposition; (2) changes in these natural proc-
esses due to global and regional climate change;
and (3) changes in dust production due to
human impacts on land use. Our ability to
simulate these processes requires correct

parameterization of these processes as well as
data to constrain them.

The purpose of the chapter is to review the
current knowledge about the record of mineral
aerosols. This chapter will first review the main
processes of the dust cycle—entrainment,
transport, and deposition (Section 4.13.1.3).
The tools and records used to measure changes
in entrainment, transport, and deposition of
dust in the geologic past will be discussed in
Section 4.13.2, followed by an elaboration of
how dust has varied through geologic history
(Section 4.13.3). We follow with parallel dis-
cussions of how soil dust processes are meas-
ured for the modern climate (Section 4.13.4),
and what these measurements have revealed
with regard to recent variability in the dust cy-
cle (Section 4.13.5). We proceed by explaining
how data are used to inform models of the dust
cycle (Section 4.13.6), and summarize what
is currently known about the radiative and
biogeochemical feedbacks of atmospheric dust
within the earth system (Section 4.13.7). We
conclude with a future outlook of important
questions that still need to be addressed in the
field of dust research (Section 4.13.8).

4.13.1.3 Dust Cycle Processes: Entrainment,
Transport, and Deposition

Most atmospheric dust has its origin in arid
to semi-arid regions of the Earth and is emitted
from regions that are sparsely vegetated (i.e.,
< 15% vegetation cover). Today, most dust is
produced in deserts of northern Africa
(Sahara, Sahel) and the Middle Eastern regions
(Figure 2), contributing up to 70% to the mod-
ern global annual dust emission fluxes (Jickells
et al., 2005). Other sources of importance in-
clude the desert regions of Asia and Australia.

In regions where the soil is exposed and the
soils contain fine and loose particles, winds
are able to lift soil particles into the air. The
dependence of the dust flux F on the surface
wind friction velocity u* can be written for a
given particle size as

* 2%
Focu’ [(1 —&—u—‘:) (1 — u;ﬂ for u* >uj,
u u

with the friction velocity and u;,. the threshold
friction velocity (Marticorena and Bergametti,
1995). Surface wind friction velocities are com-
puted from surface wind speeds and surface
roughness data, assuming neutral stability
conditions, as u* = u(z)x/In(z/zy), where u is
the surface wind speed at reference height z, x
is the von Karman constant, and z, is the
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Figure 2 TOMS aerosol index values averaged from 1981 to 1992. Largest source areas are located in arid
tropical-subtropical regions of Africa and the Middle East. Green lines outline regions that are considered
dust sources. Orange arrows indicate the general direction of dust transport from these regions.

aerodynamic roughness length. The minimum
wind friction velocity uf, required to lift soil
particles is called the “threshold wind velocity”
and depends on a combination of soil texture,
moisture, and the surface roughness. Silt-sized
(2-50 um diameter) or fine sand (50-250 pm
diameter) particles are the easiest to lift and re-
quire the lowest surface wind speeds to become
airborne, while larger particles are heavier and
have higher threshold wind velocities. The
smallest, clay-sized particles (diameter <2 pm)
have a greater surface area-to-volume ratio
when compared with silt-sized particles. These
clay-sized particles tend to adhere to each other
by cohesive forces (van der Waals forces and
electrostatic charges (Iversen and White, 1982),
and thus cannot be lifted directly from the
ground as individual particles. Soils containing
more than 20% clay-sized particles are con-
sidered to be only weak emitters of dust aero-
sols (Gillette, 1979; Marticorena and
Bergametti, 1995). Soil particles with diameters
of 2pum or less, which can be transported by
winds over large distances, are usually dis-
located from soil aggegates at the soil surface
through the impact of saltating sand grains
(e.g., Lu and Shao, 1999).

Within the deserts, certain regions represent
“hot spots” of dust production, emitting higher
amounts of dust compared with other desert
areas. These regions containing large amounts

of fine and loose soil particles that can form
dust aerosols are referred to as preferential dust
sources (Gillette, 1999; Ginoux et al, 2001,
Prospero et al., 2002; Tegen et al., 2002; Tegen,
2003). Typically, dried paleolake beds such as
the Bodele depression in Chad or the Lake
Eyre basin in Australia, playa sediments, or
alluvial fans can be “hot spot” dust sources
(Pye, 1987). For example, the Bodele depres-
sion contains the most active dust source
worldwide (Prospero et al, 2002). There, dust
emission occurs from massive diatomite sedim-
ents that formed 6,000 years ago when the
basin was covered by the paleolake Mega-Chad
(Washington et al., 2006).

Estimating global annual dust emissions is
complicated because we do not have observat-
ional datasets that are extensive and detailed
enough to quantify dust emissions on a global
scale (see Cakmur et al, 2006 for a study of
using various datasets to constrain emissions).
Currently, emissions are generally calculated
using global dust models, but uncertainties
are introduced from model treatments of land-
surface characteristics, the parameterizations
controlling the mobilization of dust, and the
controlling meteorological factors. As a result,
current estimates of dust emissions span a large
range, between 1,000 and 2,500 Tg (10'?g)
of dust emitted globally each year (Zender
et al., 2004).
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Our knowledge of the atmospheric burden, or
the amount of dust that remains in the atmos-
phere at any one time, is even less concise than
our knowledge of emissions, and varies by a
factor of 4. The values range from 8 to 36 Tg
(Zender et al., 2004), with uncertainty resulting
from observational uncertainties as well as
a difficulty constraining what controls the
removal of dust from the atmosphere, or dep-
osition. The removal of dust from the atmos-
phere occurs through two processes known as
“wet” or “dry” deposition. During dry deposi-
tion, airborne particles fall to the ground by
gravitational settling (where the settling velocity
depends on the square of the particle diameter),
and mixing to the surface by turbulent air mo-
tions. As a consequence of the gravitational
settling, large particles (with diameters greater
than ~5pum) are removed from the air rather
close to their source of entrainment, but finer
particles remain suspended in the atmosphere
and can be transported long distances. As a re-
sult, areas of deposition that are remote from
dust source areas (such as the polar ice caps) are
dominated by fine particles with sizes on the
order of 1-2 um. During wet deposition, dust is
scavenged by precipitation droplets and rained
out of the atmosphere. Highest rates of dust
deposition are found directly downwind of the
largest dust sources such as the Sahara and Sa-
hel desert regions of North Africa. These large
dust fluxes are not surprising because the largest
particles are removed from the air near the
source. The fine dust from North Africa can be
transported across the tropical Atlantic and
reach as far as the Amazon basin. Other areas
of high deposition are associated with the
deserts of central Asia. When transported
within higher atmospheric layers at several kilo-
meters altitude, soil particles from Asian dust
storms occurring in spring can be transported as
far as North America and Greenland, and in
some cases, Europe (Grousset et al, 2003).
Less-extensive dust sources in Australia, south-
ern Africa, and Patagonia have a more
local influence on dust deposition (Duce et al.,
1991). Regions that are far from any major
sources of dust, such as Greenland and
Antarctica (Figure 2), are characterized by ex-
tremely low dust deposition (Figure 3a).

4.13.2 GEOLOGIC RECORDS OF DUST:
PALEOENVIRONMENTS AND
TOOLS

4.13.2.1 Paleoenvironments

The factors controlling the dust cycle—arid-
ity, vegetation cover, winds, and precipitation—
are all related to climatological factors. Thus, it

is not surprising that dust emissions, transport,
and deposition have changed with climate on
geological timescales, and will change over
future timescales as well. In fact, the geologic
record of dust provides a rich history of climate
cycles, as archived on the land (through terres-
trial loess deposits and lake sediments), in the
ocean (via marine sediments), and in remote
polar areas (from ice cores).

The geologic record of dust is by nature a
record of ‘“‘deposition,” stored in several dif-
ferent paleoenvironments. Geological deposits
of dust are found on all parts of the globe, at
the bottom of lakes and also as sedimentary
sequences on land called ‘““loess” (Pye, 1987,
1995). Loess deposits are present on every con-
tinent and are composed of wind-blown, silt-
sized dust particles (2-50 pm) that are generally
found very near to dust source regions because
of their relatively large sizes. Although some
“desert loess” is found in subtropical arid
regions downwind of arid sources (e.g., Smal-
ley and Krinsley, 1978), much loess is found
near glaciogenic source regions, where materi-
als have been ground up by glacial activity and
then transported by rivers to areas that are re-
latively arid and free of vegetation (Smalley
and Smalley, 1983). Largest thicknesses of loess
began to accumulate on the continents over the
last 2.8 Myr, likely associated with the climate
changes associated with glacial-interglacial
cycles (Derbyshire, 2003).

Aeolian materials are also found in lake and
marine sediments (for full review see Kohfeld
and Harrison, 2001). In general, the acolian
materials archived in marine sediments are
located further from dust source regions and
so, with rare exception, are composed of
smaller grain size material, and in lesser abun-
dances compared with lake sediments. The
advantage of lake and marine sedimentary
archives is that the records tend to be more
continuous than terrestrial records, and there-
fore can provide an uninterrupted record of
changes in dust deposition through geologic
time. Furthermore, these sediments provide
more direct information about the inputs to
lacustrine and marine ecosystems, which
may be important when considering biogeo-
chemical feedbacks of dust. There are, how-
ever, some disadvantages to these records. For
example, the extraction of aeolian signals is
sometimes more complicated because of the
influence of detritus from rivers and ice rafting,
as well as sediment winnowing or resuspension
processes (Rea, 1994). Sediment records can
also be affected by mixing due to bioturbation,
and this process can make it difficult to deter-
mine abrupt changes in dust deposition
when sedimentation rates are low (see, e.g.,
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discussion from Ruddiman, 1997). Finally, un-
like loess deposits, marine and lacustrine se-
diments are not 100% aeolian, butff are
generally dominated by biogenic materials such
as carbonate and opal. One standard procedure
for isolating the terrigenous fluxes is by deter-
mining the differences between the total fluxes
and the biogenic components. This differencing
procedure produces large uncertainties, in par-
ticular when fluxes of terrigenous materials are
very low. One promising means of getting
around the dilution effects is to use trace ele-
ments, such as >*>Th, which are enriched in
continental crust material and therefore can
serve as more direct geochemical tracers of dust
(e.g., Anderson et al., 2006). In spite of these
issues, ocean sediments make up the majority
of the Quaternary archive of long-distance
transported dust, and can be useful for provid-
ing a first-order indication of deposition
changes in mineral soil dust over longer time-
scales.

Glaciers and ice sheets also serve as collec-
tors of atmospheric dust that is transported
and deposited directly onto the ice and/or snow
surface. Dust either settles or is rained out and
is directly incorporated into the ice and is dis-
turbed by fewer postdepositional problems
compared with other depositional regimes.
With the exception of some tropical glaciers,
the aeolian material that has been retrieved
from ice cores tends to be long distances from
dust sources.

4.13.2.2 Dust Deposition

The mass accumulation rates (MAR) of dust
are determined in the following manner:

MAR = LSR x DBD x f

where LSR is the linear sedimentation rate
(myr~ '), DBD the bulk density of the sediment
(gm?), and f the fraction of the sediment
that is considered aeolian. Some variant on
this equation is necessary for measuring a
mass accumulation rate no matter what the
paleoenvironment (see Kohfeld and Harrison,
2001).

In ice cores, information regarding the frac-
tion of wet versus dry deposition has sometimes
been inferred by combining both simple and
complex precipitation models with additional

information about precipitation rates and
snowfall (Alley et al, 1995; Werner et al.,
2003). In general, however, changes in the mass
accumulation rates of dust provide us with a
combined picture of the overall changes in the
intensity of the dust cycle, integrating aspects
of source, transport, and deposition.

4.13.2.3 Dust Sources and Emissions

While changes in deposition rates do not give
a direct measure of dust emissions and trans-
port, the deposited archive can provide us with
some clues through factors such as grain size,
mineralogy, and isotopic characterization. Clay
mineralogy and isotopic characterization has
frequently been used as a means of determining
the general location of dust source areas. The
changes in grain size of the deposited dust can
reflect a combination of distance from source,
wind strength as well as deposition regime.

4.13.2.3.1 Geochemical fingerprinting

Dust that enters the atmosphere carries with
it a distinct geochemical fingerprint, a signature
defined by its clay mineralogy, elemental com-
position, and isotopic signature. One assump-
tion is that the chemical characteristics of
suspended and deposited dust can be used as
a means of tracing its origin to the original,
parent soil from which it was formed (for
review see Grousset and Biscaye, 2005). Prove-
nance is determined by comparing the chemical
signatures of dust with the signature of poten-
tial source rocks. Source rocks can include both
primary sources, which are parent rock mate-
rials, or secondary sources, which are a mixture
of particles that have already been transported
by aeolian or fluvial processes. This method
of identifying source regions requires extensive
sampling of potential source areas of dust from
around the world, and requires that the distinct
geochemical signature of the airborne dust is
not altered during transport, perhaps via
chemical alteration in clouds, or as a result of
fractionation during wet deposition.

The clay mineralogy is thought to reflect the
parent rock material, drainage, climate, and the
degree of physical or chemical weathering. For
example, kaolinite is formed primarily through
chemical weathering from feldspars and micas,
at warm temperatures, and therefore at lower

Figure 3 Mass accumulation rates of dust for the (a) late Holocene period, (b) the Last Glacial period, and (c)
the ratio between them. Squares represent estimates from sediment records. Squares in (a) represent values from
modern marine sediment traps. Data are derived from the DIRTMAP database (Kohfeld and Harrison, 2001),
with additional data from Delmonte ez al. (2002, 2004a, b), Anderson et al. (2006) and Mahowald et al. (2006).
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latitudes. Alternatively, chlorite is found in
soils from cold, high-latitude regions where
physical-weathering processes dominate. As a
result, the ratio between these two clay miner-
als in dust provides a first-order indicator of
the location of a dust source region (Biscaye,
1965; Biscaye et al., 1997).

In the mid-continental United States, a com-
bination of clay mineralogy and grain size pat-
terns has been used successfully to trace the
source regions for loess deposition in Colorado
and Iowa (Aleinikoff ef al., 1999; Mubhs et al.,
1999; Muhs and Bettis, 2000; Muhs and Bene-
dict, 2006). Loess is typically associated with
areas close to rivers that drained the Laurentide
Ice Sheet, but it is also distributed widely over
the central Great Plains of Nebraska, Kansas,
and Colorado. Geochemical analyses (e.g., con-
centrations of K,O, Rb, TiO,, and Zr) of the
Peorian Loess in western lowa indicate that this
aeolian material was likely derived directly from
the Missouri River Valley during some periods,
and also from regions west of the Missouri
River in eastern Nebraska during the latter
stages of deposition (Muhs and Bettis, 2000).
Analyses of the trace elements Ti, Nb, Zr, Ce,
and Y on silts found in the soils in the Colorado
Front Range (Muhs and Benedict, 2006) indi-
cate that some portions of these soils are not
derived from the parent rocks just below, but
rather are aeolian in nature and must have been
transported from a more western basin during
the early-to-mid Holocene Period (Muhs and
Benedict, 20006).

In places where clay mineralogy is not suffi-
cient for determining a unique source, natural
and radiogenic isotope tracers can be used to
track the different parent lithologies of the source
areas (for a recent review, see Grousset and Bis-
caye, 2005). The isotopic ratios of Sr (*’Sr/*Sr),
Nd (**Nd/'"*Nd), and Pb (**Pb/ **’Pb) have
been used extensively to detect provenance in the
mid-continental United States (Aleinikoff ez al.,
1999), in the North Pacific Ocean (Pettke et al.,
2000), off Africa (Grousset et al, 1998), in
Antarctica (Basile et al, 1997; Delmonte et al.,
2004a, b), and Greenland (Biscaye et al., 1997,
Svensson et al., 2000; Bory et al., 2002, 2003a, b).
These radiogenic isotopes are particularly ef-
fective because of the range of isotopic values
found between relatively young, volcanic rocks,
radiogenically older, crustal-derived materials,
and parent soils that comprise a mixture of the
two. Used together, the isotope signatures of Sr,
Nd, and Pb can help one to discriminate between
different aeolian sources.

The use of isotopic fingerprinting has been
particularly effective in identifying the sources
of dust deposited at the polar ice caps. In

Antarctica, the Sr and Nd isotope signatures of
dust have demonstrated that southern South
America, New Zealand, and regions of the
Antarctic Dry Valleys might all serve as sources
to the Vostok and EPICA Dome C ice cores
(Delmonte et al., 2004a). However, the authors
use the small size of the latter two source areas
plus the glacial circulation to reason that south-
ern South America remains the most likely
source of dust. In Greenland, several studies
have used clay mineralogy, Sr, Nd, and Pb iso-
topes to pinpoint Asian deserts as the source of
dust both during cold stadial and warm inters-
tadial periods based on the isotopic character-
ization of the dust (Biscaye et al, 1997;
Svensson et al., 2000).

4.13.2.3.2 Grain size indicators

The grain size distribution of deposited dust
is frequently used in paleoclimate studies as an
indicator of distance of deposited dust from
the dust source, changes in wind strength that
carries dust particles, or some combination of
the two. Distance-related sorting of dust
particles is simply illustrated by the grain size
distributions of deposited dust from different
paleoenvironments. Near-source sedimentary
deposits such as loess are relatively coarse-
grained with diameters of 20-60 pm (see, e.g.,
Muhs and Bettis, 2003). In contrast, dust
diameters in marine sediments located at a fur-
ther distance from source areas range from 0 to
8um (Rea, 1994). Aeolian deposits from the
Greenland ice cores, that are located large
distances from source areas, have grain
size distributions ranging from 0.4 to 2.0 pm
(Steffensen, 1997). Modal grain sizes range
from 1.7 to 2.3 pum in diameter in Antarctic
cores, with maximum sizes smaller than 5um
(Delmonte et al., 2004Db).

The relationship between the mean grain size
of particles and carrying capacity of wind as-
sociated with wind strength has been demon-
strated using aeolian sediments collected in
sediment traps in the Indian Ocean (Clemens,
1998), where strong positive correlations are
observed among median grain size, overlying
wind speed, and regional pressure gradients.
Long-term trends in aeolian grain size in Indian
Ocean marine sediments show a decreasing
trend between 3.0Ma until today, which
Clemens (1998) interprets to indicate a steady
decrease in the intensity of the winds associated
with the southwest monsoon. At great dis-
tances from source areas in Greenland and
Antarctica, changes in the strength of the wind-
carrying sediments have often been inferred
from changes in sediment grain size. The mean
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grain size diameters from Greenland ice cores
have been shown to increase during cold, sta-
dial periods (e.g., the Younger Dryas or Last
Glacial Periods), in comparison with relatively
warmer periods such as the -early-to-late
Holocene (Steffensen, 1997; Zielinski and
Mershon, 1997). These grain size increases are
correlative with substantial increases in dust
deposition and suggest a possible enhancement
of wind intensities during the colder climatic
periods.

Grain size distributions of dust in ice cores
are not always simply related to changes in
wind speed and can also result from changes in
the transit time of dust. Recent analyses from
the EPICA Dome C core in Antarctic have
shown finer grain sizes at the last glacial
period compared with data from the Holocene
(Delmonte et al., 2002), in contrast to results
from other east Antarctic cores (Thompson,
1977; Petit et al., 1981; Briat et al., 1982; De
Angelis et al., 1984). Although the dust isotopic
signature suggests that the dust at these cores
share a common provenance, Delmonte et al.
(2004a) propose that the finer-grained dust at
the EPICA Dome C site was transported via
high-altitude air masses that resulted in a
longer transit time than for dust at the other
Antarctic sites.

In actuality, the grain size distribution of at-
mospheric dust particles can be affected by
several additional factors, including the grain
size distribution of soils at the source area, the
deflation process, the nature of the deposition,
and postdepositional changes. For example,
higher surface wind speeds can cause saltating
soil particles to dislocate smaller dust particles
compared with lower wind speeds. This occurs
because the high kinetic energy of saltating
particles overcomes the binding energies of clay
aggregates (as shown in experimental studies by
Alfaro et al., 1998). Higher surface wind speeds
in source areas thus can cause enhanced dislo-
cation of both smaller and larger particles
compared with particle sizes dislocated at lower
wind speeds (Grini and Zender, 2004; Alfaro
et al, 1998; Marticorena and Bergametti,
1995). This effect should be taken into consid-
eration for interpreting the particle size infor-
mation in acolian sediments.

The nature of the deposition process can also
strongly influence the grain size distribution
that is recorded. In the atmosphere, the relative
contributions of wet versus dry deposition can
also affect the grain size distribution of the dust
deposited (e.g., Gillette ef al., 1974; Johnson,
1979). Studies in Australia have shown that the
dust deposited by dry deposition has a uni-
modal grain size distribution centered around
12-13um (Hesse and McTainsh, 1999). In

contrast, indiscriminate scavenging of all par-
ticle sizes occurs during rainfall events, which
results in the observed bimodal distribution of
deposited dust, with peaks centered at 3 and
10.5um (Hesse and McTainsh, 1999). Once
dust has entered the ocean, hemipelagic con-
tamination from river plumes, ice rafting, and
turbidites, and bottom water currents can com-
pletely alter the sediment grain size distribution
(e.g., Rea, 1994). Thus, caution must be exer-
cised in interpreting grain size distributions be-
cause deciphering a single cause of changes in
grain sizes is not always straightforward.

4.13.3 GEOLOGIC VARIABILITY OF
THE DUST CYCLE

What changes have been observed over
millions of years; what do we know about
the regular “cycles” of dust; and what detailed
information about the dust cycle can we re-
construct about the last glacial period? The
geologic record of dust has provided a wealth
of information about changes in dust relative to
past climates.

4.13.3.1 Dust over Long Time Periods

Terrestrial loess deposits and marine sedi-
ments both provide important information
about the changes in atmospheric dust activity
over the last 12 Myr (Pettke et al., 2000), asso-
ciated with the uplift of the Tibetan Plateau.
The longest aeolian sequences on land are from
the Chinese Loess Plateau. These loess—paleo-
sol sequences provide a relatively continuous
record of changes in moist and arid conditions
associated with fluctuations in the East Asian
monsoon over the last 2.6 Myr (see, e.g., An,
2000), and more recent evidence suggests that
the underlying Red Clay sequence is also
aeolian (Zheng et al., 1992; Ding et al., 1998;
Guo et al., 2001), dating to as early as 8.35Ma
(Qiang et al., 2001).

The onset of the Red Clay Sequence, which
indicated enhanced aridity over the Asian con-
tinent, was also marked by a sudden increase in
aeolian deposition in the North Pacific region
(Zheng et al., 2004). A more recent phase of
the uplift of the Tibetan Plateau (ca. 3.6 Ma)
effectively blocked Indian moisture sources
from reaching East Asia and created condi-
tions favorable for the development of the
East Asian monsoon, which modulates the
southward flow of cold, dry air masses across
the East Asian continent in winter. As glacial
cycles intensified, they enhanced conditions of
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stronger winds and higher aridity that favor
dust emission during cold periods. Compari-
sons between loess and marine sediment
records downwind of Asian deserts in the
North Pacific Ocean suggest that dust deposi-
tion was enhanced by an order of magnitude
following this later uplift event (Pettke ez al,
2000; Zheng et al., 2004). The mineralogy and
isotope chemistry of the deposited dust sug-
gests that the source areas (basins north of the
Tibetan Plateau as well as the Gobi desert)
have remained basically the same since the
onset of aridification, but have experienced
different intensities of chemical weathering
following the initiation of major Northern
Hemisphere glacial cycles (Pettke et al., 2000).
The onset of Northern Hemisphere glaciat-
ion has also affected the aridification and
aeolian activity associated with Africa (De-
Menocal, 2004). Marine sediment records of
dust from both the North Atlantic and Arabian
Sea also suggest a shift from a predominantly
monsoon-driven climate toward more arid con-
ditions after 2.8 Ma, modulated by the perio-
dicity of Northern Hemisphere glaciations
(DeMenocal, 1995). DeMenocal (2004) associ-
ates this increased aridity with the intensifica-
tion of Northern Hemisphere glaciations,
which resulted in cooler North Atlantic sur-
face ocean temperatures that inhibited the ex-
pansion of the North African summer
monsoon into the African continent, thereby
increasing Saharan and Sahelian aridity.

4.13.3.2 The Distribution of Dust over
the Last Glacial Period

Much information has been collected on dust
deposition during the last glacial period. These
data have been compiled using records from ice
cores, marine sediments, and terrestrial records
as part of the Dust Indicators and Records of
Terrestrial and MArine Paleoenvironments
(DIRTMAP) project (Kohfeld and Harrison,
2001), which was established to archive dust
information for the last 130,000 years. The
majority of this database is dedicated to the es-
timation of mass accumulation rates of dust for
different time periods, for easy comparison
with model simulations of the dust cycle (e.g.,
Mahowald et al., 1999, 2006; Reader et al., 2000;
Tegen et al., 2002; Werner et al., 2003).

In addition to including some new marine
sediment sites in the Equatorial Pacific Ocean
(Anderson et al., 2006) and new results from
recent ice cores (Delmonte et al., 2002, 2004a),
the revised version of DIRTMAP provided
here includes efforts to incorporate mass

accumulation rates of last glacial loess deposits
distributed around the world (Bettis et al., 2003;
Chlachula, 2003; Eden and Hammond, 2003;
Frechen et al, 2003; Hesse and McTainsh,
2003; Kohfeld and Harrison, 2003; Mubhs et al.,
2003; Zarate, 2003). These data were recently
published in a special issue of Quaternary Sci-
ence Reviews (Derbyshire, 2003) and then com-
piled and included for a first time in comparison
with model simulations of the last glacial period
(Mahowald et al., 2006). One difficulty in com-
paring loess accumulation rates with model
simulations is that typical loess deposits show a
particle size mode in the range 2060 pm (Pye,
1987), which is larger than the grain sizes sim-
ulated by dust models of typically up to 10 um.
To facilitate a more realistic comparison with
their particular model simulation, Mahowald
et al. (2006) also estimated the fraction of loess
sediments with grain size diameters smaller than
10 um. However, here we present the bulk mass
accumulation rates (Figures 3a and 3b).

The different records of glacial-interglacial
changes in mineral dust deposition agree in
showing increased dust fluxes during glacial
periods. Ice core records, which are the longest
distance from source regions, have demon-
strated a 2-20-fold increase in deposition
during the Last Glacial Maximum (LGM)
compared to today (Figure 3c). Various pat-
terns of deposition have been observed in ma-
rine sediments, but the overall change has been
about two- to fivefold increase at the LGM.
Land records have also demonstrated large
changes in deposition rates over the last period
of deglaciation. Highest rates of deposition
during the last glacial period are recorded
from Peoria Loess in the mid-continental
United States, where deposition rates were as
high as 17,500 gm 2 yr ! during the last glacial
period (Bettis et al, 2003), and ~3,500-
11,500 gm ?yr~ ' on the deglaciation in central
Nebraska (Roberts et al., 2003). For compar-
ison, the largest accumulation rates from the
Chinese Loess Plateau were on the order of
1,000 gm 2yr~! (Sun ez al., 2000; Kohfeld and
Harrison, 2003). Comprehensive estimates of
changes in mass accumulation rates of dust
have demonstrated approximately a threefold
increase over the Chinese Loess Plateau be-
tween the last glacial period and late Holocene
times (Sun et al., 2000; Kohfeld and Harrison,
2003), a pattern that is repeated over multiple
glacial-interglacial cycles (Sun and An, 2005).

The LGM has also been a major focus for
dust modeling because both aeolian deposition
rates and boundary conditions (e.g., insolation
forcing, ice sheet extent, and atmospheric trace
gas concentrations) are known with some con-
fidence. Incorporating expanded dust source
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areas resulting from less extensive vegetation
cover during glacial climate conditions in-
creased the modeled atmospheric dust loads
at high latitudes by factors of 1.4 up to 2.5,
consistently with the high dust fluxes observed
in polar ice cores (Mahowald et al., 1999, 2006;
Werner et al., 2003). The potentially large effect
of dust aerosol supplied by glacial outwash has
been difficult to incorporate into global mod-
eling schemes, largely because of the relatively
small, subgrid-scale nature of glaciogenic
processes. Using an inverse modeling scheme,
Mahowald et al (2006) infer that these glac-
iogenic sources increase glacial dust emissions
by almost 60% over simulations that do not
account for these sources. Still, potential in-
creases in the extent of dry lake bed areas
during the last glacial period, caused by the
weakened hydrological cycle, have not yet been
factored into global dust models, and these
may also enhance dust emissions during glacial
climates.

4.13.3.3 Glacial-Interglacial Cycles

The geologic record of mineral aecrosols also
demonstrates some intriguing temporal rela-
tionships between dust and atmospheric CO,,
as recorded in air bubbles of polar ice cores
(Petit et al., 1999). Close comparison between
the dust concentration and atmospheric CO,
concentrations in the Vostok ice core reveal
that dust concentrations do not even begin to
increase until atmospheric CO, values reach a
critically low level of ~220ppm. In other
words, atmospheric CO, levels seem to drop
by ~50ppm below interglacial levels before
dust concentrations even began to increase.
Further examination of marine sediments dem-
onstrates that this relationship may not be lim-
ited to the Vostok ice core, and may possibly be
generalized to the entire ocean (Figure 4).

This relationship between CO, and dust is
repeated over multiple glacial-interglacial
cycles and is likely to represent an important
recurring feedback between climate, CO,, and
dust. Model simulations of the last glacial pe-
riod using the ECHAM3 climate model have
demonstrated a significant increase in the
areal extent of dust sources. This was a result
of the response in plant evapotranspiration
(and consequently vegetation cover) to changes
in atmospheric CO, on glacial-interglacial
timescales (Harrison and Prentice, 2003). Sen-
sitivity studies suggested that about one-half of
the increase in glacial dust emissions were thus
due to the glacial reduction in atmospheric
CO, (Mahowald et al, 1999). The remaining
changes in dust emissions were due to changes

in vegetation cover in response to changed cli-
mate variables such as temperature and
vegetation, as well as changes in wind speed
and soil moisture that directly impact on dust
emission fluxes. Recent simulations with the
climate model CCM3 have included the effects
of lower carbon dioxide on vegetation at the
last glacial period, and resulted in a 35% in-
crease in source areas. In simulations without
the effects of lowered CO,, including only the
influence of glacial climate on vegetation,
source area extent is only 15% greater than
today (Mahowald ez al, 2006). These simula-
tions suggest a mechanistic response between
climate, atmospheric CO,, and dust (see, e.g.,
Ridgwell and Watson, 2002).

4.13.4 MODERN RECORDS OF DUST

While geologic data provide some interesting
insights into past changes in the dust cycle, a
more extensive range of data describing differ-
ent aspects of the modern dust cycle are avail-
able and can be used to constrain recent changes
in the global dust cycle, and provide more de-
tailed information about changes in dust emis-
sion, source area, transport, and deposition. For
example, various in situ and remote-sensing ap-
plications allow quantification of several aspects
of the atmospheric dust cycle.

4.13.4.1 Source Areas

Remote sensing with satellite instruments
provides information on vegetation cover and
surface properties that are a prerequisite for
identification of dust source areas. Maps of
surface conditions that are derived from satel-
lites are used extensively in locating areas that
are likely to act as preferential dust source ar-
eas, and these maps are frequently used as input
parameters for modeling purposes (see Section
4.13.6). However, there are very few direct and
spatially extensive measures of dust emissions.

Changes in visibility in response to atmos-
pheric dust storms are qualitative indicators of
changes in atmospheric dustiness close to source
regions. A dust storm is defined as an event that
reduces atmospheric visibility to <1km due to
the presence of dust. Several studies have used
dust storm frequencies to describe wind erosion
trends in specific regions (e.g., Changery, 1983;
Middleton, 1984, 1986a, b; Wheaton and
Chakravarti, 1990; Goudie and Middleton,
1992). Only one study (Engelstaedter et al,
2003) has examined the global distribution of
dust storms, using a climatological average of
annual average dust storm frequency,
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approximately covering the time period 1970-
1990 (Figure 5). That study demonstrated a
statistical relationship between annual average
dust storm frequency and land-surface condi-
tions, in spite of the potential impact of atmos-
pheric transport on visibility measurements.
This relationship was also utilized later by
Tegen et al. (2004a) to reassess the contribution
of agricultural sources to the global dust emis-
sions. However, this climatology does not allow
for the examination of temporal changes in dust
storm frequencies. Furthermore, in some cases
the amount of data is too limited to produce
statistically significant results, for example, for
regional comparisons or when trying to estab-
lish relationships between dust storm frequency
and degree of cultivation or soil protection
(Tegen et al., 2004a, b). Nevertheless, the cur-
rently available meteorological station data
have the potential to provide a global time se-
ries of changes in dust storm frequencies that
can be compared with model simulations over
the past 50-100 years (Figure 5).

4.13.4.2 Transport

Modern satellite data retrievals provide a
more direct means of measuring changes in dust
transport than individual in sifu measurements
of dust concentration or deposition fluxes.
However, quantification of dust optical thick-
nesses from such satellite retrievals requires a
priori assumptions on dust optical properties,
surface albedo, and the presence of cirrus clouds.
In situ ground-based measurements offer the op-
portunity for long-term measurements that are
difficult to achieve for satellite instruments.

Over the oceans, aerosol optical thickness
products are derived from different satellite
instrument retrievals, including Meteosat,
AVHRR, SeaWifs, POLDER, MODIS, and
MISR (for an overview see, e.g., Yu et al.,
2006). Generally, satellite measurements of
light at specific wavelength that has been re-
flected by airborne particles and scattered
back to space are used to quantify aerosol
properties in cloud-free areas. This retrieval is

impeded by light reflected from the Earth’s
surface, which can cause considerable uncer-
tainties for aerosol retrievals above soils with
high and variable surface reflectances. Over
oceans with low surface albedo, aerosol op-
tical thicknesses can be accurately retrieved
from remote sensing. The estimate of dust
optical thickness from these retrievals is com-
plicated by the presence of other aerosols like
sea-salt particles or anthropogenic sulfates
and carbonaceous particles. Over land, quali-
tative distributions of aerosols absorbing at
UV wavelengths are observed by the Total
Ozone Mapping Spectrometer (TOMS) satellite
(Hermann et al., 1997) and more recently, Ozone
Mapping Instruments (OMI, aboard the Aura
satellite). Another instrument allowing for the
retrieval of aerosols over some land surfaces is
the Multiangle Imaging Spectro Radiometer
(MISR) Instrument aboard the Terra satellite
(Kahn et al, 2005), which provides additional
information by multiangular retrievals.

In addition to views from the air, the optical
thickness of dust in the atmosphere can be
estimated from the Earth’s surface, using Sun
photometers. The Aerosol Robotic Network
(AERONET: Holben et al, 1998) includes
several hundred sites where sun and sky radi-
ances are measured by intercalibrated sun pho-
tometers at four wavelengths (Figure 6). The
retrieval algorithm inverts measurements of aer-
osol optical thickness and diffuse sky radiation
and derives aerosol particle size distribution in
the range from 0.05 to 15um and the complex
refractive index at the four wavelengths (Dubovik
and King, 2000). Several sites are located in or
downwind of desert areas, and information from
these sites can be used to determine the temporal
variation of dust optical thickness and optical
properties. AERONET retrievals are a useful
ground validation tool for satellite retrievals and
model estimates of aerosol optical thickness.

Although not a direct measure of transport,
measurements of the atmospheric concentra-
tions of dust, using mesh sampling and high-
volume dust samplers, can provide an ongoing
record of changes in dust concentrations over a

Figure 4 Changes in dust inputs to the ocean over the last 200,000 years as measured in marine sediment
cores, as compared with dust deposition and changes in atmospheric CO, levels measured in the Vostok ice
core. Shaded regions indicate time periods when atmospheric CO, concentrations dropped below 220 ppm,
and coincide with periods of highest dust inputs to the Vostok ice core and each ocean basin. Terrigenous
fluxes are from North Pacific cores H3571 (pink, 34.9°N, 179.7°E, 3571 m; Kawahata et al., 2000) and S2612
(purple, 32.3° N, 157.8°E, 2612 m; Kawahata et al., 1999); tropical Atlantic sites ODP 659 (light blue, 18.1° N,
21.0°W, 3082m; Tiedemann et al., 1994), and ODP 663 (blue, 1.2°S, 11.9°W, 3708 m; Schneider, 2002);
Indian Ocean core RC27-61 (16.63° N, 59.86° E, 1806 m; Clemens and Prell, 1990), and Tasman Sea cores
S0O36-61 (yellow, 30.6°S, 161.4°E, 1340 m; Hesse, 1994), C1-86-6GC3 (green, 32.98°S, 160.0°E, 1540 m;
Hesse, 1994), LH3166/NGC97 (35.5°S, 161.0° E, 3166 m; light green, Kawahata et al., 1999, 2000), and E26.1
(brownish green, 40.3°S, 168.3°E, 910 m; Hesse, 1994). Adapted by permission of American Association for
the Advancement of Science from Kohfeld ez al. (2005).
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Figure 5 Climatology of annual dust storm frequency (daysyr™') averaged from ~1971 to 1996 (Engel-
staedter et al, 2003) provides one semiquantitative means of approximating dust emissions. Here they are
compared with output from a dust simulation of Tegen ez al. (2002).

given site. Dust concentration information has
been collected at several stations, as part of a
network of mostly remote island sites (Pros-
pero, 1996). These unique and very valuable
long-term records have revealed such things as
a long-term change in the transport of dust
from Africa to the North American continent.
Regional projects such as the Interagency
Monitoring of Protected Visual Environments
(IMPROVE) project in the United States have
also attempted to measure changes in the at-
mospheric particulates. The IMPROVE project
endeavores to quantify the soil dust contents of

the atmosphere by measuring the total particle
mass concentrations (as PM10 and PM2.5,
which refers to particle mass of the particles
with sizes of <10 and 2.5 um, respectively). The
program also approximates the total soil dust
concentration from the trace metal composition
of the collected samples. These analyses suggest
that as much as 40% of the atmospheric par-
ticulates smaller than 2.5 pm in diameter in the
southwestern United States are comprised of
soil dust (Malm et al., 2004).

In conclusion, in situ measurements allow
quantification of dust properties, but have
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concentration measurements (Prospero, 1996); and data from dust sediment traps (Reheis, 2003).
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usually only sparse spatial and temporal cover-
age. Reliable quantification of dust properties
can only be achieved by combining several types
of measurements and modeling (Figure 6).

4.13.4.3 Deposition

There are several means by which modern
dust deposition can be measured, including
land-based sediment traps (Reheis and Kihl,
1995), marine sediment traps (e.g., Honjo et al.,
2000), and snow samples in polar environments
where dust falls directly on snow and ice (e.g.,
Bory et al., 2002, 2003a, b). Few measurements
determine both dry and wet deposition of dust
particles simultaneously, which reduces the use-
fulness of such data (Mahowald ef al., 2005).

One difficulty of using land-based traps is
the issue of calibrating the different trap archi-
tectures to demonstrate that quantitative
estimates of dust fluxes are consistent. How-
ever, within a particular region using self-
consistent traps, these traps have been able to
provide examples of seasonal-to-interannual
variability in dust deposition (e.g., Derbyshire
et al, 1998; Okin and Reheis, 2002). Thus,
although difficult to interpret in the context of
a global database, land-based traps have
proved to be useful for understanding proc-
esses controlling regional dust cycle dynamics.

Marine-based sediment traps not only pro-
vide a means of measuring dust fluxes to the
ocean surface, but also have complications.
First, the terrigenous component must be iso-
lated from the total flux of material using the
same procedure as with marine sediments to
remove the several biogenic minerals produced
by organisms in the surface waters. As a result,
sediment trap materials share the same uncer-
tainties, especially at low fluxes. Furthermore,
trace elements such as *?Th show the same
promise for reconstructing low dust fluxes
(see Section 4.13.2.1).

A second issue is that dust that falls on the
ocean surface must then be exported to the
depth of the sediment trap. Phytoplankton and
zooplankton activity can influence the aggregat-
ion process of dust particulates, and thus
biogenic productivity can affect the seasonal
timing of when these minerals are exported to
the traps below (Bory and Newton, 2000; Bory
et al., 2001). Furthermore, minute dust particles
can be horizontally advected or redistributed in
the water column, before reaching the sediment
trap. Several modeling (Siegel and Deuser,
1997) and observational (Gardner et al., 1997)
studies have attempted to quantify the extent of
this problem, by taking into account particle
sinking rates and horizontal velocities. The

observational data from the Vema Channel
suggested that while the horizontal fluxes past
different traps varied by a factor of 37, the
quantity collected by the traps deployed at var-
ious depths differed by only a factor of 1.4
(Gardner et al., 1997). Alternatively, a model-
ing study suggested that for traps moored at
water depths of 1,500m, 95% of the collected
materials fall within 600 km of the trap. Thirty
percent of the material comes from within
200km (Siegel and Armstrong, 2002). These
distances lie in the order of magnitude of a
single grid cell of a global transport model,
which usually has a length of 200—500 km in one
dimension. Thus, as with all data, it is impor-
tant to be aware of the potential limitations
when interpreting these dust flux data.

A third means of measuring dust deposition
is through quantification of the particulates
that land on ice and snow, both in polar and
alpine regions. Quantification of deposition
from these regimes requires a precise estima-
tion of snow accumulation rates. Furthermore,
chemical analyses on mineral dust can be com-
plicated in regions that experience seasonal
melt layers. Nevertheless, snow pit studies in
locations such as Greenland have collected suf-
ficient quantities of snow to isolate seasonal
changes in Asian dust sources to the ice sheet
(Bory et al., 2002, 2003a, b).

4.13.5 MODERN VARIABILITY OF
THE DUST CYCLE

Quantifying changes in modern variability of
dust emissions and transport requires detailed
datasets appropriate for addressing the changes
we wish to study. The previous section revie-
wed several types of data for assessing the in-
ter- and intra-annual variability of atmospheric
dust. Currently, there exists no global dataset
that allows both a data and modeling analysis
of systematic changes in dust emissions over
the past several decades.

Nevertheless, enough data have been col-
lected to document changes in the processes
associated with the dust cycle that have varied
over the last 100 years. Changes in dust emis-
sions can be modified by anthropogenic influ-
ences either directly by land use, or indirectly
through changes in surface wind speed, the
hydrological cycle, or vegetation changes as a
consequence of anthropogenic climate changes
(Zender et al., 2004). Model results suggest that
the emissions and atmospheric dust loading
since preindustrial times may have altered con-
siderably due to changes in climate and vegetat-
ion cover (Mahowald and Luo, 2003) The
authors of this study conclude that the dust
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loads may have increased by up to 24% or de-
creased up to 60% for different climate and
land-use scenarios. The uncertain and sparse
observations available for validating those
results make it difficult to decide which of the
scenarios is the most probable.

Some regions have experienced dramatic
changes in dust production, such as in the North
American dust bowl region (e.g., Goudie and
Middleton, 1992), the Sahel region of West
Africa (Mbourou et al, 1997; Prospero and
Lamb, 2003), and Australia (McTainsh et al,
1998). Recent dust storm frequency analyses in
China have also shown that the 1950s—1960s
were much dustier than today (Zhao et al.,
2004). Thus, the modern records provide
vidence of interdecadal variability in dust
production.

During the past decades, there have been
several documented changes in regional land
surface conditions such as vegetation cover,
and trends in temperature and precipitation
that are superimposed on observed climate
fluctuations such as the El Nifio/Southern Os-
cillation and the North Atlantic Oscillation
(Houghton et al., 2001), which can be related to
changes in the atmospheric dust content. For
example, Okin and Reheis (2002) use dust flux
data to support a correlation between dust
events in the southwestern United States and
the previous year’s winter temperature anom-
alies from the Equatorial Pacific Ocean. They
suggest that reduced precipitation during
La Nina years results in less vegetation cover
and enhanced dust activity in the southwestern
United States. However, their results also
suggest that enhanced precipitation and floo-
ding associated with the strongest El Nifno
years results in a renewal of reworked material
to closed basins, making it subsequently avail-
able for transport.

Multiyear dust aerosol retrievals from the
Meteosat satellite indicate a correlation of dust
transport toward the Mediterranean and the
North Atlantic with the North Atlantic Oscil-
lation (NAO) (Moulin et al, 1997). Recent
model simulations also suggest that interannual
variability in winter dust production in the Sa-
hel desert region is likely correlated to changes
in the NAO, but such variability is not apparent
in dust concentration records in Barbados
which integrate both emission and transport
changes (Ginoux et al, 2004). Testing
the significance of these correlations is prob-
lematic due to the decadal-scale variability of
the NAO and short timescale of most dust
records. In contrast, Moulin and Chiapello
(2004) and Chiapello ez al. (2005) find observat-
ional evidence of a connection between multi-
year satellite retrievals from the TOMS and

Meteosat instruments, the dust concentration
record at Barbados, and the Sahel drought.
Analysis of the potential connections between
these factors requires an integrated approach
combining the different observations and model
results.

4.13.6 FILLING IN THE GAPS: THE
ROLE OF GLOBAL DUST CYCLE
MODELS

Most measurements of dust properties pro-
vide only patchy and discrete information
(both in time and space). This patchiness com-
plicates any global assessment of the spatial
and temporal variability in the emissions, the
atmospheric burden, transport, and deposition
of dust. Global dust models allow us to fill in
the gaps. When validated against the existing
data, global models allow us to assess changes
in source areas. They can account for the
integrated impact of wind speeds, transport,
and deposition processes on large-scale spatial
deposition patterns. Finally, global dust mod-
els can provide a first-order estimate on
changes in dust emissions and the atmospheric
burden of dust for geologic, modern, and
future time periods.

To better understand processes that control
dust emission and deposition, quantify atmos-
pheric loads, and estimate dust effects, not only
for present-day but also for past climates or
projections of future changes, increasingly com-
plex regional and global-scale models of the
dust cycle have been developed in the recent
years (Zender et al, 2004). Dust emissions in
such models are determined by surface wind
speeds, and surface properties such as rough-
ness length, vegetation cover, soil moisture, and
soil texture. Recently, developed dust models
explicitly prescribe seasonal vegetation cover to
delimit the extent of dust sources (Werner et al.,
2003) as well as use topographic depressions in
dry, unvegetated areas as indicators of prefer-
ential sources containing fine and loose sedi-
ment particles that can be easily deflated under
strong wind conditions (Ginoux et al., 2001).
Surface roughness retrievals from the POLar-
ization and Directionality of the Earth’s
Reflectances (POLDER) instrument (Laurent
et al., 2005) or the European Remote Sensing
(ERS) microwave scatterometer (Prigent et al.,
2005) are used as input parameters in large-
scale dust emission models, substantially impro-
ving distribution and magnitudes of calculated
dust emission fluxes compared with the as-
sumption of a constant surface roughness in
the emission model. Other large-scale datasets
of soil properties like texture are difficult to
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obtain, as the most active dust sources lie in
remote areas that cannot easily be accessed.

Global models are able to simulate the dis-
tribution of atmospheric dust, the seasonal and
interannual changes, and the magnitude of op-
tical thickness reasonably well. Major remain-
ing problems in computing global dust
emissions from wind deflation include the
unavailability of soil properties datasets at
global scale, and insufficient model resolution,
as peak gusts that are responsible for the
strongest dust events remain largely unresolved
in large-scale global models. Parameterizations
of subgrid-scale variability in surface winds
(e.g., Cakmur et al., 2004; Grini et al., 2005)
have provided some improvements in compu-
tations of dust emissions. Regional models of
dust emission, transport, and deposition re-
solve surface wind speed variability better than
global models, and are well suited for
investigations of individual dust events and
comparisons with in situ observations made
during field experiments. Regional dust models
exist for key regions, including the Sahara and
Asia (Sokolik et al., 2001). However, while the
topography, soil conditions, and small-scale
extreme wind events are simulated more real-
istically in regional compared to global models,
uncertainties in the parameterization of key
processes and input data on meteorological
fields and soil properties still remain.

Projections of dust emissions taking into ac-
count expected changes in vegetation and me-
teorology in the next 100 years yield changes
ranging from a 60% decrease (Mahowald et al.,
2006) to a 233% increase in dust (Woodward
et al., 2005). The large difference in those studies
is mostly related to the difference in predicted
expansion or shrinking of the desert regions,
from which dust aerosol can be emitted, by the
different vegetation models used in the studies.
Mahowald et al (2006) used an equilibrium-
vegetation model and predicted a maximum
reduction in dust emissions, including a sub-
stantial reduction of the size of the Saharan
desert. Alternatively, Woodward et al. (2005)
used a dynamic, coupled vegetation—climate
model and predicted maximum increase in dust
emission, largely as a result of desertification of
the Amazon rainforest region.

Agricultural land use and other human dis-
turbances such as off-road traffic construction
can increase soil dust emission. The degree to
which anthropogenically disturbed soils add to
the regional and global dust loading is still un-
clear. Comparison of model estimates with
available observations from remote-sensing
and meteorological data lead to estimates that
disturbed soils contribute between <10% and
up to 50% of the modern global dust load in the

atmosphere (Houghton et al., 2001; Tegen et al.,
2004a, b; Mahowald et al., 2004). The ability of
current dust cycle models to assess these changes
represents progress in the field. At the same
time, the uncertainty in the modeled responses
demonstrates the future challenges for assessing
the role of dust that lies ahead.

4.13.7 DUST FEEDBACKS WITHIN THE
EARTH SYSTEM

4.13.7.1 Radiative Feedbacks

A major climate impact of dust aerosols is its
direct radiative forcing (Houghton et al., 2001).
Dust particles reflect part of the incoming solar
radiation back to space, thus reducing the
radiative fluxes reaching the surface. The sign
and magnitude of the impact of dust particles
on solar radiation depends on dust optical
properties, the albedo of the underlying surface
and cloud cover (e.g., Liao and Seinfeld, 1998).
Beneath dust clouds this effect can locally re-
duce the direct solar fluxes more than
100Wm™2 (e.g., Haywood et al., 2003a, b).
For reference, the mean annual incident solar
radiation is ~342Wm ™ at the top of the at-
mosphere. Incoming sunlight can also be ab-
sorbed by dust particles, which can heat the
dust layer and result in a redistribution
of energy within the atmospheric column. The
relation between absorbed and reflected solar
radiation depends on the size and mineral com-
position of the dust particles (Sokolik et al.,
2001). Recent in situ retrievals of dust optical
properties from sun photometer measurements
suggest dust only to be weakly absorbing at
solar wavelengths (Dubovik et al, 2002).
Owing to their large sizes, dust particles also
contribute to the greenhouse effect by absorb-
ing and emitting outgoing terrestrial radiation.
This effect depends on the vertical distribution
of dust, and is expected to be smaller than the
solar effect (Houghton et al., 2001).

Haywood et al. (2005) recently estimated a
longwave radiative effect of up to + 50 Wm >
in cloud-free regions of the Sahara. Based on
our current knowledge of the optical properties
and distribution of dust aerosol, its net ra-
diative effect is expected to be negative in the
global mean, such that an increase of atmos-
pheric dust load leads to a reduction of energy
input into the earth system. This causes not
only reduced surface temperatures in the pres-
ence of dust clouds, but also a weakening of the
hydrological cycle due to reduced evaporation
beneath dust clouds (Miller et al, 2004). The
direct radiative forcing by dust aerosol leads to
a stabilizing of the dust-laden atmosphere and
to a feedback on the dust production itself;
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reduced surface winds reduce dust emissions in
a global model by 10-20% if the dust radiative
effect is taken into consideration (Perlwitz
et al., 2001). While a positive feedback of dust
forcing upon dust production and atmospheric
dust load is imaginable due to reduced precip-
itation enhancing the availability of dust par-
ticles for deflation and reduced wet removal
from the atmosphere, model results by, for ex-
ample, Perlwitz et al. (2001) indicate that the
negative-feedback processes are dominant.

Both the regional and global radiative im-
pacts of dust would be expected to change un-
der different climate conditions when the
overall distribution and total atmospheric bur-
den of dust are expected to be different. Early
studies hypothesized that atmospheric dust
over ice sheets with high-surface albedos in
high-latitude regions could create localized hea-
ting (Peltier and Marshall, 1995). Global model
simulations suggested that dust over ice sheets
could result in a surface warming of as much as
1-4°C over Greenland and North America
(Overpeck et al., 1996). The authors suggested
that this heating could be sufficient to invoke
rapid melting at the edges of ice sheets and
provide a sufficient feedback to cause rapid
climate events that were propagated through
the climate system. Later, investigations using
more realistic simulations of dust suggested
that the largest radiative impacts of dust were
found in the tropical regions, with an overall
negative top-of-atmosphere (TOA) forcing of
~2-3Wm 2 associated with the largest dust
sources (Claquin et al., 2003). This forcing was
of the same order of magnitude as the radiative
cooling effect associated with the glacial reduc-
tion in atmospheric carbon dioxide.

In high latitudes, the TOA radiative forcing
was dominated by the negative forcing of nearly
—20 W m 2 associated with albedo effects from
greatly expanded Northern Hemisphere ice
sheets (Claquin et al, 2003). Only a slightly po-
sitive forcing due to dust was found over high-
latitude ice sheets, as atmospheric dust loadings
were very low (even though greatly enhanced
compared to interglacial time periods). One int-
eresting point about these simulations is that
global model experiments have not been able to
sufficiently capture the changes in dust associ-
ated with glacial conditions. Simulated dust ac-
cumulation rates have been underestimated in
China (Kohfeld and Harrison, 2003) and in
particular in the mid-continental United States,
where the highest mass accumulation rates of
dust have been recorded (Roberts et al., 2003)
on the deglaciation. Roberts er al (2003)
suggested that the atmospheric dust may be a
missing feedback that is needed to account for
the difference between the simulated late glacial

warming in this region (e.g., Bartlein et al,
1998) and the observed vegetation and fauna
that indicate that the region remained cool well
into the deglaciation. Recent model simulations
have used an optimization approach to infer the
potential contributions of glaciogenic sources
to atmospheric dust loadings at the LGM
(Mahowald et al., 2006). The inclusion of these
glaciogenic sources results in a regional en-
hancement of the TOA radiative forcing by
1-5W m 2 at the ice sheet edge in North Amer-
ica (Mahowald et al, in press), but also a local-
ized cooling of the same magnitude just to the
south of the ice sheet in the region of these high
dust accumulation rates. This suggests that
indeed regional radiative impacts of dust may
be large enough to impact the energy balance of
climate and ice sheet ablation.

Very few estimates have been made of future
changes in the radiative forcing of dust. The re-
sults of future changes in globally averaged ra-
diative forcing by dust estimated in the
independent studies by Woodward et al. (2005)
and Mahowald ez al. (in press) are actually quite
close with an increase by +0.17 and
+0.14Wm 2, respectively, but these results
are obtained for entirely different reasons.
Woodward et al. estimated a fivefold increase
in TOA forcing by dust between 2000 and 2100,
increasing from 0.04 to 0.21 Wm 2. This in-
crease in forcing is a consequence of increased
dust emissions and an originally positive dust
forcing. Alternatively, Mahowald et al (in
press) estimated a less-negative TOA dust for-
cing for future climate conditions as a conse-
quence of reduced dust emissions with a
negative dust forcing estimate for modern cli-
mate conditions. In each instance, the globally
averaged impacts of dust are small. However,
regional impacts could be substantial (e.g.,
>10Wm™? change in dust forcing in the
Amazon basin in the Woodward et al (2005)
estimate). Furthermore, the potential for indi-
rect effects of dust on cloud formation and pre-
cipitation may prove more significant. In
particular, the role of dust aerosol particles in
providing nuclei for ice cloud formation may be
important (DeMott et al., 2003). This is an area
that requires much future work because the
variability between different climate model sim-
ulations is larger than the changes in future
dustiness themselves, and the indirect aerosol
effects require further investigation.

4.13.7.2 Biogeochemical Feedbacks

Dust has also been recognized as a potential
source of nutrients to both terrestrial and
marine ecosystems. Several studies have
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documented the aeolian input of dust to soils
(Chadwick and Davis, 1990; Muhs et al., 1990;
Tiessen et al., 1991; Swap et al., 1992; Chadwick
et al., 1999; Vitousek et al., 1999; Reynolds et al.,
2006). In regions such as Hawaii where soils are
formed on fresh basalts, near-surface layers con-
tain as much as 30% aeolian-derived quartz
(Kurtz et al, 2001). Saharan dust has been
suggested as a source of potassium and calcium
to topsoils in Ghana (Tiessen et al., 1991) as well
as a long-term source of trace elements to the
Amazon basin (Swap et al., 1992). Recent work
on the Colorado Plateau suggests that aeolian
inputs provide as much as 40-80% of plant nu-
trients (Reynolds et al., 2006). One implication is
that changes in dust emissions, transport, and
deposition can affect terrestrial ecosystems on
geologic timescales but also on modern ones. For
example, Reheis er al. (2002) demonstrate that
certain geochemical “hot spots,” such as Owens
Valley, California, have the potential to contrib-
ute toxic metals to soils in the southwestern
United States, and that the impacts of these con-
tributions are still relatively unstudied.

Dust is also an important external source of
nutrients, particularly iron, to the ocean (Duce
et al., 1991; Prospero, 1996; Jickells et al., 2005).
Atmospheric dust has a relatively low iron con-
tent (3.5%), and it is estimated that on average
<2% of that iron is soluble in seawater.
However, because most of the fluvial and glaci-
ally derived iron is trapped in coastal regions,
aeolian dust becomes a necessary source of iron
to relieve this limitation (for review see Jickells
et al., 2005). Several laboratory (e.g., Martin
and Fitzwater, 1988) and in situ experiments
(for summary see de Baar et al, 2005) have
demonstrated the potential of Fe for enhancing
phytoplankton productivity and carbon uptake
in Fe-limited regions. Furthermore, observa-
tions of natural dust-fertilization events (Bishop
et al., 2002) have shown that Asian dust is a
significant source of iron to Pacific Ocean
waters today, and the sediment record shows
significant fluctuations in dust influxes on
glacial-interglacial timescales. A long-standing
hypothesis (Martin, 1990) holds that increased
iron supply during glacial times invigorated
the ocean’s biological pump, and thus drew
down atmospheric CO,. Studies invoking
Fe-enhancement of the biological pump focused
on the Southern Ocean because of the large
inventory of unused surface nutrients and the
strong connection between surface and CO,-rich
deep waters. Several modeling and data studies
have examined the response of marine biota to
iron fertilization from dust and suggested that
this effect could account for between a 10 and
40ppm reduction in atmospheric CO, levels
during the last glacial period (Archer et al,

2000; Watson et al., 2000; Bopp et al, 2003;
Kohfeld et al., 2005). In other words, the iron
fertilization effects of dust could account for a
substantial portion of the glacial-interglacial
changes in atmospheric CO,, but it is not
likely to explain the entire 80—100 ppm change
observed in ice core records.

4.13.8 FUTURE OUTLOOK

Biogeochemical modeling studies have fo-
cused mostly on the impact of iron fertilization
in the modern and glacial oceans, with little em-
phasis to date on the potential biogeochemical
impacts of future changes in dust emissions due
to climate and anthropogenic activity (Ridgwell
and Kohfeld, in press). To date, the projected
changes in dust emissions by 2100 range from
decreases of 60% (Mahowald et al, 2006) to
increases of 233% (Woodward et al, 2005) in
response to climate changes. An increase in dust
emissions by 233%, while extreme, is of the same
order of the glacial-interglacial changes in dust
inputs to the ocean, and thus the projected
biogeochemical impacts could be quite substan-
tial. While the radiative impacts of these changes
have been studied, the biogeochemical feedbacks
are only beginning to be considered in projec-
tions of future climate change (e.g., Ridgwell
et al., 2002; Parekh et al, 2006). Yet, how can
we improve our understanding of the dust cycle
to understand even the sign of change in the
future atmospheric dust burden?

Sophisticated models of the dust cycle are
now able to reproduce the characteristics of
global and regional dust distribution for mod-
ern and glacial climates, the diverging results in
different future estimates of atmospheric dust
show, however, that the connection between
dust emissions and climate are not yet suffi-
ciently understood. The role of vegetation
changes and thus the changes in the extent of
dust sources remains a major uncertainty factor
in dust—climate models.

One means of improving our understanding of
the relationship between dust emissions, climate,
and human activity is to expand our data
coverage in the time domain. For example,
utilizing the full extent of global meteorological
station data (including visibility, humidity,
precipitation, wind speed, and gustiness) may al-
low us to quantify changes in global dust storm
frequencies over the past century. Alternatively,
in the past 10 years, vast improvements have
been made in global syntheses of geologic data of
dust deposition, but more work could be done.
For example, sedimentary records of dust can be
normalized using constant flux proxies to help
account for problems of sediment redistribution.
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Use of geochemical sediment tracers such as
22Th (e.g., Chase et al., 2001; Anderson et al.,
2006) can also help eliminate the methodological
uncertainties associated with isolating terrigenous
materials from the dominant biogenic materials
found in sediment cores, thus making recon-
structions of changes in dust fluxes to the ocean
more reliable. Finally, an important goal of these
datasets is to make them comparable to modeled
output of the dust cycle. The DIRTMAP data-
base (Kohfeld and Harrison, 2001) was one step
in this direction in that data from multiple pale-
oenvironments were interpreted in terms of their
mass fluxes so that they could be compared with
modeled output. Another step in this direction
has been made by estimating the portion of ter-
restrial loess deposits that can be directly com-
pared with model simulations, for example, by
isolating the grain sizes that are actually trans-
ported by certain modeling schemes (Mahowald
et al., 2006). This effort has been one step in the
direction of understanding the role of near-
source loess deposits in the global dust cycle
(and its resultant impact on climate).

Another avenue for advancement in our abil-
ity to simulate changes in dust sources and emis-
sions lies in expanding our current observational
networks for measuring changes in dust emis-
sions and transport. New observations of dust
distribution and properties from upcoming sat-
ellite missions (as e.g., the lidar measurements of
vertical distribution of aerosol and cloud prop-
erties with the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO)
instrument and field experiments (such as
AMMA: African Monsoon Multidisciplinary
Analysis and SAMUM: SAharan Mineral dUst
ExperiMent, in the southern and northern Sa-
hara, respectively, with field measurements dur-
ing 2006) will greatly enhance our knowledge on
dust properties and dust production and trans-
port. Global proxies of dust emissions also hold
great promise, as does increasing efforts to use
multiple datasets to constrain model simulations
(e.g., Cakmur et al., 20006).
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