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Glossary
Aerosol optical thickness (AOT) Extinction by
atmospheric aerosols of the solar radiation along a vertical
atmospheric column.
Angström coefficient Spectral dependence of the AOT
that depends on aerosol size.
Aspect ratio (AR) Ratio of the longest dimension to the
orthogonal width of particles.
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Direct radiative effect efficiency Flux perturbation
in a given spectral domain (visible or infrared) normalized
by the aerosol optical depth (DRE/AOD, units of
W m2).
Single scattering albedo Ratio of scattering to total light
extinction (absorption plus scattering).

Abstract
Mineral dust has the capability to be transported from its source regions as far as thousands of kilometers away. The first
quantitative evidence of long-range transport of mineral dust was provided by in situ surface monitoring of aerosol
composition in the early 1970s. Since the 1980s the investigation of this long-range transport has strongly benefited from
the development of satellite imagery. The temporal resolution of satellite imagery also allows tracking of individual dust
storms from their source regions and along their transport paths. It also provides quantitative information on the aerosol
atmospheric content and thus an estimation of the intensity of mineral dust export. Extensive information on the mineral
dust spatial distribution and physico-chemical properties has been provided by large and extensive field campaigns. From
all these information sources, global pictures of the main transport pattern in the regions where this transport is the most
intense have been established; some mechanisms responsible for its variability at the seasonal and interannual scale have
been described and the amount of dust transported has been quantified.
The objective of this chapter is to give an overview on the global distribution and the magnitude of dust long-range
transport in the atmosphere, and on its temporal variability in regions where mineral dust transport it is the most intense,
that is, the North Atlantic and North Pacific Ocean. The ways in which dust physical and chemical properties can be affected
by long-range transport and the consequences in terms of mineral dust impact are discussed.
Marticorena, B., Formenti, P., 2013. Fundamentals of aeolian sediment
transport: long range transport of dust. In: Shroder, J. (Editor in Chief),
Lancaster, N., Sherman, D.J., Baas, A.C.W. (Eds.), Treatise on
Geomorphology. Academic Press, San Diego, CA, vol. 11, Aeolian
Geomorphology, pp. 64–84.
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11.5.1

Introduction

Aeolian erosion in arid and semiarid regions is the main
source of atmospheric dust particles. Although mineral dust
is composed of relatively large particles (mass-median diameter B1.5–3 mm) compared to other tropospheric aerosols,
it has the capability to be transported from its source
regions as far as thousands of kilometers away. For instance,
mineral dust raised over the central Asian deserts has
been observed over the North Pacific Ocean as far as 5000 km
from the source region (i.e., Husar et al., 2001), and Saharan
dust is regularly observed on the western side of the tropical
Atlantic (i.e., Prospero, 1968). This transport taking place over
thousands of km is commonly referred to as long-range
transport.
Charles Darwin, one of the first reporting on long-range
transport of mineral dust, attributed an African origin to
the mineral dust deposited on ships in the Atlantic
Ocean (Darwin, 1846). Although mentions of ‘red rains’ over
Europe, ‘yellow sand’ or ‘Kosa’ events over Korea or Japan
can be found in historical records, scientific studies on this
phenomenon started only at the end of the 1960s and early
1970s, and further developed since the end of the 1970s due
to an increasing capability to observe and quantify this longrange transport.
In situ surface monitoring of aerosol composition provides
the first nonambiguous and quantitative evidence of mineral
dust long-range transport. Such a monitoring was initiated in
1966 at Barbados (Prospero, 1968). Barbados was selected in
the framework of a program dedicated to the measurements of
of extraterrestrial dust in the atmosphere, as a site providing a
clean air environment (Delany et al., 1967). The mineralogical
and biological composition of the sampled red dust finally
allowed pointing out its African origin. This has been a starting point for the establishment the longest and most famous
dust concentration time series of mineral dust concentration
in deposition regions. This time series has been used to
evaluate the intensity of the long-range transport of Saharan
dust (Prospero, 1968) and the investigation of its seasonal
(Prospero and Carlson, 1981) and interannual variability
(Prospero and Nees, 1986). A similar approach has been
adopted in other location of the world to investigate mineral
dust transport at several transport or deposition regions
located downwind of the main dust sources, that is, the
Mediterranean basin (i.e., Bergametti et al., 1989; Kubilay
et al., 2000), the north Atlantic African coast (i.e., Jaenicke and
Schütz, 1978, Chiapello et al., 1997) and downwind Asia
(i.e., Uematsu et al., 1986; Duce et al., 1980). Scientific cruises,
mainly motivated by the evaluation of the contribution
of atmospheric deposition to nutrient input to the ocean,
also provided measurements of mineral dust concentrations
in remote oceanic areas (i.e., concentrations reported by
Duce, 1995).
The investigation of long-range transport of mineral dust
has strongly benefited from the development of satellite imagery in the 1980s. Impressive images of dust plumes coming
out from north Africa and Asia provide a dramatic portrayal of
the intensity and extent of long-range transported dust. The
temporal resolution of satellite imagery also allows tracking of
individual dust storms from their source regions and all along
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their transport paths, that is, from the west coast of Africa to
the east coast of USA for Saharan dust (Ott et al., 1991) or
from Asian Eastern coats to the West coast of USA (Takayama
and Takashima, 1986; Husar et al., 2001). Over the ocean,
satellite retrieval provides quantitative information on the
aerosol atmospheric content and thus an estimation of the
intensity of mineral dust export. Husar et al. (1997), using
National Oceanic and Atmospheric Administration/Advanced
Very High Resolution Radiometer (NOAA/AVHRR) satellite
images, showed that marine regions where the largest aerosol
optical depths are observed are located downwind of the main
deserts of the Earth.
In the late 1980s and beginning of the 1990s, the impact of
tropospheric aerosols on the Earth’s radiative budget, and thus
on climate, motivated setting up large and extensive field
campaigns dedicated to the description of aerosol spatial
distribution and physico-chemical properties. These experiments provide a unique opportunity to investigate regional
patterns and meteorological processes associated with mineral
dust transport, but their main purpose is to provide a complete documentation of the aerosol’s properties, including the
size distribution and composition. Most of these field campaigns have been conducted in transport regions such as the
2nd Aerosol Characterization Experiment (ACE-2) over the
Canary Islands (Raes et al., 2000), the Puerto Rico Dust Experiment (PRIDE) (Reid et al., 2003a), the Saharan Dust Experiment (SHADE) (Haywood et al., 2003; Tanre et al., 2003)
over the Cape Verde Islands, and ACE-Asia field experiment
(Huebert et al., 2003). More recently, field experiments have
been conducted within source regions or in their vicinity: in
China (Aeolian Dust Experiment on Climate impacts (ADEC);
Mikami et al., 2002), in the Arabian Gulf (United Arab
Emirates Unified Aerosol Experiment (UAE2); Reid et al.,
2008), in Sahelian West Africa (African Monsoon Multidisciplinary Analysis (AMMA); Haywood et al., 2008), and in
North Africa (Saharan Mineral Dust Experiment (SAMUM-1)
Heintzenberg, 2008).
Long-term time series of near surface dust concentrations
and satellite imagery have been used to investigate the annual
to decadal variability of long-range dust transport. Prospero
and Nees (1986) showed that between 1964 and 1984,
mineral dust concentrations over the north tropical Atlantic
Ocean increased simultaneously with the decrease of precipitation over the Sahel in Africa. Based on the analysis of
data from different satellite sensors, Chiapello et al. (2005)
showed how the mineral dust content over the Atlantic
Ocean can be connected not only to the precipitation in
the Sahel but also to large-scale meteorology via the North
Atlantic Oscillation index. From a statistical trend analysis
of this time series, Moulin and Chiapello (2006) suggested
that part of the increase in the dust content over the north
tropical Atlantic Ocean in the past 20 years can be attributed
to land-use in the semiarid areas of the Sahel. More recently,
additional information on the aerosol distribution from
ground-based or spaceborne lidar systems (i.e., Liu et al.,
2008) further reinforce the analysis of the meteorological
situations responsible for mineral dust transport by providing
a quantitative description of mineral dust vertical distribution
in the atmosphere, from the sources toward the transport
regions.
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From all this information, global pictures of the mechanisms responsible for the main transport pattern in the regions where this transport is the most intense have been
established, its variability at the seasonal and interannual scale
have been described, and the amount of dust concerned by
this transport has been quantified.
In this chapter, we first describe the global distribution and
order of magnitude of the intensity of dust long-range transport in the atmosphere. In a second part, the temporal variability of the long-range transport in regions where it is the
most intense, that is, the North Atlantic and North Pacific
Ocean, is discussed regarding the meteorological conditions
responsible for this transport. The third part concerns the way
dust physical and chemical properties can be affected by longrange transport. Finally, we briefly discuss the main impacts
motivating the investigation and quantification of mineral
dust long-range transport.

11.5.2

Dust Transport Patterns and Pathways

The regions affected by long-range transport of mineral dust are
can be located many thousands of kilometers downwind of
source regions. Thus, the spatial distribution and the amount of
dust transported depend not only on the intensity of dust
emissions in the source regions but also on the meteorological
processes responsible for transport away from sources.
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The spatial distribution of transported mineral dust was initially investigated by collecting and summarizing available
surface measurements of atmospheric dust concentrations.
Chester (1986) reported on the range of dust concentrations
over oceans, and Duce (1995) reported some typical concentrations over continents. From these two data sets (Figure 1),
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world span more than 6 orders of magnitude. The measured
dust concentrations are the highest downwind of the Sahara
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Figure 1 Typical mineral dust concentrations (mg m ) measured over oceanic and continental areas. Data from Chester, R.,1986. The marine
mineral aerosol. In: Buat-Ménard, P. (Ed.), The Role of Air–Sea Exchange in Geochemical Cycling. D. Reidel Publishing Company, Dordrecht,
pp. 443–476 (in italics) and Duce, R.A.,1995. Sources, distributions, and fluxes of mineral aerosols and their relationship to climate. In: Charlson,
R.J., Heintzenberg, J. (Eds.), Aerosol Forcing of Climate. Wiley, New York, pp. 43–72.
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picture is obviously biased by the scarcity and heterogeneous
distribution of the available measurements and also by the
fact that the reported concentrations are averages. At the scale
of individual dust events, the surface concentrations can reach
much higher values. As an example, Tsunogai and Kondo
(1982) described how the occurrence of a dust transport event
raised surface concentration of Al measured onboard a ship in
the North Pacific Ocean from 30–50 up to 670 n gm3 (i.e.,
B375–8400 mg m3 of mineral dust assuming the mean Al
content in the Earth’s crust is on the order of 8% (Taylor and
McLennan, 1985)).
Most of these data are derived from chemical analysis of
elements considered as proxies of mineral dust (generally Al
or Fe), using, as mentioned above, the mean mass ratios that
these elements would have in the Earth’s crust (typically B8%
for Al and 5% for Fe (Taylor and McLennan, 1985)). This
approach allows identification of the mineral dust component
in the atmospheric aerosol load. The main restriction for
this type of estimates comes from the fact that such measurements are usually performed at the surface level, in groundbased stations or onboard ship, and thus document surface
concentrations only. Such measurements are also possible on
airborne platforms and are now commonly deployed during
intensive field campaigns. However, aircraft sampling remains
challenging, due to the difficulties in reproducing, without
biases, the particle size distribution at high air speeds such
as those experienced during flights (Wendisch et al., 2004). In
addition, aircraft campaigns are necessarily limited in duration, so their temporal representativeness is limited, whereas
surface concentrations can be monitored only locally, but over
longer time periods.
The global picture of mineral dust transport has been significantly improved by global aerosol products from satellite
imagery. Dust aerosols have the capability to scatter and absorb solar radiation in the visible spectrum and can thus be
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simply portrayed in visible satellite imagery. Examples of dust
plumes imaged at visible wavelengths are shown in Figure 2.
Quantitative measurements of the atmospheric aerosol
load can be derived from satellite measurements of backscattered radiation. The columnar extinction of solar radiation
by atmospheric aerosols is quantified by the Aerosol Optical
Thickness (AOT). For a given aerosol type, and assuming
homogeneous properties along the atmospheric column, the
AOT is proportional to the vertically integrated atmospheric
concentration weighted by the extinction efficiency. The extinction efficiency is itself largely controlled by the aerosol
size-distribution and composition. The spectral dependence of
the AOT, the Angstrom coefficient, can be used to discriminate
aerosols of different size distributions. Aerosols with a significant coarse mode, such as mineral dust or sea salt, have
Angstrom coefficient values close to 0, whereas aerosols
dominated by fine-mode particles, such as particles from fossil
fuel combustion and biomass burning, have Angstrom coefficients higher than 1. Simultaneous information on AOT
and Angstrom coefficients can thus be used to estimate the
atmospheric load of mineral dust containing large amounts of
coarse particles. For a long time, this retrieval method was
restricted to surfaces with low albedo and in particular to
oceanic surfaces. As an alternative, indicators of the presence
of absorbing aerosol have been developed based on measurements in the UV (Herman et al., 1997; Torres et al., 1998)
or in the infrared (Legrand et al., 1994, 2001). These aerosol
indices have been used widely, in particular for mineral dust
source identification (i.e., Prospero et al., 2002). Sensors of
novel generation, with spectral capabilities, or additional types
of measurements (i.e., polarization, several view angles), have
increased the capability to characterize the different aerosol
types and to retrieve AOT over land surfaces significantly.
Nevertheless, AOT retrieval from satellites is limited to clearsky conditions, which may constitute a bias for meteorological

Figure 2 Visible MODIS (Moderate Resolution Imaging Spectroradiometers) images of dust plumes over the Yellow Sea (left) and downwind of
North Africa.
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analyses. All main techniques to retrieve AOT are based on a
radiative transfer calculation applied to a limited number of
aerosol ‘models’ (microphysical, i.e., size distribution, refractive index, or optical, i.e., AOT, single scattering albedo,
asymmetry factor) including mineral dust. Both the aerosol
model and the AOT are determined as the best fit of the calculation onto the observations. The higher the number of
constraints on the fit the more accurate the result. Because
AOT is the result of such retrievals, it may differ depending on
the instrument and the algorithm. This implies that specific
validations with ground-based AOT measurements and intercomparison between products are essential. Providing groundbased measurements of AOT is one of the main motivations of
the international network of sunphotometers AERONET
(AErosol RObotic NETwork; http://aeronet.gsfc.nasa.gov/)
established by NASA and the French national research agencies (Centre National d0 Etudes Spatiale (CNES); Institut National des Sciences de l0 Univers, Centre National de la
Recherche Scientifique (CNRS-INSU)). Finally, temporally
averaged AOT can also vary from one sensor to the other depending on the temporal sampling. Typically, satellites in
geostationary orbits provide higher sampling rates than polarorbiting satellites, but for limited regions. As an example,
Cakmur et al. (2001) indicated that at some periods, the
presence of clouds limits the availability of AVHRR retrievals
over the North Atlantic Ocean, making an accurate estimation
of the monthly average AOT impossible and a proper investigation of the month-to-month variability difficult.
The first global pictures of AOT have been established
based on observations from the AVHRR on board NOAA
polar-orbiting satellites. Primarily designed to monitor the
Earth’s weather and in particular the clouds, AVHRR satellites
were also part of the ‘Early Earth Observing System (EOS)
Pathfinder Data Set Activity’ initiated in 1990 by NOAA. The
retrieval algorithm assumes a simple power-law size distribution (Junge function) and aerosol optical properties of
nonabsorbing aerosol (Stowe et al., 1997). Despite the poor
relevance of this aerosol model to represent mineral dust
properties, the global maps of AVHRR AOT clearly pointed out
significant AOTs downwind of mineral dust sources (Husar
et al., 1997). Similarly, the European Meteosat satellites, initially dedicated to weather monitoring, have also been used to

investigate atmospheric aerosols. Moulin et al. (1997) improved an initial algorithm (Tanré and Legrand, 1991) to retrieve AOT specifically due to African dust outbreaks based on
Meteosat imagery. Because of their geostationary orbit and
geographical position (centered on Africa), Meteosat imagery
does not provide a global coverage but allows very good
temporal sampling over the north tropical Atlantic Ocean. The
recent Moderate Resolution Imaging Spectroradiometers
(MODIS) onboard the Terra (since 1999) and Aqua (since
2002) satellites from the NOAA EOS allows the retrieval of the
AOT at a global scale with a high level of confidence over
both ocean (Remer et al., 2005) and land (Levy et al., 2007).
The latest version of MODIS AOT retrieval algorithm (Collection 5) has been used to propose global aerosol climatology
(Remer et al., 2005).
Similar data have been used to produce the global maps of
mean AOT and associated Angström coefficient over the period 2001–05 (Figure 3). The main features of this global
picture do not differ much from those discussed by Husar
et al. (1997) using AVHRR AOT or Remer et al. (2005). The
mean AOTs are clearly higher in the Northern Hemisphere
than in the Southern Hemisphere. Over the oceans, large
plumes of high AOT are clearly seen downwind the main arid
regions of the world, that is, North Africa and the Arabian
Peninsula. An extensive plume is also visible downwind of
Asia but with lower AOT. These plumes decrease in intensity
as a function of greater distance from the coast. The North
Atlantic plume extends from the African coast to the Caribbean, whereas the area of large AOT to the south of the Arabian Peninsula does not develop as far. The less intense Asian
plume appears to extend from the Asian coast almost to the
west coast of North America. The location of these dust
plumes compared to the location of the arid and semiarid
regions of the world suggests that mineral dust emissions can
be responsible for such high AOT. The low Angström coefficients in the aerosol plumes over the North Atlantic Ocean
indicate the presence of coarse aerosols and thus reinforce the
hypothesis that mineral dust has dominated the AOT in these
regions. However, strong AOTs are also observed in regions
that are not located downwind of mineral dust source regions.
The high AOT observed over the Gulf of Guinea or in Africa
south of the equator can reasonably be attributed to biomass
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Figure 3 Global mean (2001–05) MODIS (collection 5) Aerosol Optical Depth at 550 nm and Angstrom coefficient (550–865 nm) (analyses and
visualizations produced with the Giovanni online data system, developed and maintained by the NASA GES DISC).
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Figure 4 Global mean (2001–05) MODIS (collection 5) day-time cloud fraction (%) (analyses and visualizations produced with the Giovanni
online data system, developed and maintained by the NASA GES DISC).

burning aerosol. Once again, this tends to be confirmed by the
high Angström coefficient in these regions. Although the west
coast of Africa appears to be embedded in a large area of high
AOT, an examination of the Angström coefficient can distinguish the presence of different aerosol types. From the
Angström coefficient, it can be seen that coarse dust aerosol
predominates north of the equator whereas fine aerosols,
presumably due to biomass burning, predominates along the
west coast of southern Africa. High AOTs are observed over
Asia, in particular over a large area including Beijing (B301 N
and 1201 E). The Taklamakan Desert also exhibits high AOTs.
However, over the North Pacific Ocean, the AOTs are not as
intense as over the North Atlantic Ocean. In addition, the
Angström coefficient does clearly indicate a dominance of
coarse particles. This is partly explained by the fact that Asia is
also the source of large amount of fine anthropogenic aerosols. As a result, mineral dust transported from Asian deserts is
commonly mixed with fine, pollution-derived aerosols. Such a
mixing between mineral dust with aerosols from diverse
sources (volcanic, sea salt, and so on), but in particular with
anthropogenic aerosols (sulfates, carbonaceous aerosols, etc.),
was observed in the marine boundary layer over the Sea of
Japan during the ACE-Asia campaign (Bates et al., 2004).
Zhang et al. (2005) analyzed aerosol compositions during an
extremely intense dust storm that affected Beijing on March
20, 2002, and concluded that dusty air often contains
higher levels of pollutants than nondusty air. However, the
shape of the plume suggests relatively intense aerosol transport between 301 N and 601 N and eastward of 1801 E
or further. This pathway is comparable to one identified
from a trajectory analysis (Merrill et al., 1989) performed to
investigate the transport of Asian dust to Midway Islands
(281132 N–1771212 W), a station in the SEAREX network
(Sea/Air Exchange Program; Uematsu et al., 1983). Consistently, during the ACE-Asia campaign, it was found that

transport of Asian aerosols can reach Alaska where deposition of particles enriched in crustal elements was detected
(Cahill, 2003). Another factor that may affect the retrieval
downwind of northern Asia, compared to North Africa, is a
higher cloud cover (Figure 4). The persistence of clouds in the
Southern Hemisphere (Figure 4) was also found to limit the
satellite detection of mineral dust plumes. As an example,
Gasso and Stein (2007) analyzed a case of long-range transport of dust originating from Patagonia and advected over the
southwestern Atlantic Ocean. They demonstrated that cloudy
conditions associated with the lack of good viewing geometry
did not allow an automatic detection of such transport events.
They also argued that even in clear-sky conditions, because
they are short-lived events (a few hours), mineral dust transport from Patagonia cannot be properly captured and quantified using satellite observations only.

11.5.2.2

Main Seasonal Patterns

Mineral dust emissions generally exhibit a marked seasonal
cycle, which is expected to impact the dust atmospheric content in transport regions. This is illustrated by the seasonal
map of AOT and Angström coefficient in the year 2001
(Figure 5). AOT appears as very high during the spring
(January–February–March) and the summer (April–May–
June) in the Northern Hemisphere, consistent with the fact
that dust emissions are at a maximum in this season over
North Africa (i.e., Laurent et al., 2008) and eastern Asia (i.e.,
Laurent et al., 2008). However, even within a seasonal cycle, it
is generally difficult to extract a clear and ‘pure’ dust signature
from the Angström coefficients over Asia. In the summer, AOT
values are still high over the North Atlantic but the dust plume
tends to be shifted to the north and reaches the Caribbean,
whereas in the spring, it reaches the northern part of South
America. This seasonality of the AOT plumes is in agreement
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Figure 5 Seasonal average MODIS Aerosol Optical Depth at 550 nm and Angstrom coefficient (550–865 nm) for the year 2001 (analyses and
visualizations produced with the Giovanni online data system, developed and maintained by the NASA GES DISC).
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with the maxima of dust concentrations measured at the
surface in Barbados in summer (Prospero and Nees, 1977)
and in French Guyana in winter (Prospero et al., 1981a, b), as
further described in Section 11.5.3.2. In summer, high AOTs
are observed downwind of the Arabian Peninsula, associated
with low Angström coefficients. This period corresponds not
only to the maximum of dust emissions from Arabian deserts,
as derived from IR satellite imagery (Deepshikha et al., 2006),
but also to a high level of dust storm activity in southwestern
Asia (Iran, Afghanistan, Pakistan, and northwestern India)
(Middleton, 1986). In the Southern Hemisphere, the only
region with very high AOTs is located in southern Africa and
corresponds to export of aerosols from biomass burning, as
revealed by high Angström coefficients.

11.5.2.3

Transport Routes

An examination of the average AOT picture tends to mask the
fact that long-range dust transport results from a collection of
individual events, some of which may not be sufficiently intense and frequent to be properly detected by satellite imagery.
However, whatever their origin, dust transport events usually
follow specific pathways determined by synoptic meteorological conditions. These pathways, determined mainly from
a synthesis of reported individual events, are illustrated in
Figure 6. Although the major dust plumes identified from
Figures 3 and 4 are displayed, in particular the dust plumes
originating from North Africa, the Arabian Peninsula and
from northeastern Asia, additional transport pathways are also
reported. Some of them correspond to continental transport
that may not be correctly retrieved from satellite imagery. This
is typically the case for the transport of mineral dust from
central Asia. Over the North Pacific Ocean, in addition to
the northern trajectory corresponding to the AOT plumes attributed to Asian mineral dust discussed earlier, a southern
trajectory of Asian dust is reported. This pathway corresponds
to the main trajectory of Asian dust toward Korea, known
locally as ‘yellow sand’ events. Based on meteorological records in Seoul (Korea) between 1915 and 2000, Chun (2000)

estimated a frequency of Asian dust transport toward Korea of
4 day per year. The annual number varies significantly from
one year to the other (from 0 to 14) but occurs mainly during
the spring, with occasional events during the winter. Dust
transport from Arabian deserts can be transported not only to
the south of the Arabian Peninsula, as observed on the AOT
picture, but also to India, passing through the northwestern
part of the peninsula with a curved trajectory over land. Other
pathways correspond to transport from sources that are not
very intense or frequent, such as those from Australian, South
African, and South and North American deserts. Regarding
their intensity, most of these additional transport pathways are
generally considered to correspond to medium-range transport. However, they still can be responsible for long-range
transport of detectable amounts of dust. As an example, and as
already mentioned, Gasso and Stein (2007) identified an event
of mineral dust transport from Patagonia toward the southwestern Atlantic Ocean capable of reaching the Ocean adjacent to Antartica. Finally, mineral dust is recorded in arctic
regions both in the North and South Hemispheres. Biscaye
et al. (1997) showed that mineral dust collected in present-day
Greenland ice sheet originates mainly from Asian Deserts,
whereas Patagonia (South America) is considered as the main
present-day source of mineral dust in Antarctic ice-cores.

11.5.3

Meteorological Processes Associated with
Dust Long-Range Rransport Pattern and the
Seasonal Cycle

Long-range transport of mineral dust is controlled not only by
the location of the dust sources and the temporal variability of
the emissions, but also by meteorological conditions allowing
or inhibiting dust export from source regions, its advection in
specific directions, and its removal from the atmosphere. The
main processes of long-range transport of Saharan and Asian
dust have been derived initially from meteorological analysis
of case studies identified from measurements of mineral dust
concentrations and then further investigated based on satellite
observations. This has provided a conceptual understanding of
these processes and a quantification of the intensity and frequency of the dust long-range transport events. On these two
points, the continuous efforts since the 1970s and the tremendous contributions of Prospero and collaborators from
the Rosenstiel School of Marine and Atmospheric Science
(Miami, FL, USA) must be acknowledged. Much of the work of
this group, especially their findings on the vertical distribution
of dust, have been confirmed recently, thanks to the development of ground-based and spaceborne lidar detection
systems.

11.5.3.1
Figure 6 Main transport pathways of transport of mineral dust.
Adapted from Meigs, P., 1953. World distribution of arid and semi
arid homoclimates. In: Reviews of Research on Arid Zone Hydrology.
UNESCO, Paris, pp. 203–209 and Coudé-Gaussen, G., 1984. Le cycle
des poussières éoliennes désertiques actuelles et la sédimentation
des loess péridésertiques quaternaries. Bulletin des Centres de
Recherches Exploration Production Elf-Aquitaine 8, 167–182.
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Asian Dust Transport Toward the North Pacific
Ocean

Although global maps of AOT show a moderately intense
aerosol plume downwind of Asia, long-range transport of
mineral dust into the Pacific Ocean was observed in the 1980s
from surface dust concentrations in the central (Duce et al.,
1980) and north Pacific Ocean (Uematsu et al., 1983). In the
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framework of the SEAREX program, weekly aerosol sampling
has been conducted at several stations on islands of the north
Pacific Ocean between B0–501 N and 1501 E–1501 W from
1980 to 1983. A complete analysis of these measurements can
be found in Prospero et al. (1979). Annual mean concentrations exhibit a gradient of decreasing dust from north to
south, with concentrations of the order of 1 mg m3 at the
northernmost station, down to less than 0.1 mg m3 around
the equator. Despite a large year-to-year variability, all stations
consistently recorded pulses of high dust concentrations in the
spring and a moderate peak in the fall. This seasonal cycle is
very similar to the one of the Asian dust emissions. Using
synoptic weather reports, Sun et al. (2001) estimated that 90%
of the dust emitted from Chinese deserts occurs from March to
May. Based on a six year simulations, Laurent et al. (2006)
confirmed that dust emissions are at a maximum in the
Taklamakan and Gobi deserts in the spring. However, they
found a secondary dust emission maximum in November,
mainly due to the contribution of northeastern arid areas (i.e.,
Inner Mongolia, and the Horqin, Otindaq, and Hulun Buir
deserts). The contribution of these deserts to long-range dust
transport in the fall is further confirmed by the analysis of dust
isotopic signatures in Greenland (Bory et al., 2003). This
suggests that dust emission variability is the main factor
controlling the variability of surface concentrations. This
hypothesis is reinforced by the fact that the year-to-year
variability of dust surface concentrations also tends to follow
the variability of the dust storm records (Prospero et al.,
1979). The meteorological processes responsible for Asian
dust transport over the north Pacific Ocean have been thoroughly investigated by Merrill et al. (1989) using backtrajectories analyses to the dust events detected by the SEa/Air
EXchange program (SEAREX) network. The typical scenario
they propose for spring dust events corresponds to dust
emission events from Asian deserts associated with the passage
of vigorous cold fronts. The dust plumes follow an almost
direct and descending trajectory toward the central and south
North Pacific Ocean, reinforced by the trade winds. Transport
from sources to the central Pacific Ocean was found to require
8 to 14 days with path lengths typically 10 000–15 000 km.
Precipitation was identified as the ultimate factor controlling
long-range transport. Typically at a given station, the highest
concentrations are measured during the longest dry periods,
and the station with the highest precipitation rate exhibited
the lowest mean and peak concentrations. From this trajectories analysis, it was expected that dust would be distributed
from the surface to as high as 8–10 km, but spring transport
was expected to take place primarily in the mid-troposphere.
The altitude at which Asian dust can be injected depends to
a greater extent on the considered desert from which the
dust originated. Based on a compilation of 40 years of record
over China, Sun et al. (2001) confirm the predominant role
of frontal systems and of the Mongolian cyclonic depression
in Asian dust emissions. Because of a complex topography (a
basin surrounded by high mountains) inducing a specific
local circulation in the Tarim Basin, dust raised from the
Taklimakan Desert is commonly entrained to elevations of
45000 m and can be transported long distances (B5000 km
away) by the westerly jet (Sun et al., 2001). However, dust
emitted from the Gobi desert, mainly by synoptic-scale

cyclones, is dominantly (90%) located below 3000 m and
thus subjected less frequently to long-range transport. However, it can occasionally be entrained in the middle troposphere and then efficiently transported over long distances by
the westerly jet stream (Sun et al., 2001).
Such a difference in the altitude of transport may explain
complex vertical structures as they have been observed over
Japan by ground-based lidar. A two-layer structure was
identified at 2 and 6 km, corresponding, respectively, to
dust transported from the Taklamakan Desert and from the
Gobi Desert (Kobayashi et al., 1985). Asian dust transport
over the north Pacific Ocean has been specifically investigated
in the framework of the PACific Dust Experiment (PACDEX)
that took place from March to May 2007 (Huang et al.,
2008). A statistical analysis of the vertical structure of mineral
dust associated with long-range transport has been conducted
using ground-based (MicroPulse Lidar, MPL), spaceborne
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)) lidar systems. This study confirms the
frequent occurrence of two-layer structures that were again
interpreted to be from different dust events or dust sources.
CALIPSO observations show that dust layers originating
from the Gobi Desert can expand up to 8 km high,
that is, much higher than suggested by Sun et al. (2001). With
such a dust layer depth, long-range transport becomes
possible both in the lower and the upper troposphere
(Huang et al., 2007). The dust vertical distribution was also
investigated using several years of measurements from the
Stratospheric Aerosol and Gas Experiment II (SAGE II)
onboard the Earth Radiation Budget Satellite (ERBS) (Zhu
et al., 2007). The mean vertical profile during the dust season
(March–April–May from 1981 to 2001) is characterized by a
complex multilayer structure that still can be explained by
the superposition of dust plumes originating from different
source regions. Dust originating from the Taklamakan Desert
is suspected to be more efficiently transported over long
distances because of extremely high injection altitudes. As
an illustration, a ‘full circuit around the globe’ has been
recently identified and investigated (Uno et al., 2009).
CALIPSO measurements, trajectory analyses and tridimensional dynamic simulations have been combined to study a
dust storm that occurred in the Taklamakan Desert in May
2007. Dust was found to be uplifted in the free troposphere as
high as 8–10 km. The dust plume was then transported more
than one full circuit around the globe in about 13 days. At
the second passage of the dust plume over the northwestern
Pacific, the subsidence of a large-scale high-pressure system
finally caused its descent into the lower troposphere. Such
events could not have been detected without the input from
the spaceborne lidar system.
Long-range transport of Asian dust is controlled largely by
the characteristics of the Asian dust emissions. The temporal
variability of the dust emissions controls the seasonality
and interannual variability of the long-range transport. The
location of the dust sources and the meteorological conditions
prevailing during dust emission largely impact the altitude
at which mineral dust is injected and thus the intensity and
extension of the associated long-range transport. Precipitation
patterns along the transport path act mainly as an inhibitor or
ending factor for the transported dust plumes.
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11.5.3.2

North African Dust Transport Toward the North
Tropical Atlantic Ocean

Long-range transport of mineral dust from North Africa is the
most intense and the best documented in the world. As discussed above, the trans-Atlantic transport of Saharan dust
was documented for the first time thanks to chemical and
mineralogical analyses of daily aerosol samples collected on
Barbados in the Caribbean, as part of a search for cosmic dust
(Delany et al., 1967; Prospero, 1968). In addition to an unambiguous demonstration of the African origin of the dust, this
monitoring also showed the seasonal character of the African
dust transport to the Carribean. Since that early study, African
dust transport has been documented every year with a

maximum in the summer (Figure 7). The average dust concentration during the dust season is on the order of 10 mg m3
and about an order of magnitude lower the rest of the year
(Prospero, 1968). A similar seasonal cycle was observed for dust
measurements made further north on Bermuda and in Miami
(FL, USA) (Prospero and Nees, 1986; Arimoto et al., 1995).
Although such concentrations and the estimated duration of
the dust transport from Africa to western Atlantic Ocean (5–7
days) indicate efficient sediment transport, maximum dust flux
does not always coincide with the maximum of dust emission
in Africa. A comparable aerosol monitoring program was
conducted over two years in Cayenne (French Guyana), 101
south of Barbados (Prospero et al., 1981a, b). The maximum
monthly mean concentrations in Cayenne were slightly higher

Cap-Verde (1992−94)

Barbados (1973−92)
25

100

20

80

Dust (µg.m−3)

Dust (µg.m−3)

73

15
10
5

60
40
20
0

0
J

F

M

A

M

J

J

A

S

O

N

J

D

F

M

A

M

J

J

A

S

O

N

D

S

O

N

D

North Tropical
Atlantic Ocean

Dakar (2006−08)
250

25

200

PM10 (µg.m−3)

Dust (µg.m−3)

French Guyana (1978−79)
30

20
15
10
5

150
100
50
0

0
J

F

M

A

M

J

J

A

S

O

N

D

J

F

M

A

M

J

J

A

Figure 7 Typical seasonal cycle of the monthly mean dust concentrations or PM10 concentration. Barbados and French Guyana: data from
Prospero, J.M., Carlson, T.N., 1981. Saharan air outbreaks over the tropical North Atlantic. Pageoph 119, 677–691; CapeVerde: data from
Chiapello, I., Bergametti, G., Gomes, L., et al., 1995. An additional low layer transport of Sahelian and Saharan dust over the north-eastern
tropical Atlantic. Geophysical Research Letters 22, 3191–3194, and Dakar: data derived from Marticorena, B., Chatenet, B., Rajot, J.L., et al.,
2010. Temporal variability of mineral dust concentrations over West Africa: analyses of a pluriannual monitoring from the AMMA Sahelian Dust
Transect. Atmospheric Chemistry and Physics Discussion 10, 8051–8101.

Author's personal copy
74

Fundamentals of Aeolian Sediment Transport: Long-Range Transport of Dust

(23–28 mg m3) than on Barbados (15–18 mg m3) (Figure 7),
with a maximum dust concentration recorded in March, that is,
at the period when dust activity is at the maximum in North
Africa (Laurent et al., 2008). African dust transport events have
also been recorded in the Amazon basin during this period of
the year (Swap et al., 1992). Closer from the African coast, dust
concentrations measured in the Cape Verde Islands (161 N;
221 W), 500 km west from the coast of Senegal, also exhibit a
strong seasonality with a maximum in winter (December–
January) and a minimum in summer (Chiapello et al., 1995).
The monthly mean concentrations, at the dust maximum,
range between 50 and 90 mg m3 and are lower than 10 mg m3
in summer. For sake of comparison, the monthly mean concentrations of PM10 (particulate matter with diameter smaller
than 10 mm) measured in Dakar (Senegal) (Marticorena et al.,
2010) have also been plotted on Figure 7. Since the whole dust
size-spectrum is not collected, PM10 concentrations provide a
lower limit indication of dust concentrations. The maximum
monthly PM10 concentrations range from 225 mg m3 in March
to about 30 mg m3 in August. The maximum concentration is
observed in March and is due to Saharan dust transport. The
lowest concentration is recorded during the Sahelian wet season
(July–August–September). Mineral dust concentrations in all
these locations show a consistent east to west gradient, with
concentrations decreasing as a function of the distance to the
African coast, but different seasonal cycles and in particular
differences in the period of dust concentration maximum.
These differences can be explained either by the fact that they
are affected by dust originating from different sources or following different transport pathways.
There have been some recent studies on dust emission
variability over west Africa. Based on pluri-annual simulations,
Laurent et al. (2008) showed that simulated and observed dust
emissions over the entire Sahara Desert exhibit a seasonal cycle
characterized by a maximum in the spring and a minimum in
the fall. However, Laurent et al. (2008) also found that dust
emissions from the West Sahara are highest during the summer, consistent with the observed reduction of horizontal
visibility at this time (Mahowald et al., 2007). Marticorena and
Bergametti (1996) also indicate that the seasonality of the dust
emissions over the western Sahara was associated with a
change in the location of the source region. The summer dust
emission corresponds to a southwestern shift of the dust
sources between spring and summer, with a major contribution from dust sources located in northern Mauritania and
Mali during the summer. In addition to these Saharan sources,
mineral dust can be emitted from the Sahelian region by the
passage of convective systems during the summer (Marticorena
et al., 2010). Sahelian dust could thus be injected at high altitude (410 km) by the deep convection and thus contribute
to summer long-range transport across the Atlantic Ocean.
Recent study of soils from the Canary Islands have demonstrated that dust from the Sahel can be transported at considerable distance northward (Muhs et al., 2010).
In addition to seasonal differences in the dust emission
location and intensity (Figure 5), the direction of the African
dust plume shifts to the north from winter to summer. This
change in the direction in the dust plume is related to the
south to north displacement of the Intertropical Convergence
Zone (ITCZ) in summer. In winter, much of North Africa is

under the influence of the Harmattan, a northeasterly flow
extending toward the Gulf of Guinea. The more southerly
winter position of the ITCZ allows dust transport to the central
and southern part of the north Atlantic Ocean. This transport
pattern at the period where dust emissions are maximum explains the high African dust concentrations measured in the
Cape Verde Islands and the northern part of South America. In
the summer, the ITCZ is shifts northward. Dust injected into
the Saharan Air Layer (SAL) by the Harmattan winds is thus
lifted above the monsoonal flow. The flow turns southwestward over the north Atlantic Ocean and dust can be efficiently transported by the northeast trade winds as well as at
higher altitudes by the SAL. This latitudinal shift in the position of the African dust plume is thus the main factor explaining the opposition in the seasonal cycle of surface dust
concentrations measured in Barbados and French Guyana.
The variability of the Saharan dust outbreaks and of the associated synoptic meteorological fields has been recently investigated using MODIS imagery from 2003 to 2007 (Huang
et al., 2010). This analysis is limited to relatively intense dust
transport events because dust outbreaks, in this study, are
defined by AOTs exceeding the 5-year mean AOT by one
standard deviation. The pathway of these dust outbreaks from
the west African coast toward the north tropical Atlantic
Ocean was investigated by back and forward trajectories and
by distinguishing different initial direction sectors along the
west African coast: a northern direction (20–301 N), central
direction (10–201 N), and south direction (0–101 N). As expected, most of trajectories of the dust events leaving the
African coast in the northern direction travel to the West
Indies during the summer. Carlson and Prospero (1972)
suggested that the summer African dust transport events in
the SAL are associated with African easterly waves (AEW). The
frequency of intense African dust outbreaks derived from the
analysis of satellite aerosol retrieval has been estimated to
be 6 days per month, that is, consistent with the periodicity of
the AEW (Huang et al., 2010). About half of the outbreaks in
the northern sector reach latitudes north of 201N along the
east coast of USA (Prospero, 1999). Transport of dust to the
Gulf of Mexico and the southeastern USA has also been
documented (Perry et al., 1997). Several African dust transport
events in the eastern USA in the summer (1991–93) have been
reported, reaching as far west as Texas, although most of them
occurred in Florida. The seasonal modulation, the frequency,
and the extent of these events depends on meteorology, with a
key role being played by the semipermanent Bermuda high
pressure cell with clockwise transport from the eastern coast of
Florida to the Gulf of Mexico and southern USA (Perry et al.,
1997)). Whatever the direction, the life time of the dust
outbreaks is on the order of 7 days, with extreme durations
of 12 days and a tendency to have shorter life time in the
southern direction. These spatial and temporal patterns explain the difference in the seasonal cycle recorded in Barbados
and French Guyana (Figure 7) and the seasonality of the PM10
concentration in Dakar but do not explain the seasonal cycle
of the dust concentrations in Cape Verde Islands.
This seasonal change in the latitudinal position of the
North African dust plume is associated with a change with
the altitude of dust transport. During winter, easterly winds
are restricted to a relatively shallow layer below 1.5–3 km,
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whereas at higher altitudes westerly winds prevail (Chiapello
et al., 1995). Saharan dust is thus transported within the SAL
above the trade winds inversion (Prospero and Carlson,
1981). Aerosol vertical distribution and AOT have been
monitored in Senegal on the northwest African coast from
January 2006 to September 2008 (Léon et al., 2009). The
maximum AOT is observed in summer and corresponds to a
maximum in the top altitude of the transported aerosol layer
(up to 6 km) due to the presence of the SAL, between 2
and 6 km. An additional low-level layer of increasing
depth is observed from late summer to fall. The average vertical distribution of summer dust derived from pluriannual
observations of the spaceborne lidar CALIPSO over the African
coast and the eastern tropical Atlantic Ocean is characterized
by an upper altitude of about 5 km (Huang et al., 2010),
consistent with the vertical distribution derived from aircraft
aerosol sampling (Carlson and Prospero, 1972). From the
west African coast to the Caribbean the SALs top altitude decrease from 5 to 3 km (Huang et al., 2010). The aerosol profiles measured during several dust events sampled during the
PRIDE experiments showed consistent but quite higher altitudes for the top of the SAL (Reid et al., 2003a). The mean
altitude of the base of the dust layers determined from
CALIPSO observations vary from about 1–2 km along the
African coast to 0.5 km over the ocean (Huang et al. 2010).
Vertical aerosol distribution monitoring in Senegal shows that
severe dust storms are systematically observed in spring (March)
but with a lower vertical development and a stronger impact on
the ground-level mass compared to summer (Figure 8). The
pluriannual analysis of CALIPSO data shows that during the
winter, the top of the dust layer is lower than in summer. It is
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about 3–4 km altitude over Africa and 2–3 km over the Atlantic
Ocean, whereas the bottom can be as low as 200 m in central
Atlantic Ocean (Huang et al., 2010). Surprisingly, the dust layer
rises again west of 401 W, with the highest lifting being observed
between 60 and 801 W, over the Amazon basin, probably due to
convection over South America.
This seasonal shift in between winter and summer explains the anticorrelation of the surface concentrations and
AOTs measured in Cape Verde and in Dakar (Senegal) (Figures
7 and 8). Low layer transport is responsible for the winter
maximum in the surface concentration, whereas the summer
transport in the elevated SAL explains the summer maximum of
the AOT. This summer transport in the SAL favors the longrange transport of African dust toward the Atlantic Ocean and
Barbados and thus explains the seasonal cycle of the measured
surface concentrations (Figure 7) and AOT (Figure 8). The
seasonal cycles of AOT associated with mineral dust measured
Cape Verde and Barbados are similar, suggesting that they are
affected by the same transport process.
The role of precipitation for terminating these dust
transport events is seen both in the regional climatology and
at the scale of individual events. As a general trend, the
southern extension of the African dust outbreaks is thought
to be limited by an efficient wet removal in the active
ITCZ (Junge, 1979). As an illustration of the seasonal shift
of the ITCZ, Figure 9 shows a MODIS image of the cloud
fraction in winter and summer 2001. In the winter, over
the north tropical Atlantic Ocean, the high cloud cover
region associated with the ITCZ is located below 51 N, whereas
in summer it is shifted northward up to 10–151 N. Looking
at the position of the cloud fraction and of the AOT, it can
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Figure 8 Monthly mean Aerosol Optical Depth at 670 nm and Angstrom coefficient (Alpha) between 440 and 870 nm from 1996 to 2007
measured with the AERONET sunphotometers.
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Figure 9 Winter (January–February–March) and summer (July–August–September) average MODIS Aerosol Optical Depth at 550 nm and cloud
fraction for the year 2001 (analyses and visualizations produced with the Giovanni online data system, developed and maintained by the NASA
GES DISC).

be seen that the cloud pattern and its seasonal shift match
with the southern limit and the seasonal shift of the
dust plumes. At the event scale, pulses of African dust have
been recorded over the Amazon Basin in April and May 1987
that were associated with major wet-season rains (Swap et al.,
1992).
To summarize, the spatial distribution and temporal pattern of mineral dust transport from North Africa over the
North Atlantic Ocean results from the combination of factors
including the temporal variability of the dust emissions and
source location, the temporal variability of the synoptic conditions prevailing over the Atlantic Ocean and the absence of
precipitation along the transport paths.

11.5.4

Properties of Transported Dust

The size-resolved concentrations, composition, and shape of
mineral dust particles are the physical and chemical properties
(independent of concentration) underlying their various climatic and environmental impacts. These characteristics determine the optical properties (scattering and absorption
coefficients), solubility and hygroscopicity of mineral dust,
which control the impact of dust on the global radiation
budget, marine productivity and cloud formation and reflectance, respectively.
The physico-chemical properties of mineral dust at the
points of emission depend on the mineralogy and the dry size
distribution of the source sediments and the strength of the
wind friction velocity (Laurent et al., 2008). At the source,
mineral dust is commonly composed of quartz, feldspars,
micas, carbonates, clay minerals, and iron oxides (Pye, 1987;
Schutz and Sebert, 1987; Caquineau et al., 2002; Cheng et al.,
2005). All these minerals have different crystalline structures,
different water affinities, and different size distributions;
therefore they have different optical and solubility properties,

20 µm

Figure 10 Scanning electron microphotogram of mineral dust
particles.

leading to different impacts (Sokolik and Toon, 1999; Journet
et al., 2008). The number and mass size distribution of
mineral dust extends over many orders of magnitude, both
in concentration and in diameter range, which vary from
fractions to tens of microns (d’Almeida and Schütz, 1983).
The presence of a significant coarse mode (mass-median
diameter of 3–5 mm) is a major feature of the mass size
distribution of mineral dust. Dust particles can be irregular
in morphology and surface roughness. A scanning electron
micrograph of mineral dust particles collected over a
polycarbonate substrate (Figure 10) illustrates the irregular
morphology of typical dust.
Because of their complexity and variability, the observation
of the variability of the physico-chemical properties of mineral
dust remains a great experimental challenge, requiring the
combination of multiple techniques. An example is provided
by Reid et al. (2003b) with respect to the measurement of
the coarse mode particle fraction of the size distribution.
These authors compared various in situ sizing and remote
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sensing inversion methods deployed during the PRIDE campaign in Puerto Rico to show that the difference in the
volume-median diameter of the coarse fraction might be
as high as 3 depending if aerodynamic or optical sizers
are considered. Although highlighting the implications for
numerical calculation of the dust direct radiative effect (the
coarse mode fraction rules the mass extinction efficiency), and
making recommendations for observational best-practices,
Reid et al. (2003b) concluded that some level of uncertainty
must be accepted in studying the sizes of mineral dust.
The knowledge of the initial properties of dust particles is
not sufficient to predict their evolution during their atmospheric cycle. The size-resolved concentrations, composition,
and shape are affected, directly or indirectly, by various processes intervening while particles are airborne. These include
aggregation, coagulation, dry deposition, particle-water interaction, mineral alteration, wet scavenging in and below
clouds, particle mixing, and condensation due to heterogeneous reactions in the dry and aqueous phases.
The current state of knowledge of physico-chemical properties of transported mineral dust mostly relies on measurements performed in the Caribbean, Mediterranean, and
Japanese seas. These are intensive campaigns (ACE-2, SHADE,
PRIDE, LBA-CLAIRE, MINATROC, ASTEX, PACDEX, ACEASIA, INTEX-B) or long-term observations such as those performed at Barbados since 1968 (Prospero, 1968). Despite the
large body of observations, only a few attempts have been
made to make systematic comparisons between the dust
properties at the source and during or after transport
(e.g., Formenti et al., 2003; Maring et al., 2003; Garrett et al.,
2003; Trochkine et al., 2003).
The significant changes in coarse mode (mass-median
diameter of 3–5 mm) particles, even after long-range transport,
has been studied by various authors (Li-Jones and Prospero,
1998; Maenhaut et al., 1999; Formenti et al., 2001, 2003;
Smolik et al., 2003; Maring et al., 2003; Garrett et al., 2003;
Reid et al., 2003b, 2003c; Kuloglu and Tuncel, 2005; Marenco
et al., 2006).
The first attempt of modeling the dynamics of the dust
volume distribution during its export over the north eastern
Atlantic Ocean is by Schütz (1979). Observations at selected
transport distances from the Sahara showed no depletion of
particles of diameter less then 4 mm until a 5000 km distance.
The maximum of the volume distribution shifts from 100 mm
in diameter to approximately 20, then 8 and finally 2 mm at
1000, 2000, and 5000 km, respectively. These observations
were modeled assuming Stokes gravitational settling only,
which however cannot explain the persistence of coarse particles larger than 10 mm observed after long-range transport.
This puzzling point was raised again more recently by Maring
et al. (2003). These authors compared measurements of the
volume size distribution by a TSI Aerodynamic Particle Sizer
(APS) on both sides of the Atlantic Ocean: on the Canary
Islands and on Puerto Rico. They showed that the volume
distributions are indistinguishable on both side of the Atlantic
for particles smaller than 7.3 mm in diameter. To explain
these observations, which are incompatible with assuming
exclusively gravitational settling, they argued that the gravitational settling velocity could be counteracted by an additional and constant upward velocity. The physical processes
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that could bring about upward motion within the dust cloud
are hypothesized (buoyancy by solar heating or turbulence)
but not firmly identified. The calculations of Maring et al.
(2003) also indicate that no significant change in the volume
median diameter will occur after 2 days of transport. These
conclusions were also reached by Reid et al. (2008) who
analyzed APS measurements of volume distributions of dust
from different origins at a receptor site in the United Arab
Emirates.
Because of the strong dependence of the individual grain
size on mineralogy, changes in the size distribution should
affect the overall dust composition. From comparative sampling in the Sal Islands and on Barbados, Glaccum and
Prospero (1980) found that the relative percent of clay-sized
illite in the total dust mass increased during transport, whereas
that of quartz decreased. A possible explanation for this
change is the more rapid fallout of quartz, which has larger
average diameter, and therefore higher settling velocity, than
clay minerals. Other processes affecting the dust composition
are referred as chemical aging. This mechanism occurs by
cloud ‘processing’ or when a dust-laden air mass is entrained
in the same transport region of polluted or oceanic air masses
by horizontal and vertical winds. Two processes dominate,
namely: (1) internal or external mixing between mineral dust
and concurrent aerosol species derived from other sources (sea
salt, fossil- and biomass-fuel combustion derived particles);
and (2) heterogeneous reactions of secondary aerosol precursors (SO2, H2SO4, NH3, HNO3) and combustion-driven
pollutants (such as NOx, N2O5, NMHCs) on the surface of
carbonate dust particles. Mixing and heterogeneous reactions
are favored in those areas where mineral dust sources are located upwind from sea salt/biomass/anthropogenic pollution
sources. The majority of studies concerning chemical aging of
mineral dust occur in the outflow of Asian dust from Chinese
deserts to the Japan Sea (Okada and Kai, 1995, 2004; Fan
et al., 1996; Zhou et al., 1996; Clarke et al., 2004; Trochkine
et al., 2003; Zhang et al., 2003a, b; Wang et al., 2005), but also
in the eastern Mediterranean Sea (Falkovich et al., 2001;
Sobanska et al., 2003). These studies are consistent in illustrating formation of not only secondary species such as sulfates and nitrates, but also some volatile organic carbon on the
surface of aluminosilicates and carbonate particles. This effect
results in accumulation of material on the surface of coarse
particles having lower mass scattering efficiencies than the
accumulation-mode particles that would have been formed in
the absence of dust (Li-Jones et al., 1998; Clarke et al., 2004).
In addition, an increase in the dust hygroscopicity induces
greater cloud condensation and increased ice nuclei activity
(DeMott et al., 2003; Perry et al., 2004).
The same effects are expected by particle mixing between
scattering particles and dust. Observations also show that
more than 60% of dust particles could become a mixture
of dust and sea salt during the transport from China to
Japan (Okada et al., 1990; Niimura et al., 1998; Zhang et al.,
2003a). Sea salt and dust particles can be mixed internally
(that is aggregated in the same particle) or externally (maintaining their identity as particles). The external mixing between light-absorbing carbon and dust particles, mostly in the
size fraction of diameters lower than 0.6 mm, is documented
(Clarke et al., 2004; Johnson et al., 2008; Kandler et al., 2007).
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As a consequence of the size-selective mixing, the single
scattering albedo of particles smaller than 0.6 mm in diameter
is much lower (near 0.84 in the midvisible) than that of
larger particles, where uncontaminated dust dominates (single
scattering albedo on the order of 0.97). A lowered single
scattering albedo would act toward enhanced atmospheric
warming on bright continental surfaces such as deserts.
The scattering growth factor fsca(RH) as a function of the
ambient relative humidity (RH), representing the enhancement in the particle scattering coefficient due to water uptake
by mineral dust aerosol, has been measured to be between 1.1
and 1.7 (Li-Jones et al., 1998; Carrico et al., 2003; Howell
et al., 2006; Kaaden et al., 2009), with lower values generally
corresponding to dust measured close to the source region.
Higher values correspond to mixtures. However, Carrico et al.
(2003) showed that these higher values, which represent the
humidity response of scattering, were dominated by the most
hygroscopic of the components of the externally mixed aerosol, which is dominant over the internally mixed one, rather
than to increased hygroscopicity of the dust particles due to
internal mixing. Lack et al. (2009) also argued that dust/pollution mixing could be responsible for the enhanced absorption growth factor (fabs(RH) up to 1.5 at high RH) in dust
plumes travelling over the Gulf of Mexico.
Information about dust particle shape from different regions has been recently gathered thanks to the development of
computer-controlled electron microscopy (Reid et al., 2003a;
Kandler et al., 2007; Coz et al., 2009). Particle shape is described by the aspect ratio (AR) defined as the ratio of the
longest dimension to the orthogonal width of particles that
are collected, by filtration or by impaction, on flat supports.
Particles have the tendency of residing on whatever face has
the largest surface area. As a consequence, the AR values from
electron microscopy commonly reported in the literature are
two-dimensional values that do not describe the volumeaverage particle morphology. Close to source regions, only a
few studies report on the shape of dust particles in the third
dimension (Okada et al., 2001; Chou et al., 2008).
The density distribution of two-dimensional AR values has
been represented by a modified log-normal function as described by Kandler et al. (2007). Close to source regions in the
Sahara, the AR density distribution ranges between 1 (spherical particles) and 5 (elongated particles). Median values are
on the order of 1.6–1.7 (Chou et al., 2008; Kandler et al.,
2007). The distribution of AR values shows only minor
dependence on composition and on particle size.
Measurements offshore from the African coast indicate
that the median aspect ratio does not change significantly
during short-range transport (Kandler et al., 2007; Coz et al.,
2009). Two different situations are reported concerning
long-range transport. Measurements of air samples of longrange transported Saharan dust in Puerto Rico preserved the
log-normal shape of the density distribution but showed a
significantly higher median aspect ratio (1.9) (Reid et al.,
2003c). This suggests a preferential removal of spherical particles. As a complement, the analysis of water-insoluble
particles in Asian mineral dust deposited in snow layers on
Mt. Tateyama in Japan showed significantly lower aspect
ratios (median 1.22–1.31) and practically no values above 2.5
(Li and Osada, 2007). This would tend to suggest that

spherical particles are removed preferentially from the atmosphere. The possibility that heterogeneous processing or
the water uptake would change the single-particle shape
distribution by leading to more soluble, lower aspect ratio
particles, should be explored.

11.5.5
11.5.5.1

Impacts of Long-Range Transported Dust
Radiative Impact

Due to its large size range, mineral dust has the capability of
interacting with both solar and terrestrial radiation. It is thus a
crucial player in altering the radiative budget for regions over
which it is transported. Depending on its composition (i.e., its
complex refractive index), mineral dust may not only scatter
but also absorb radiation. The scattering effect is dominant,
particularly in the solar spectrum solar radiation, and leads to
a decrease in incoming solar radiation at the surface. However,
dust can also absorbs both solar and IR radiation, producing
an atmospheric heating in the dust-laden atmospheric layers.
Field measurements of the radiative impact of mineral dust
over transport regions are provided by several authors. These
are best expressed in terms of direct radiative effect efficiency,
corresponding to the flux perturbation normalized by the
aerosol optical depth (DRE/AOD, units of W m–2), therefore
independent of the aerosol concentration. During the SHADE
experiment (offshore Senegal for short-range transported
dust), Haywood et al. (2003) reported solar-spectrum averaged
upwelling radiative efficiency at the top of the atmosphere
(TOA) of  87 to  98 W m2 per unit of AOD measured at
0.55 mm. Christopher et al. (2003) reported on daily averaged
TOA shortwave dust radiative force ranging from  7.1 to
 19 W m2 for AOD ranging from 0.17 to 0.33, respectively,
during the PRIDE campaign over the Carribean.
Only few measurements exist of the radiative effect in the
infrared spectrum. For the same episode investigated by
Haywood et al. (2003), Highwood et al. (2003) reported a
decrease in upwelling terrestrial radiation at the top of the
atmosphere of 6.5 W m2 and an increase in downwelling
terrestrial radiation at the surface of 11.5 W m2.
Based on multiple satellite data sets and a radiative model
Zhu et al. (2007) estimated the shortwave (visible) and
longwave (IR) radiative impact of dust downwind of eastern
Asia, the Arabian Peninsula, and the Sahara Desert. The mean
seasonal and regionally averaged reduction of radiative flux
(visible þ infrared) at the surface has been estimated in
clear-sky conditions to about 5.9 W m2, 17.8 W m2, and
14.2 W m2, over the Yellow Sea, the Arabian Sea, and the
west African coasts, respectively. The dust plume over the
Arabian Sea was found to produce the largest effect on atmospheric heating mainly due to shortwave heating. The
maximum longwave effect on heating rates occurs over the
African coast downwind of the Sahara. It results in a strong
cooling throughout the dust layer and moderate heating
below. This large cooling inside the dust layer offsets up to
80% of the shortwave heating. Finally, the net radiative heating rate over the Yellow Sea is the smallest among these three
regions.
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This heating or cooling effect can impact atmospheric dynamics at both local and synoptic scales. In the eastern
Atlantic, Wong et al. (2009) suggested that Saharan dust
contributed to approximately 50% of the detected heating
rate anomalies and thus has a substantial impact on atmospheric stability. This effect is also suspected to influence
the development of cyclones and may explain a possible inhibition on the formation of tropical cyclones revealed by an
anticorrelation between north tropical cyclone activity and
Saharan dust cover (Evan et al., 2006). The additional heating
induced by mineral dust can also lead to reduction in liquid
water and cloud cover (Huang et al., 2006), causing the inhibition of cloud formation.
The impact of mineral dust on cloud formation, properties,
and life time has not been investigated as intensively, with
most of the studies on this indirect radiative impact being
focused on finer and more soluble species. However, recent
modeling studies highlight the possible contribution of mineral dust to the indirect radiative impact of aerosol though it
has the ability to act as ice nuclei (Hoose et al., 2008).

11.5.5.2

Impact on Biogeochemistry

Atmospheric transport of dust particles can contribute significantly to the biogeochemical cycles of several elements
and particularly nutrients. This is the case for iron and phosphorus that are considered as the main limiting factors in
the growth of plants in marine ecosystems and on distant
continents (Mahowald et al., 2007). As an example, deposition of Saharan dust contributes significantly to the budget of phosphorus in the Mediterranean basin (Bergametti
et al., 1989). But this contribution can also be significant
at much larger distances. This is the case in the Amazon for
which Saharan dust contribute significantly to the annual
phosphorus budget (Swap et al., 1992). Saharan dust was also
suspected to play a role in the development of toxic red tides
in Florida (Walsh et al., 2006). Saharan dust is a major contributor to soils in Florida, the Bahamas and Barbados (Muhs
et al., 2007).
In some high-nutrient, low-chlorophyll remote oceanic
areas, it was hypothesized that primary productivity (phytoplankton growth) was limited by the availability of iron
(Martin, 1990). As a result, an increase in iron deposition can
enhance biological activity and thus increase the capability of
these ecosystems to act as a sink of CO2. In many open-ocean
regions the input of new iron to the surface waters is dominated by the atmospheric deposition of soluble iron in
mineral aerosols (e.g., Fung et al., 2000; Sarthou et al., 2003).
However, the aerosol iron fraction of importance in terms of
the biogeochemical impact is the bioavailable fraction. As a
proxy of this bioavailable fraction, soluble iron has been investigated in soils and aerosols.
Iron solubility appears to be higher in aerosols than in
bulk soils (B0.5% of total iron; Hand et al., 2004). Journet
et al. (2008) have shown that close to source regions, the
variability in the iron solubility can be explained by differences in the aerosol mineralogical composition. Soluble iron
is highest in clay minerals such as montmorrillonite and illite
and lowest in iron oxides. Iron solubility in mineral dust can
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significantly increase during its transport due to chemical,
photochemical and cloud processes (e.g., Jickells and Spokes,
2001; Desboeufs et al., 2001) and due to the size sorting induced by deposition processes that lead to an increase in clay
contents in dust plumes (Baker and Jickells, 2006). Assessing
the biogeochemical impact of mineral dust requires not
only an estimation the dust deposition intensity but also
information on its mineralogical composition and on the atmospheric processes to which dust is submitted during its
long-range transport.

11.5.5.3

Dust as a Tracer of Climate

Although the most intense and active dust sources are located
in the continental arid or semiarid regions located between
151 N – and 451 N, significant amounts of mineral dust occur
in continental deposits, in oceanic sediments collected in remote oceanic regions (e.g., Grousset et al., 2003) and in polar
ice caps (e.g., Biscaye et al., 1997). Mineral dust emissions
and transport are extremely sensitive to meteorological and
climatic conditions, so dust deposits provide long-term
records that can help reconstructing past meteorology and
climatology. Analysis of deep-sea sediments (Leinen and
Sarnthein 1989; Hovan et al., 1991; Rea, 1994; deMenocal,
2004; Winckler et al., 2008; Martinez-Garcia et al., 2009) reveals large variations in dust accumulation rates in relation
with glacial–interglacial cycles. Similar variations have also
been identified in both Greenland and Antarctic ice cores
(Thompson and Mosley-Thompson, 1981; Petit et al., 1999),
with higher mineral dust fluxes associated with glacial periods.
As an example, 30 times more dust was trapped in the
Greenland ice cores during the last glacial maximum than
today, but with large and abrupt variations in concentration
(Grousset and Biscaye, 2005). Several proxies are used to interpret these paleorecords (Maher et al., 2010): Dust accumulation rate is used as a proxy of deposition fluxes, particle
size changes have been widely used as an indicator wind
strength in source regions or changes in the transport pathway,
whereas mineralogy or isotopic signatures are used as fingerprints of dust origin. However, the variations of dust concentrations and properties occurring in paleorecords may
reflect a variety of processes such as changes in the sources
location that can be linked with changes in aridity conditions
and vegetation cover or to the emergence of additional sources
of glaciogenic silt and clay sediments derived from the continental shelves. Also important are changes in dust emission
intensity due to modification of the circulation pattern and
intensity from the local to the synoptic scale, changes in the
transport efficiency and geographical pattern, and changes in
deposition along the dust transport path (Maher et al., 2010).
As a result, the interpretation of the changes in the dust deposition rates in past climates requires an ability to understand, describe, and quantify the present-day atmospheric
pattern controlling dust emission, transport, deposition, and
physical properties.
The analysis of present-day dust deposits in sediments and
ice cores, in particular based on their isotopic signatures, has
proven their usefulness in identifying differences in the sources of long-range transport and investigating their transport
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pattern (Grousset and Biscaye, 2005). Rapid changes in dust
origins due to seasonal variability in the transport path and
efficiency can now be identified based on aerosol samples or
thin layers of dust accumulation in undisturbed marine sediments or snow-pit layers. In the oceans, the combination of
isotopic and mineralogical studies can help to distinguish and
locate different sources, to reconstruct transport pathways, and
finally to quantify the dust fluxes. Mineral dust is thus not
only a paleotracer but also as a powerful tracer of present-day
atmospheric circulation.
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11.5.6

References

Conclusion

Our knowledge on long-transport of mineral dust has significantly increased in the past 10 years. In particular, the
variability of dust transport in time and space, on horizontal
and vertical scales, have been investigated thanks to the
increasing capability of satellite observations, the instrumentation deployed during intensive field campaigns, and the
availability and level of analysis of meteorological data.
Although the atmospheric distribution of mineral dust is
relatively well quantified, the total flux of dust involved in
long-range transport is still uncertain, due to the fact that
neither dust emission nor dust deposition are properly
quantified. Prospero et al. (2010) highlighted the limitations
of global dust models to reproduce the annual dust deposition
and its seasonal pattern over Florida and interpret this limitation to be due to the range of variability of mineral dust life
times in these models. Additional quantitative constraints on
dust deposition rates and specific studies on the sizedependence of deposition processes, and the way they affect
dust physical and chemical properties, are thus needed to
make further progress in the quantification of mineral dust
transport and its impacts. A large body of observations is indeed available concerning the composition and size distribution of long-range transported mineral dust, and data on the
morphology of individual particles are recently also starting to
be gathered. The analysis of the available data sets reveals a
certain disparity in the sampling and analytical protocols, in
particular in the instrumental passing efficiency affecting the
reproduction of the particle size distribution, as well as the
scarcity of coordinated observations along the transport pathways at different times after emission. Future systematic, process-oriented observations of particle composition, size, and
morphology as a function of transport time are recommended.
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