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1 The Nature and Importance of Dust Storms

1.1 Introduction

This book is about dust storms, atmospheric events that are typically associated
with deserts. The study of desert dust, its entrainment, transport and deposi-
tion is an area of growing importance in investigations of global environmen-
tal change because dust storms have great significance for the physical
environment and the world’s human inhabitants (Table 1.1). Most dust events
are generated by the erosion of surface materials in the world’s drylands. Dry,
unprotected sediments in any environment can be blown into the atmosphere,
but the main sources of soil-derived mineral dust are located in desert regions.
However, the impacts of wind-blown desert dust are global in their extent,
making their study an area of major concern in Earth System Science.

Among the reasons why dust storms are important is that dust loadings in
the atmosphere are significant for climate (Park et al. 2005). They affect air
temperatures through the absorption and scattering of solar radiation
(Haywood et al. 2003). In addition, dust may affect climate through its influ-
ence on marine primary productivity (Jickells et al. 1998); and there is some
evidence that it may cause ocean cooling (Schollaert and Merrill 1998).
Changes in atmospheric temperatures and in concentrations of potential
condensation nuclei may affect convectional activity and cloud formation,
thereby modifying rainfall (Bryson and Barreis 1967; Maley 1982) and possi-
bly intensifying drought conditions.

Dust loadings may also change substantially in response to climatic
changes, such as the North Atlantic Oscillation (Ginoux et al. 2004; Chiapello
et al. 2005) or the Pacific Decadal Oscillation (Leslie and Speer 2005), to
drought phases (Middleton 1985a; Littmann 1991a; Moulin et al. 1997;
McTainsh et al. 2005) and in response to land-cover alterations (Tegen and
Fung 1995). In these situations, the monitoring of dust storms can be indica-
tive of environmental change.

Dust deposition provides considerable quantities of nutrients to ocean sur-
face waters and the sea bed (Talbot et al. 1986; Swap et al. 1996). Aeolian dust
contains appreciable quantities of iron (Zhu et al. 1997), the addition of which
to ocean waters may increase plankton productivity (Gruber and Sarmineto
1997; Sarthou et al. 2003). Dust aerosols derived from the Sahara influence the
nutrient dynamics and biogeochemical cycling of both terrestrial and oceanic



Table 1.1. Some environmental consequences and hazards to human population caused by

dust storms

A.S. Goudie and N.J. Middleton

Consequence Example
Environmental

Algal blooms Lenes et al. (2001a, b)
Butterfly transport Davey (2004)

Calcrete development

Case hardening of rock
Climatic change

Clouds

Coral reef deterioration
Desert varnish formation
Easterly wave intensification
Glacier mass budget alteration
Loess formation

Mercury translocation

Ocean productivity

Ocean sedimentation

Plant nutrient gain

Playa (pan) formation and relief inversion

Radiative forcing
Rainfall acidity/alkalinity

Rock polish

Salt deposition and ground water salinization

Sediment input to streams
Silcrete development

Soil erosion

Soil nutrient gain

Stone pavement formation
Terra rossa formation
Tropospheric ozone
Ventifact sculpture
Human-related

Air pollution

Animal madness

Animal suffocation

Coudé-Gaussen and Rognon (1988)
Conca and Rossman (1982)

Maley (1982)

Sassen et al. (2003)

Shinn et al. (2000)

Dorn (1986), Thiagarajan and Lee (2004)
Jones et al. (2003)

Davitaya (1969)

Liu et al. (1981)

Cannon et al. (2003)

Safiudo-Wilhelmy (2003), Jickells
et al. (2005)

Rea and Leinen (1988)
Das (1988), Kaufman et al. (2005)
Khalaf et al. (1982)

Coakley and Cess (1985), Miller
et al. (2004a)

Stensland and Semorin (1982), Rogora
et al. (2004)

Lancaster (1984)

Logan (1974)

Goudie (1978)

Summerfield (1983)

Kalma et al. (1988)

Syers et al. (1969)
McFadden et al. (1987)
Delgado et al. (2003)
Bonasoni et al. (2004)
Whitney and Dietrich (1973)

Hagen and Woodruff (1973)
Saint-Amand et al. (1986)
Choun (1936)
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Table 1.1. Some environmental consequences and hazards to human population caused by

dust storms—cont’d

Consequence

Example

Asthma incidence
Car-ignition failure

Closing of business

DDT transport

Disease transmission (human)
Disease transmission (plants)
Drinking-water contamination
Electrical-insulator failure
Machinery problems
Microwave propagation

Radio communication problems

Gyan et al. (2005)
Clements et al. (1963)
Gillette (1981)
Riseborough et al. (1968)
Leathers (1981)
Clafin et al. (1973)
Clements et al. (1963)
Kes (1983)

Hilling (1969)
Ghobrial (2003)
Martin (1937)

Radio-active dust transport Becker (1986)
Rainfall acid neutralization Loye-Pilot et al. (1986)

Reduction of property values Gillette (1981)

Goossens and Van Kerschaever (1999)

Kar and Takeuchi (2004), Chen et al. (2004)

Houseman (1961), Brazel (1991)

Reduction of solar power potential
Respiratory problems and eye infections
Transport disruption

Warfare Agence France Press (1985)

ecosystems. Moreover, because of the thousands of kilometres over which the
dust is transported, its influence extends as far a field as Northern Europe
(Franzen et al. 1994), Amazonia (Swap et al. 1992) and the coral reefs of the
Caribbean. Saharan dust has been suggested by Shinn et al. (2000) to be an
efficient medium for transporting disease-spreading spores, which on occa-
sion can cause epidemics that diminish coral reef vitality, a good match hav-
ing been found between times of coral-reef die-off and peak dust deposition
(Fig. 1.1). Atmospheric dust also influences sulphur dioxide levels in the
atmosphere, either by physical adsorption or by heterogeneous reactions
(Adams et al. 2005).

On land surfaces, additions of dust may affect soil formation. This has
been proposed, inter alia, in the context of calcretes, salt horizons, terrae
rossae, stone pavements and desert varnish (Thiagarajan and Lee 2004).

Dust additions play a major role in the delivery of sediments to the oceans
(Fig. 1.2). For example, Guerzoni et al. (1999, p. 147) have suggested that: “Both
the magnitude and the mineralogical composition of atmospheric dust inputs
indicate that eolian deposition is an important (50%) or even dominant (>80%)
contribution to sediments in the offshore waters of the entire Mediterranean
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Fig. 1.1. The overall increase in dust reaching Barbados since 1965. Peak years for dust were
1983 and 1987. These were also the years of extensive damage to Caribbean coral reefs. Modified
after Shinn et al. (2000)

basin”. The role of dust sedimentation in the eastern Atlantic off the Sahara is
also extremely important (Holz et al. 2004), and its significance in the Arctic
Ocean has been discussed (Mullen et al. 1972; Darby et al. 1974).

Dust storms help to create various geomorphological phenomena by evac-
uating material from desert surfaces and then depositing it elsewhere. Desert
depressions, wind-fluted bedforms (yardangs) and stone pavements are
among such features. Above all, however, dust storms play a general role in
the denudation of desert surfaces.

Dust storms also have many direct implications for humans. They can, for
example, transport allergens and pathogens and disrupt communications.
They may be a manifestation of desertification and of accelerated soil ero-
sion. As ‘Big Hugh’ Bennett, father of the soil conservation movement in the
United States, wrote at the end of the Dust Bowl: “To an alarming extent . . .
the fertile parts of the soil are blowing away; to an equally alarming extent,
menacing, drifting sand is left behind.” (Bennett 1938b, p. 382)

Standard World Meteorological Organization (WMO) definitions for dust
events that involve dust entrainment in the atmosphere are given by McTainsh
and Pitblado (1987): (a) Dust storms are the result of turbulent winds raising
large quantities of dust into the air and reducing visibility to less than 1000 m.
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Fig. 1.2. Dust over northern Libya and the Gulf of Sirte, 26 May 2004 (MODIS)

(b) Blowing dust is raised by winds to moderate heights above the ground
reducing visibility at eye level (1.8 m) but not to less than 1000 m. (c) Dust haze
is produced by dust particles in suspended transport which have been raised
from the ground by a dust storm prior to the time of observation. (d) Dust
whirls (or dust devils) are whirling columns of dust moving with the wind and
are usually less than 30 m high (but may extend to 300 m or more) and of
narrow dimensions. There is some confusion in the literature between ‘sand
storms’ and ‘dust storms’. The former tend to be low altitude phenomena
of limited areal extent, composed of predominantly sand-sized materials.
Dust storms reach higher altitudes, travel longer distances and are mainly
composed of silt and clay. In this work, the term dust storm refers to an atmos-
pheric phenomenon in meteorology, where the horizontal visibility at eye level
is reduced to less than 1000 m by atmospheric mineral dust.

While airborne particles in the world’s atmosphere may be derived from a
number of different sources - including cosmic dust, sea salt, volcanic dust
and smoke particles from fire - in this book we concentrate very largely on
the dust emitted from desert surfaces in low latitudes, though we recognize
that dust may be emitted from glacial outwash material in polar regions and
from disturbed agricultural land on susceptible soils in more humid parts of
the world (Table 1.2).
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Table 1.2. A selection of studies on wind erosion and dust deflation in non-desert regions

Region Reference

Parts of Denmark Maoller (1986)

Swedish province of Skane Barring et al. (2003)
Fenland and Breckland of eastern England Goudie (1990, p. 302)
North-east of the Netherlands Eppink (1982)

Northern Germany Schifer (1991)

Moravia and Silesia, Czech Republic Hrédek and Svehlik (1995)
Southern Hungary Mez6si and Szatmadri (1998)
Southern Ukraine Shikula (1981)

North-east Spain Lépez et al. (1998)

Parts of New Zealand Marx and McGowan (2005)
Northern Canada Nickling (1978)

Alaska Péwé (1951)

1.2 Methods of Study

Desert dust has interested observers of the natural world for a very long time.
Its transport over great distances has been noted in apparently bizarre depo-
sitional events such as ‘blood rain’ that are described in Homer’s Iliad and in
the works of numerous writers working in ancient Rome. Some of the earli-
est scientific observations were made by Charles Darwin (1846) off the west
coast of Africa and Ehrenberg (1849) in the same area and in southern
Europe, while von Richthofen’s work in China was instrumental in establish-
ing the aeolian origin of loess (von Richthofen 1882).

In contrast to this long history of reporting dramatic dust transport and
deposition events, which has for the most part been largely descriptive
(Fig. 1.3), it is only during the past few decades that aeolian dust has become
a major environmental topic and that a more structured, systematic and
quantitative approach to dust research has been developed (McTainsh 1999).

The study of dust storms has been carried out in a variety of ways. On the
one hand, there are analyses that involve the long-term stratigraphic history
of dust deposition in the oceans, in ice cores, in lakes and in loess sections.
We return to this in Chapters 9 and 10. Archival studies have been under-
taken, employing newspaper reports, diaries and the like. The classic study of
this type is that undertaken for Kansas in the nineteenth century by Malin
(1946). Then, there are studies that employ the analysis of observational data
recorded at meteorological stations, using a set of standardized WMO Synop
codes that relate to dust in the atmosphere (Table 1.3). This enables the fre-
quency and distribution of dust storms to be mapped, though there are large



The Nature and Importance of Dust Storms 7

Fig. 1.3. A nineteenth century engraving of Saharan dust devils

tracts of the world’s drylands where records are missing or imperfect.
Current dust activity can also be monitored with ground- or air-based instru-
ments such as lidar (Pisani et al. 2005), sun photometers, sun sky radiometers
(Pinker et al. 2001; Masmoudi et al. 2003; Reid et al. 2003; Kaufman et al.
2005) and web cameras (Iino et al. 2004). The global Aerosol Robotic Network
(AERONET) operated by the NASA Goddard Space Flight Center has been
especially important in collecting near-real time data for a large number of
sites globally (Kubilay et al. 2003). Dust can also be monitored and ‘finger-
printed’ Grousset and Biscaye (2005) to determine source areas by numerous
means, including the analysis of mass size distributions, mineralogy, isotopic
ratios, fossil content, plant waxes and pollen, and electron spin resonance
(ESR; Table 1.4). Identification of source areas for specific long-range trans-
port events can also be made using three-dimensional back-trajectory analy-
sis for specific air masses (e.g. Betzer et al. 1988; Schwikowski et al. 1995;
Kubilay et al. 2000).

Many devices have been developed to trap dust and measure the rate of its
accumulation at the surface. Active samplers are equipped with pumping
devices to maintain a flow through their intakes. They use filters of fine mesh
(generally less than 2 wum) upon which particles accumulate. Small particle
concentration can be monitored continuously at active sampling sites, using
such devices as tapered element oscillating microbalances (TEOMs; see, for
example, Kjelgaard et al. 2004; Xie et al. 2005). Passive samplers rely on wind
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Table 1.3. WMO SYNOP present weather codes for dust events

Code
figure
ww

05

06

07

08

09

30 )

31 >

32

33

34

35

98

Symbol

—

00]

c{)fms\ﬂ»m

¢

¢ ¢ ¢ 9 ¢

K

Description

Haze

Widespread dust in suspension in the air, not raised by wind
at or near the station at the time of observation

Dust or sand raised by wind at or near the station at the time
of observation, but no well-developed dust whirl(s) and no
duststorm or sandstorm seen

Well-developed dust whirl(s) or sand whirl(s) seen at or near
the station during the preceding hour or at the time of
observation, but no duststorm or sandstorm

Duststorm or sandstorm within sight at the time of observation
or at the station during the preceeding hour

(" _ has decreased during
the preceeding hour

no appreciable change

Slight or moderate
) during the preceding hour

duststorm or sandstorm

has begun or has increased
" during the preceding hour

( has decreased during
the preceeding hour

Severe duststorm or b, no appreciable change
sandstorm during the preceding hour

has begun or has increased
g during the preceding hour

Thunderstorm combined with duststorm or sandstorm
at time of observation

to maintain a flow through their intakes, but because they must use filters of
much coarser mesh (generally greater than 40 um), they are more suitable for
sampling sand than dust. Moreover, passive samplers cause significant dis-
turbance of the flow. This causes streamlines to diverge at the opening of the
sampler; and dust particles tend to follow these streamlines rather than enter
the collector. There are also various devices for measuring and sampling dry
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Table 1.4. Methods used for dust monitoring and identification of source areas

Dust characteristic

Selected references

Mass size distribution
Mineralogy and elemental composition
Stable isotopes

Lead isotopes

Rubidium-strontium isotopes
Thorium isotopes
Helium isotopes

Neodymium isotopes

Radon-222

Magnetic mineral assemblages
Aluminium concentration
Aerosol-crust enrichment

Rare earth element (REE) signature
Single scattering albedo (SSA) signature

Scanning electron microscopy of
individual grain features

Continentally derived lipids
Pollen, plant waxes

Enzyme activities

Trace elements
Foraminifera

Electron spin resonance

Prospero et al. (1970)
Paquet et al. (1984)
Aléon et al. (2002), Wang et al. (2005b)

Turekian and Cochran (1981), Abouchami
and Zabel (2003)

Biscaye et al. (1974)
Hirose and Sugimura (1984)
Patterson and Farley (1997)

Grousset et al. (1998), Jung et al. (2004),
Grousset and Biscaye (2005), Nakano
et al. (2005)

Prospero and Carlson (1972)
Oldfield et al. (1985)

Duce et al. (1980)

Rahn et al. (1981)

Gaiero et al. (2004)

Collaud Coen et al. (2004)
Prodi and Fea (1979)

Gagosian et al. (1981)

Franzen et al. (1994), Dahl et al. (2005)
Acosta-Martinez and Zobeck (2004)
McGowan et al. (2005), Marx et al. (2005a, b)
Ehrenberg (1849)

Toyoda and Naruse (2002)

deposition fluxes, including bowls with or without water, buckets full of
marbles or glass beads, moss bags, plastic mats with plastic straws like a grass
lawn and inverted Frisbee samplers (Goodman et al. 1979; Hall et al. 1994;
McTainsh 1999; Breuning-Madsen and Awadzi 2005). These tend to be cheap,
simple and robust, but they are prone to contamination by bird excrement
and the like; and different devices have differing capture efficiencies.

One tool that has become increasingly important in recent years for iden-
tifying, tracking and analysing large-scale dust events is remote sensing
(Fig. 1.4). A range of different sensors has been used either singly or in com-
bination (Table 1.5). These techniques give a global picture of dust storm
activity, provide information on areas for which there are no meteorological
station data, allow the tracking of individual dust plumes, enable sources of
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Fig. 1.4. A major dust storm in the Lut Desert east of Bam in Iran. The image was acquired by
the crew of the International Space Station on 15 February 2004 (Earth Observatory, NASA)

dust to be precisely located and give information on such parameters as the
optical thickness and altitude of dust.

Signals measured by satellite-based sensors generally include contribu-
tions from both the earth’s surface and the intervening atmosphere, but a
number of methods have been developed to identify that signal related to the
radiative effect of atmospheric aerosols. These techniques include single- and
multiple-channel reflectance, contrast reduction and polarization, multi-
angle reflectance and thermal infrared emission (for a comprehensive review,
see King et al. 1999). All of these approaches have their own drawbacks.
Methods based on visible and infrared wavelengths, such as the Advanced
Very High Resolution Radiometer (AVHRR) sensor carried on the National
Oceanic and Atmospheric Administration’s (NOAA’s) polar-orbiting and
Geostationary Operational Environmental Satellite (GOES), are adversely
affected by clouds and water vapour and their use is restricted to either ocean
or land surfaces. SeaWiFS$ (sea-viewing wide field of view sensor) is useful for
detecting large plumes moving over the oceans but has difficulty detecting
small and short-lived dust events over desert areas, due to their high radiance.
Particular use has been made of the Total Ozone Mapping Spectrometer
(TOMS) and the Moderate Resolution Imaging Spectroradiometer (MODIS).
TOMS can detect UV-absorbing aerosols in the atmosphere, a method that
does not suffer from the limitation of visible-wavelength techniques such as
AVHRR because the UV surface reflectivity is low and almost constant over
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Table 1.5. Examples of the use of remote sensing in the study of dust storms and dust aerosols

Sensor/satellite References

LIDAR Karyampudi et al. (1999), Chazette et al. (2001), Gobbi et al.
(2002), Pisani et al. (2005)

METEOSAT Legrand et al. (1994), Brooks (1999), Karyampudi et al.

MODIS: moderate resolution
imaging spectroradiometer
MISR: multi-angle imaging
spectrometer

TOMS: total ozone mapping
spectrometer

GOME: global ozone
monitoring experiment

AVHRR: advanced very
high resolution radiometer

AIRS: aqua advanced
infrared radiation sounder

VISSR: visible and spin scan
radiometer from fifth Japanese
geostationary meteorological
satellite (GMS-5)

TMI: tropical rainfall
measuring mission (TRMM)
microwave imager

(1999), Brooks and Legrand (2000), Chazette et al. (2001),
Chiapello and Moulin (2002), Leon and Legrand (2003)

Ichoku et al. (2004), Koren and Kaufman (2004), Jeong
et al. (2005), Kaufman et al. (2005)

Zhang and Christopher (2003), Christopher et al. (2004)

Alpert et al. (2000), Alpert and Ganor (2001), Chiapello

and Moulin (2002), Colarco et al. (2002), Ginoux and Torres
(2003), Barkan et al. (2004), Mahowald and Dufresne
(2004), Moulin and Chiapello (2004), Kubilay et al. (2005)
Guzzi et al. (2001), De Graaf et al. (2005)

Husar et al. (1997), Cakmur et al. (2001)

Pierangelo et al. (2004)

Tino et al. (2004)

El-Askary et al. (2003)

both land and water. The TOMS UV spectral contrast data are, however,
contaminated to a small degree by clouds and also suffer from an inability
fully to detect aerosols within roughly 1-2 km above the surface (Mahowald
and Dufresne 2004; Kubilay et al. 2005). Various recent studies have
attempted to compare the results of different sensors with respect to measur-
ing such parameters as aerosol optical thickness (AOT) or the Absorbing
Aerosol Index (AAIL e.g. De Graaf et al. 2005; Jeong et al. 2005).



2 Dust Entrainment, Transport and Deposition

2.1 Introduction

Desert dust movement occurs in three phases: the entrainment or emission of
material from the ground surface, its transport through the atmosphere and
its deposition. These stages of wind erosion form the basis of this chapter,
following an appraisal of the physical processes responsible for the formation
of dust-sized particles and the geomorphological environments from which
deflation typically occurs.

2.2 The Origin of Desert Dust Particles

Not all authorities agree on the upper grain-size limit for dust particles.
Bagnold (1941) defines such particles as having diameters of less than 0.08 mm
(80 um), but many other workers prefer to define them according to the
silt/sand boundary (i.e. less than 62.5 um). Below this cut-off, fine particles
are commonly categorised into those of silt and clay sizes, with grain diame-
ters of 4.0-62.5 um and <4.0 um respectively (Wentworth 1922).

Whereas inorganic clay-size particles are generally agreed to be derived
largely from chemical weathering, the processes responsible for silt forma-
tion in the desert environment remain a matter for debate. As Pye (1987)
pointed out, many mechanisms of silt formation have been formulated but
no clear picture regarding their relative importance has yet emerged. One
major hypothesis is that silt can be formed by glacial grinding. This is an
attractive theory to explain the great expanses of loess that occur on the
margins of the former great Pleistocene ice caps (Smalley 1966; Smalley and
Vita-Finzi 1968). Abrasion (sometimes called corrasion) during fluvial and
aeolian transport may also produce silt. For example, numerous laboratory
experiments have shown that abrasion of dune sand releases fines by spalling,
chipping and breakage of particles and by the removal of grain surface coat-
ings (Bullard et al. 2004; Bullard and White 2005). Moreover, many surfaces
in both desert and polar regions show clear evidence of wind abrasion at a
variety of spatial scales. In the latter case, some of the abrasion is achieved by
driven snow, though snow abrasion is less efficient than that by quartz grain
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impacts. The greater kinetic energy of windblown sand compared to water
transported sand explains the greater abrasion achieved by wind transport
(Kuenen 1960).

Also of potential importance to silt formation are various types of weath-
ering, including frost action, salt attack, thermal fatigue weathering and
chemical weathering (see, for example, Goudie et al. 1979; Nahon and
Trompette 1982; Smith et al. 2002). For instance, deeply weathered granitoid
rocks may contain a quite high silt percentage - up to 37.7% in eastern
Australia (Wright 2002). The role of salt weathering may also be important in
producing what is often termed ‘rock flour’. Goudie et al. (1979) designed an
experiment to test whether silt-sized debris could be produced by salt weath-
ering of aeolian dune sand, and found that it could. Subsequently other suc-
cessful experimental simulations of salt attack on sands and on rocks were
undertaken by Pye and Sperling (1983), Fahey (1985), Smith et al. (1987) and
Goudie and Viles (1995). In addition, samples of salt-weathered rock col-
lected in the field have shown that appreciable quantities of silt-sized mate-
rial are produced (Goudie and Day 1980; Mottershead and Pye 1994).

Although the relative dominance of these mechanisms is difficult to assess,
the important point to make is that silt can be produced in many ways, either
singly, or more likely, in combination. Moreover, such mechanisms allow silt
production in many types of environment, whether glacial, periglacial, arid
or humid tropical (Wright 2001a; Smith et al. 2002). In addition, complex
pathways of silt production and transport may be involved (Wright 2001b;
Fig. 2.1). As Smith et al. (2002) remark:

“Weathering mechanisms coupled with periods of sediment reworking
and associated silt production by glacial, fluvial and aeolian systems may
provide a feasible explanation for the provenance of a significant majority of
total global quartz silt. In addition to releasing silt-size particles directly,
weathering may release considerable quantities of partially flawed sand
grains. These flaws may then be readily exploited during subsequent periods
of transport within glacial, fluvial or aeolian systems”.

Some dust may be derived from erosion of organic materials (such as
diatomite) which were deposited in pluvial lakes that have now become des-
iccated. Diatomite is a very light substance that, if abraded, produces fine,
easily carried debris. This has been proposed as a major dust source in the
Bodélé Depression in the Central Sahara (Giles 2005).

Other dust may be provided by the winnowing of fines from reactivated
sand dunes. Dunes that have long been stable, having been produced under
earlier conditions of greater aridity in, say, the Late Pleistocene, contain silt
and clay contents in reasonably substantial quantities. Such fines may be the
result of penecontemporaneous deposition of clay aggregates within the
dunes as they were formed, but also important are post-depositional weath-
ering and accretion of dust. Data from Kordofan (Sudan), north-west India,
Zimbabwe, Niger and north-west Australia suggest that silt and clay contents
of stabilized dunes can range from 7.8% to 32.0% (Goudie et al. 1993, Table 1).
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Fig. 2.1. a) Events in the formation of loess deposits — a hypothetical pathway to explain the
formation of loess deposits associated with cold environments. Modified after Wright (2001b,
Fig. 3)



16 A.S. Goudie and N.J. Middleton

b)
Rock debris produced by
weathering mechanisms
Y Y
Fluvial transport of Weathered debris
weathered debris / slope <€ transported by slope
deposits processes
Fluvial comminution and
particle size reduction Y Y
v Aeolian deflation of
|  Deposition on alluvial weathered debris, slope
= fan / wadi / chott deposits
v
| Further weathering and
7| particle size reduction
v
Further fluvial transport
and particle size reduction
v
Fluvial deposition
v
Aeolian deflation of .
fluvial sediments -
Y
»|  Aeolian abrasion and
> particle size reduction
R T s et SR
| A4 A4 \4 :
: Sand grains transported Medium to coarse silt Fine silt and clay :
—): in saltation transported for short transported for long 1€
| A distances in suspension distances in suspension :
|
R R I J
Y Y Y
Formation of dune Deposition to contribute Widely dispersed
systems to LOESS deposits deposition

Fig. 2.1. (Continued) b) Events in the formation of loess deposits — a hypothetical pathway to
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Thus, if such dunes become mobile as a result of climate or land-cover
changes, they can release silt and clay for dust storm generation.

Given that there are so many mechanisms to produce silt-sized material
(Smalley et al. 2005), it is not surprising that various geomorphological envi-
ronments, in addition to old dunes, contain silt-sized material that is available
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Fig. 2.2. A model of geomorphological environments from which substantial deflation occurs

for deflation. These include situations like outwash and alluvial fans, playa
basins, weathered or unconsolidated rock exposures and areas of previously
deposited loess (Fig. 2.2). Coudé-Gaussen (1984), whose work is largely based
on the Sahara, has attempted to categorise desert surfaces that are highly
favourable for producing dust:

- Dried-out salt lakes of internal drainage, the surface of which is disrupted
and rendered mobile by salt crystallization

- Wadi sediments containing silt and the floodplains of great rivers, like the
Niger

- Powdery areas (fech-fech) derived from ancient lake muds or on certain
argillaceous rocks

- Desert clay soils (takyrs) with polygonal desiccation cracks

- Outcrops of rocks like unconsolidated Neogene fine-grained sediments

2.3 Threshold Velocities and Environments of Deflation

The threshold velocity is the minimum wind speed required to initiate defla-
tion of surface sediments. At this velocity, the aerodynamic drag on the sur-
face is enough to dislodge particles from the ground surface, to set them in
motion and to lift them into the atmospheric boundary layer. The threshold
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velocity depends on a number of surface properties (see Section 2.4 below).
The susceptibility of surfaces to deflation varies greatly, but very few sound
empirical data are available to ascertain the critical threshold velocities for
the input of soil particles into the air. A major attempt to rectify this problem
was made by Gillette et al. (1980), employing a specially developed portable
wind tunnel which permits the estimation of minimum threshold velocities
under field conditions. They found that the velocities increase with different
types of soil in the following sequence: disturbed soils, sand dunes, alluvial
and aeolian sand deposits, disturbed playa soils, skirts of playas, playa cen-
ters, desert pavements. Table 2.1 (derived from Brazel 1991) indicates the
threshold velocities for different types of surface in the American south-west.
They range, according to material type, from 5.1 m s™! to >16.0 m s™".

In addition, by studying the relationship between the occurrence of dust
events and the wind speeds recorded by anemometers at meteorological sta-
tions, it is possible to see whether there is a characteristic wind speed at which
dust is mobilized. In the Sahara, most dust-raising events are associated with
winds between 6.5 m s™! and 13.5 m s™!, with a mean for all dust-raising events
of 10.5 m s™! (Helgren and Prospero 1987). Callot et al. (2000) found thresh-
old values for the Sahara that ranged over 6.5-20.0 m s}, while for the Bodélé
Depression in the central Sahara, Koren and Kaufman (2004) suggest a
minimum threshold velocity of 10-11 m s}, with most of the values under
14 m s7%. Lee et al. (1993) give an overall threshold value for the south High
Plains of the United States of 6 m s, while in China the threshold wind speed

Table 2.1. Wind threshold values for type surfaces in the United States South-West (after
Clements et al. 1963; Nickling and Gillies 1989). From Brazel (1991)

Surface type Threshold speed (m s™)
Mine tailings 5.1
River channel 6.7
Abandoned land 7.8
Desert pavement, partly formed 8.0
Disturbed desert 8.1
Alluvial fan, loose 9.0
Dry wash 10.0
Desert flat, partly vegetated 11.0
Scrub desert 11.3
Playa (dry lake), undisturbed 15.0
Agriculture 15.6
Alluvial fan, crusted 16.0

Desert pavement, mature >16.0
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to generate a dust storm is generally considered to be between 6.5 m s and
8.0 m s7! (Kurosaki and Mikami 2005; Yabuki et al. 2005), though the values
vary between different areas, with the Taklimakan Desert having values of
6-8 m s™! and the Gobi Desert having values of 11-20 m s™! (Laurent et al. 2005).

2.4 Wind Erosion of Soil and Other Surface Materials

Wind erosion occurs when the shear stress exerted on the surface by the wind
exceeds the ability of the surface material to resist detachment and transport.
Important controls of the susceptibility of soils to erosion include inherent
properties of the soils themselves, including their grain-size characteristics,
surface roughness and aggregate stability. The former includes clay content,
which promotes cohesion, while the latter is greatly affected by soil organic
content. It has long been recognized (Bagnold 1941; Chepil 1945) that the
threshold velocity for particle movement increases as grain size increases,
due to the effects of gravity, but that it also increases for the smallest parti-
cles, due to particle cohesion. The balance of these two effects produces an
optimum particle size (ca. 60-80 wm) for which the threshold friction veloc-
ity is at a minimum. Land surface roughness is also a key factor. On the one
hand, the threshold velocity required to initiate dust emission is increased in
areas with higher surface roughness. On the other hand, the drag coefficient
is also increased, leading to higher wind friction and thus to possibly higher
dust emissions (Prigent et al. 2005).

Other important controls on a soil’s erodibility include the degree of cover
by non-erodible elements, such as rocks and vegetation (e.g. Merrill et al.
1999), and the moisture content, which affects the adhesive properties of the
soil (Ravi et al. 2004). Snow cover (Kurosaki and Mikami 2004) will reduce
wind erosion during winter months, though blowing snow can also break
down soil aggregates. Seasonal freeze-thaw action is another way in which
aggregate stability can be reduced (Bullock et al. 2001). Any surface crusts
will also control rates of soil erosion (Singer and Shainberg 2004). Such crusts
can be physical (e.g. clay skins, salt, lag gravels) or organic crusts composed
of cyanobacteria, green algae, lichens and mosses. The importance of biolog-
ical soil crusts for stabilizing arid zone soils and protecting them from wind
erosion is becoming increasingly obvious (Belnap and Gillette 1998) and fila-
mentous cyanobacteria mats are especially effective against wind attack
(McKenna Neuman et al. 1996), partly because of their elasticity (Langston
and McKenna Neuman 2005). However, these crusts are very susceptible to
anthropogenic disturbance (Belnap and Gillette 1997). Table 2.2 illustrates
the nature and direction of the effects on wind erosion of a range of soils,
vegetation and landform conditions.

Numerous models have now been developed to predict wind erosion, with
many of them developed from the prolific and influential pioneer work of
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Table 2.2. Some key physical factors influencing wind erosion. Symbols in parentheses: + wind
erosion becomes weaker; — erosion becomes greater as factor increases. Modified from Shi et al.
(2004)

Climate Soil Vegetation Landform

Wind speed (-) Soil type Type Surface roughness
Wind direction Particle composition Coverage (+) Slope (+)
Turbulence (-) Soil structure Ridge
Precipitation (+) Organic matter (+)

Evaporation (—) Calcium carbonate (+)

Air temperature (+) Bulk density

Air pressure (—) Soil aggregation (+)

Freeze-thaw action (+) Soil water (+)

Chepil and his co-workers (e.g. Chepil et al. 1962; Woodruff and Siddoway
1965). The Chepil wind erosion equation (WEQ) is:

E=f(,CK,L,V)

where E is the amount of wind erosion, I is a soil erodibility index, C is a local
wind erosion climatic factor, K is a measure of local surface roughness, L is
the maximum unsheltered distance across a field along the prevailing direc-
tion of wind erosion and V is the quantity of vegetation cover.

Subsequent models for predicting wind erosion include the Revised wind
erosion equation (RWEQ) and the Wind erosion prediction system (WEPS;
Visser et al. 2005).

Chepil and colleagues also devised a climatic index of wind erosion:

C =100 U%/(P — E)?

where U is the average annual wind velocity at a standard height (10 m), and
P - E is the effective precipitation index developed by Thornthwaite (1948).
This index assumes that wind erosion intensity varies with the cube of the
wind velocity and the soil moisture content. McTainsh et al. (1990) also used
a climatic index of potential wind erosion (E,):

E, =W (P-E)?

where W is the mean annual wind run (an indirect measure of wind velocity).
They found that this simple index accounted for around two-thirds of the
variance in dust storm activity in eastern Australia.

Some success has been gained by comparing dust emissions observed by
satellite with predicted emissions based on analysis of wind velocities and the
threshold conditions for dust emissions from mapped surface material types
(e.g. Marticorena et al. 1999; Callot et al. 2000). Details of the Dust production
model (DPM; developed by the LISA laboratory; University of Paris) which
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has two key parameters - aggregate size distribution and surface roughness -
are provided by Lasserre et al. (2005) in the context of China.

Since Bagnold’s classic work (Bagnold 1941), three modes of aeolian parti-
cle motion have been recognized: the rolling motion of the largest particles
(creep), the hopping motion of particles in the size range ca. 50-500 wm
(saltation) and the wafting of the smallest particles under the action of tur-
bulent diffusion (suspension). The fraction undergoing suspension is dust,
though saltation is a primary mechanism for the uplift of dust from the sur-
face through a process called ‘saltation bombardment’ (Grini et al. 2002;
Rampach and Lu 2004). Sand grains saltating over a surface of loose particles
excavate ovoid-shaped micro-craters and a proportion of the material dis-
placed from them is ejected into the flow. Saltation bombardment also breaks
down aggregates.

There is some information to suggest that susceptible surfaces under
appropriate climatic conditions can be deflated rather quickly. For example,
the incision of wind-fluted bedforms (yardangs) into Saharan lake deposits
that are of Neolithic pluvial age gives rates of deflation that are normally
between 0.4 mm and 4.0 mm per year (Cooke et al. 1993). In the Kharga Oasis
of Egypt (Fig. 2.3), yardangs almost 9 m high have developed in swamp
deposits that were accumulating until ca. 4000 years ago, implying Late
Holocene deflation of around 2000 mm ka™' (Goudie et al. 1999). Boyé et al
(1978) suggested that the Sebkha Mellala (Algeria) had been deflated at a rate
of about 410 mm ka™!, while Riser (1985), working in the Araouane Basin of

e s R

Fig. 2.3. A deflated yardang in the Western Desert of Egypt, which indicates the degree of defla-
tion that has occurred in Holocene times (from ASG)
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Mali, found a rate of 92 mm ka™. The Lop Nor yardangs in Central Asia may
have been eroded since the fourth century AD, indicating a rate of wind ero-
sion as high as 20 000 mm ka™ (McCauley et al. 1977). Alluvium can also be
deflated rapidly. In the Biskra region of Algeria, at least 1-4 m of deflation has
occurred in less than 2000 years (Williams 1970, p. 61).

In general terms, it can be anticipated that soil surfaces disturbed by human
activities may be especially susceptible to wind erosion and dust generation.
Some studies have estimated that up to 50% of the current atmospheric dust
load originates from anthropogenically disturbed surfaces (see, for example,
Tegen and Fung 1995). However, a more recent study (Tegen et al. 2004) has
suggested this may be an over-estimate and that dust from agricultural areas
contributes <10% to the global dust load. Likewise, studies of dust over North
Africa using the Infra-red difference dust index (IDDI) derived from
METEOSAT (Brooks and Legrand 2000) suggest that there is little or no evi-
dence that dust production is associated with widespread land degradation.
Humans are responsible, however, in a variety of ways for generating ‘fugitive
dust’, dust which escapes beyond the property line on which the source is
located. Such dust comes from sources such as dirt roads, coal tips, mining
sites, construction sites, stone crushers and sand- or gravel-processing plants.

2.5 Synoptic Meteorological Conditions Leading
to Dust Events

Dust-raising events may occur under a wide variety of meteorological condi-
tions within most global regions experiencing dust storms. However, the
most frequent and severe dust storms typically occur under only one of a
few synoptic meteorological conditions prevailing over any selected region.
A number of dust-generating weather systems have been identified. By far the
most important is the passage of low-pressure fronts with intense baroclinal
gradients that are accompanied by very high velocity winds entraining and
carrying dust. Surface cyclones themselves may sweep out gyres of dust, if
circulation around the low pressure is sufficiently intense. In regions of mon-
soonal airflow, dust may be funneled along the convergence zone between
cold air masses associated with regions of low pressure and hot, tropical anti-
cyclonic air masses. More localized dust storms occur when katabatic winds
(literally winds that blow downhill), such as the Berg winds of Namibia,
deflate alluvial plains and fans adjacent to regions with considerable topo-
graphic relief. Convective plumes and vortices are active causes of dust-
raising, and may contribute to about 35% of the global budget of mineral dust
(Koch and Renno 2005).

At a local scale, dust devils and haboobs are significant for dust-raising
and transport. Dust devils are highly localized rotating updrafts of buoyant
air that develop over strongly heated surfaces (Fig. 2.4). Typical horizontal
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Fig. 2.4. A large dust devil in Arizona (Courtesy of NASA)

velocities are about 10 m s7', their diameters are tens of metres and normally
they persist for a matter of minutes (Warner 2004). They are visible because
the horizontal wind speeds are sufficient to entrain surface dust and because the
main upward motion in the outside of the vortex, combined with turbulence,
causes the dust to rise. Quantitative field measurements have shown that the
wind shears generated by dust devils are sufficient to lift all sizes of aeolian
particles (Balme et al. 2003a). Haboobs, the name of which comes from the
Arabic habb, meaning ‘wind’ or ‘to blow’, are convection-generated dust
storms associated with thunderstorm activity. The colder outflow propagat-
ing ahead of a mature thunderstorm has high velocities (as large as 50 m s™*)
and a large vertical shear, which together may generate a dusty gust front
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(Fig. 2.5). They are common, for example, in Sudan and Arizona. The dense
wall of dust that is generated typically reaches a height of ca. 1000 m above
the ground and the duration of the event tends to be a few hours.

We will now consider dust-raising conditions in the context of the main
source regions, starting with the Southern Hemisphere. In Australia, dust
storms generally follow the passage of strong low-pressure fronts tracking
eastward across the south-eastern portion of the continent (Loewe 1943). The
spectacular Melbourne dust storm of 1983 was generated by a non-precipitat-
ing cold front, ahead of which were extremely hot, low-level northerly winds.
The frontal line represented a strong demarcation between a hot, north-west
flow preceding the front and a west-south-west cooler flow following it (Shao
2000). Dust storms in February 2000, which transported dust from the Eyre
Peninsula and New South Wales to New Zealand, were associated with a well
developed summertime trough over the western half of Australia, preceded by
a westerly trough-line associated with a surface level cold front and parent
depression in the Southern Ocean. The trough-line marked the boundary
between hot and dry pre-trough north-westerly airflow and colder westerly
winds. The passage of such weather systems (McGowan et al. 2005) is associ-
ated with strong, turbulent surface winds, but with limited precipitation.
During the summer monsoon, the convergence zone between high- and low-
pressure systems may serve to channel dust from the interior of the Simpson
Desert across Alice Springs and out over the Indian Ocean. Such a conver-
gence may occur simultaneously with the movement of a low-pressure front

Cumulonimbus

/ Warm
Strong wind . air

Gust front ———

Fig. 2.5. Cross-section schematic of a haboob caused by the cool outflow from a thunderstorm,
with the leading edge that is propagating ahead of the storm called an outflow boundary. The
strong, gusty winds that prevail at the boundary are defined as a gust front. The leading edge of
the cool air is called the nose and the upward protruding part of the feature is referred to as the
head. Behind the roll in the windfield at the leading edge is a turbulent wake. The rapidly mov-
ing cool air and the gustiness at the gust front raise dust (shaded) high into the atmosphere.
Modified after Warner (2004, Fig. 16.10)
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across south-eastern Australia (Sprigg 1982). In addition, tropical cyclones
which cross the northern coastline of Australia may generate dust as they
track inland towards the dry interior (as with Hurricane Cecile in March 1984).
In New Zealand, dust transport is associated with a range of conditions which
include féhn winds, the passage of non-precipitating cold fronts and post-
frontal south-westerlies (Marx and McGowan 2005).

In southern Africa, dust movement in Namibia tends to be caused by the
Berg winds, a warm, dry, off-plateau, partially katabatic phenomenon. They
occur primarily in winter, when a strong anticyclone occupies the interior
and produces a strong outflow across the rim of the Great Escarpment down
to the coastal plain. On the Andean Altiplano of Chile, north-western
Argentina and southern Bolivia, dust is raised from salars and alluvial fans by
superimposed westerlies across the region, with localized deflation accentu-
ated by airflow around peaks. Dust is raised in the valleys of the Argentine
foothills, especially in winter, by katabatic airflows known as Zonda. On the
loessic plains of the Pampas (Wolcken 1951), the dust-raising winds are
called the Pampero. They are caused by a low situated above Patagonia or the
Falkland islands. Coming from the South Pacific, the cold front of this east-
ward-moving depression gives up much of its moisture on the western flanks
of the Andes and then, when it meets the warm, humid air over the
Argentinian plains, instability is created, which in turn creates a squall line of
supercell thunderstorms.

When we turn to the Northern Hemisphere, in the mountainous regions of
western North America, local katabatic winds generate dust storms in
California (Santa Ana winds; Bowden et al. 1974) and along the Colorado
Rocky Mountain Front. Summer haboobs during the ‘Arizona Monsoon’ are
the primary dust-raising meteorological event in Arizona (Nickling and
Brazel 1984; Brazel 1991) and may occasionally occur in the southern High
Plains. Indeed, convective plumes and vortices lift large quantities of desert
dust in the south-west United States (Koch and Renno 2005). In addition,
low-pressure fronts tracking eastward may transport aeolian materials from
agricultural regions of Texas and New Mexico into the Atlantic Ocean off the
south-eastern coast (Henz and Woiceshyn 1980; McCauley et al. 1981).
Surface cyclones crossing Texas may also raise dust palls. In addition, about
20% of the dust entrainment into the atmosphere over this region is associ-
ated with easterly wave activity.

In Morocco, Algeria and Libya, intense depressions may sweep bands of
dust across the eastern Atlantic and central Mediterranean. Low-pressure
fronts tracking across the North African coast carry dense dust palls to the
Middle East (Yaalon and Ganor 1979). In Egypt, dust storms are associated
with the passage of depressions and fronts tracking from western North
Africa and across the Mediterranean (Banoub 1970). The convergence asso-
ciated with the summer monsoon over eastern Africa channels the dust from
Ethiopia, Somalia and northern Kenya across the Arabian Sea to the region
north of Karachi. Farther north, in Sudan, a similar convergence creates dust
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storms crossing the Red Sea into Saudi Arabia, while the classic haboob of the
Khartoum area remains the primary dust-moving system (Freeman 1952).

By far the most important global dust transport occurs with the passage of
low-pressure fronts across the southern Sahara and Sahel. These depressions
tend to track along a southerly course during the northern hemisphere win-
ter, with more zonal easterly transport occurring during summer months.
Throughout the year, trans-Atlantic export of dust from the Sahara may
occur (Prospero and Nees 1977; Prospero et al. 1981), much of it within a well
defined layer that extends up to altitudes of 5-7 km and is called the Saharan
Air Layer (Prospero 1981). The role of easterly waves in dust entrainment and
transport over north-western Africa is discussed by Jones et al. (2003, 2004).
They argue that around 20% of the dust entrainment into the atmosphere
over North Africa is associated with easterly wave activity.

The major meteorological conditions promoting dust storms in the Middle
East are depressions moving eastwards from the Mediterranean across
Turkey (Kubilay et al. 2005), the Levant (Michaelides et al. 1999) and north-
ern Iraq. The shamal winds lifting dust from Iraq, Iran and adjacent regions
(Fig. 2.6) are usually associated with low pressure anchored over southern
Iran that forms a strong baroclinal gradient with a semi-permanent anticy-
clone over northern Saudi Arabia. The convergence zone between the two
pressure systems induces high-velocity, turbulent winds for regional dust
transport during a time of intense convection over the Tigris-Euphrates
floodplain due to very high surface temperatures (Membery 1983).

Moving across Eurasia to the arid steppes and interior deserts of the for-
mer Soviet Union, low-pressure fronts following an easterly trajectory are
again the primary agents of long-distance transport. Katabatic air flow may
be locally important, such as the Garmsil wind that blows down the northern-
facing slopes of Kopetdag, raising dust in Turkmenistan (Nalivkin 1983).
Crossing the Hindu Kush and Karakoram Ranges, katabatic winds deflate the
plains of the Indus and its tributaries and the Quaternary lakebeds and allu-
vial fans of Afghanistan and eastern Iran. These point-source dust storms can
be characterized by extremely high-velocity surface winds and dense palls
(Middleton 1986a). Within the Thar Desert of India and Pakistan, dust is
transported by the westerly Loo wind in spring, the result of a strong pressure
gradient brought about by a deepening of the seasonal trough, and haboobs,
known locally as andhi (Joseph et al. 1980). Middleton and Chaudhary (1988)
describe the dust storm of May 1986 in Karachi, which was generated by a
thunderstorm associated with the passage of a monsoon depression.

Moving from Eurasia to China, low-pressure fronts transport dust aerosols
over vast areas (Iino et al. 2004) and material may be carried in the upper
westerlies to the Alaskan Arctic (Rahn et al. 1981) and into the Pacific Basin
(Ing 1972). Local storms produced by katabatic winds may occur in the Tarim
and Quaidam Basins, while upper-level westerly airflow probably generates
point-source dust storms over the +4000 m Tibetan Plateau. Haboobs are
known to occur in the Gobi Desert and are probably generated in the Kansu
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Fig. 2.6. North-westerly ‘shamal’ driven dust plumes over the head of the Arabian Gulf,
11 September 2004 (Seawifs)

region. The pervasive springtime dust events in China are largely driven by
cold frontal systems (Aoki et al. 2005; Takemi and Seino 2005) connected
with an upper-atmospheric trough located over Siberia and the north-eastern
part of China, known as the East-Asian trough (Pye and Zhou 1989). This is
associated with frequent and cold outbreaks from the north-west (Shao
2000). In Mongolia and northern China, the area of maximum dust storm
generation is also associated with a zone of maximum negative vorticity,
which induces a strong upward movement of air (Choi and Choi 2005).

2.6 Long-Range Transport

Most atmospheric dust falls back to earth a short time after entrainment and
not far from its source, but dust storms are capable of transporting sediment
over enormous distances, in many cases over some thousands of kilometres
(Table 2.3). Dust from the Sahara is transported westwards to Amazonia, the
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Table 2.3. Examples of long-distance dust transport

A.S. Goudie and N.J. Middleton

Approximate
Distance (km) Traced from Traced to Reference
6500 Sahara Barbados Delany et al. (1967)
8000 Sahara Miami Prospero (1981)
>1000 Sahara Cape Verde Islands Jaenicke and Schiitz (1978)
2000 Sahara Gulf of Guinea Schiitz (1980)
6500 Sahara French Guiana Prospero et al. (1981)
4000 Sahara Berlin MWR (1980)
7000 Sahara Illinois Gatz and Prospero (1996)
4000 Sahara Hungary Borbérly-Kiss et al. (2004)
7000 Sahara Fennoscandia Franzen et al. (1994)
10 000 Sahara China Tanaka et al. (2005)
750 Interior Morocco  Gibraltar Ward (1950)
4000 Western Sahara Cyprus Gordon and Murray (1964)
2000 Libya and Egypt ~ Negev, Israel Yaalon and Ganor (1975)
3500 Algeria Denmark and USSR VDL (1902)
700 Mkgadikdadi Johannesburg Resane et al. (2004)
10 000 Central Asia Barrow, Alaska Rahn et al. (1977), Andrews
et al. (2003)
11 000 Central Asia Tropical North Turekian and Cochran (1981),
Pacific (Eniwetok Duce et al. (1980)
and Hawaii)
2000 West Kazakhstan  Baltic Sea Hongisto and Sofiev (2004)
4000 China Japan Willis et al. (1980)
4000 China Pacific Ocean Ing (1972)
(2500 km from coast)
>16 000 China USA and Canada Husar et al. (2001), McKendry
et al. (2001)
>20 000 China French Alps Grousset et al. (2003)
>16 000 China Greenland Drab et al. (2002)
1500 Middle East Southern USSR Balakirev (1968)
3500 Caucasus Rumania, Bulgaria Lisitzin (1972)
and Czechoslovakia
3500 Australia New Zealand Kidson and Gregory (1930)
3500 Australia Singapore Durst (1935)
2500 Canadian prairies Illinois, USA Van Heuklon (1977)
2500 Nebraska and Washington, D.C. Hand (1934)
Dakotas
6000 Patagonia Antarctica Smith et al. (2003)
>7000 USA Greenland Smith et al. (2003)
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Caribbean (Delany et al. 1967; Prospero et al. 1970), Bermuda (Chester et al.
1971) and the United States (Junge 1958). In Texas, Saharan events with mod-
erate to high fine particulate contents occur on three to six days in the year,
tend to be concentrated between June and August, last for one to three days
and travel from their source in 10-14 days. Saharan dust also travels north-
wards to Europe, eastwards to the Middle East and even as far as China
(Tanaka et al. 2005). Dust from Central Asia and China is regularly trans-
ported to Korea, Japan (Fig. 2.7), Hong Kong, the Pacific Islands and North
America (Rahn et al. 1977; McKendry et al. 2001). Indeed, the frequency with
which Asian dust reaches North America has probably been greatly underes-
timated and “contradicts the episodic characterization derived from short-
term studies and anecdotal reports” (VanCuren and Cahill 2002). It has also
been identified in snow pits at Summit in Greenland (Drab et al. 2002). The
greatest distance desert dust particles have been found from their source is in
excess of 20 000 km: dust from China has been identified as reaching the
European Alps after being transported across the Pacific and Atlantic Oceans
in some 315 h (Grousset et al. 2003).

Dust from the United States has been recovered from ice cores in
Greenland and Patagonian dust from Antarctica (Smith et al. 2003). Material
from Australian deserts crosses the Tasman Sea to New Zealand (Kidson and

Fig. 2.7. Dust cloud over the Sea of Japan, 17 March 2002 (Seawifs)
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Gregory 1930; Glaisby 1971; McGowan et al. 2000, 2005); and much dust from
the Sonoran and Baja California deserts enters the eastern Pacific (Bonatti
and Arrhenius 1965). Dust from the Caucasus settles in Romania, Bulgaria
and Czechslovakia (Lisitzin 1972). We will treat the question of long-range
transport in greater detail in Chapter 5.

2.7 Wetand Dry Deposition

The distance traveled by dust particles depends upon many factors, including
wind speed and turbulence, dust grain characteristics and their settling
velocities — the latter determined by the mass and shape of each particle.
Atmospheric dust settles to the Earth’s surface both through gravitational set-
tling (dry deposition) and because of wet deposition with precipitation. Wet
deposition can occur either below a cloud, when raindrops, snowflakes or hail-
stones scavenge dust as they fall, or within a cloud when dust particles are cap-
tured by water droplets and descend to earth when the precipitation falls. Wet
deposition can sometimes be manifested in the phenomenon of ‘blood rains’.

The relative importance of wet and dry deposition varies with the seasons,
with rainfall amounts and with location. Wet deposition can be measured
directly, but dry deposition is normally estimated by measuring aerosol dust
concentrations and settling velocities (Prospero 1996b). A range of different
methods is available, however, and these can give differing results (Torres-
Padrén et al. 2002).

In the Mediterranean basin, dry deposition appears to be dominant, espe-
cially in the summer months, when typically the dust concentrations are at a
maximum and rainfall amounts are low. The ratio of wet to dry deposition
there is typically below 0.2 and the average about 0.1. By way of contrast, in
the case of Asian dust deposition over the North Pacific, wet deposition
exceeds dry deposition by up to a factor of ten (Zhao et al. 2003), whereas
over interior China dry deposition dominates. Away from source, over Korea,
Taiwan and the East China Sea, wet deposition dominates. Ginoux et al.
(2004), using the Global ozone chemistry aerosol radiation and transport
(GOCART) model, calculated that wet deposition accounted for 20.1% of
total dust deposition over the North Atlantic, 10.0% over the South Atlantic,
33.3% over the North Pacific, 17.85% over the South Pacific, 22.56% over the
North Indian and 20.0% over the South Indian. Over the Sahara at 21.25° N,
wet deposition amounted to just 1.17%j; and over the Sahel belt (<21.25° N) it
amounted to 10.17%. The analyses by Torres-Padrén et al. (2002) of dust dep-
osition in the Canary Islands, to the west of the Sahara, showed that the pro-
portion made up by wet deposition varied between 3.4% and 8.6%. As one
moves southwards to the belt more affected by the Intertropical Convergence
Zone and its associated higher rainfall, so the proportion that can be attrib-
uted to wet deposition climbs (Sarthou et al. 2003).
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Over land, dust is often subject to dry deposition when particles in sus-
pension cross a boundary to terrain with a greater roughness. The presence
of vegetation is thought to be important for trapping dust, while rock frag-
ments also perform the same function, although such terrain probably
retains less than 20% of settled dust (Goosens 1995).

2.8 The ‘Giant’ Dust Particle Conundrum

Generally the bigger a dust particle, the sooner it will fall back to earth after
suspension; and the large majority of particles transported >100 km from
source are <20 um in diameter, in accordance with conventional theories on
settling velocities (Gillette 1979). However, several workers have found sand-
sized particles (>62.5 um), or so-called ‘giant’ dust particles, in samples col-
lected at considerable distances from source. ‘Giant’ Saharan dust particles
have been noted in several locations: over the Cape Verde Islands (Glaccum
and Prospero 1980), in Fuerteventura in the Canary Islands, in Corsica and
southern France (Coudé-Gaussen 1989) and in southern Britain (Middleton
et al. 2001). However, some similarly large particles have been recorded at
even greater distance from source. Dust from north-east Asian deserts has
been found >10 000 km out over the Pacific Ocean (Betzer et al. 1988).

Such large mineral grains are unexpected at such great distances from
source because of their high fall velocities. Their aeolian mode of transport is
undeniable (Betzer et al. 1988; Middleton et al. 2001) but these transport
distances cannot be explained using currently acknowledged atmospheric
transport mechanisms.



3 Environmental and Human Consequences

3.1 Introduction

As we saw briefly in the introduction to Chapter 1, the entrainment, transport
and deposition of desert dust interacts with many other processes and forms
in the physical world and has numerous implications for human societies.
This is why the study of dust is becoming so significant in the burgeoning
field of Earth System Science.

3.2 Marine Ecosystems

The movement of desert dust through the atmosphere is an important means
by which numerous elements reach the oceans (Vink and Measures 2001;
Fig. 3.1) and is thus of consequence for both their optical properties (Claustre
et al. 2002) and their biogeochemistry, though large uncertainties about its
effects remain (Jickells et al. 2005). Iron-rich dusts from the Gobi have been
shown to cause a big increase in marine phytoplankton in the North Pacific
(Bishop et al. 2002), while Saharan dust outbreaks provide an explanation for
blooms of Trichodesmium (a filamentous diazotrophic cyanobacterium) on
the West Florida Shelf (Lenes et al. 2001a, b). More generally Saharan dust, by
supplying iron and phosphorus, promotes nitrogen fixation and hence
oceanic primary productivity in the eastern tropical North Atlantic (Mills
et al. 2004), the South Atlantic (Saiiudo-Wilhelmy and Flegal 2003) and the
Mediterranean. Guieu et al. (2002) suggest that Saharan dust outbreaks
account for 30-40% of the total atmospheric flux of phosphorus in the west-
ern Mediterranean. Much of the aluminium flux to the Arabian Sea comes
from dust deposition (Schiisssler et al. 2005) and Subba Row et al. (1999) have
shown that dust from Arabia provides essential micronutrients for phyto-
plankton in the Arabian Gulf. Algal blooms (red tides) may also be triggered
as a result of nutrient delivery by dust (for example, for the Arabian Sea, see
Banzon et al. 2004). Dimethylsulfide (DMS) released from phytoplankton
produces cloud condensation nuclei in the marine troposphere. This in turn
increases cloud albedo and so can promote cooling of the atmosphere
(Henriksson et al. 2000).
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Fig. 3.1. A major dust event over the north-west Indian Ocean with the plume extending from
Qatar over the Oman peninsula to the Rann of Kutch in north-west India, 13 December 2003
(SeaWifs)

Interestingly, however, not every outbreak of dust appears to generate a
resulting increase in phytoplankton growth. Meskhidze et al. (2005) tracked
two events that carried dust from the Gobi out over the Pacific and noted
enhanced growth of phytoplankton after one event but not the other. They
concluded that the difference was a function of the fact that the iron in desert
dust is usually in a mineral form that has low solubility in seawater, hence it
is not readily available to phytoplankton. These authors found that the dust
event that did increase phytoplankton growth had been acidified by sulphur
dioxide pollution from industrial plants in China, which had converted the
iron to a more soluble form. Dust can also have an impact on ocean biogeo-
chemistry by accelerating or inducing carbonate sedimentation by adsorp-
tion, ballasting and possibly aggregation of marine particles such as detritus
or faecal pellets (Neuer et al. 2004).

Desert dust may contain living micro-organisms such as bacteria and
fungi (Prospero 2004). The transport of dust from North Africa to the
Caribbean has been implicated in the decline of corals in the region (Shinn
et al. 2000; Garrison et al. 2003; Weir-Brush et al. 2004). The soil fungus,
Aspergillus sydowii, which has been found in African dust samples, causes
Black Band disease in a type of soft coral called the Sea Fan; and there appears
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to be a correlation between increased amounts of dust and the outbreak of
the disease. Other diseases that may be related to dust are White Plague and
White Pox. African dust containing pathogens could also be the cause of the
widespread demise of reef-building staghorn corals and the sea urchin
Diadema, which protects corals from being overgrown by algae. Dusts may
also contain chemical contaminants which may alter the resistance of coral
reef organisms to disease pathogens, affect reproduction or survival of larvae,
interfere with calcification, or act as toxins (Garrison et al. 2003).

Dust blown from deserts and which settles on the sea floor may also have
been involved in the formation of bedded sedimentary chert deposits (Cecil
2004). It may also have stimulated the growth of algal bioherms in the Late
Paleozoic (Soreghan and Soreghan 2002).

3.3 Aeolian Erosion of Soils

As we saw in the last chapter (Section 2.4), dust storms result from the
erosion and deflation of surface materials. This erosion has a number of con-
sequences that can be classified into on-site and off-site effects (Goossens
2003; Table 3.1). The on-site effects include the preferential removal of fine
particles. This leads to a gradual coarsening of topsoil, which is a cause of
serious degradation for several reasons: soil nutrients are largely held by the
fine particles and coarse sandy topsoil dries quickly.

More generally, extreme erosion can remove the entire surface soil, leaving
behind sterile bedrock; and it can also remove soil organic carbon (Yan et al.
2005) and key nutrients (Masri et al. 2003). The eroded material may cause
serious damage to crops and natural vegetation by abrasion (Woodruff 1956),
a problem that can be particularly critical for young shoots when fields are
poorly protected by vegetation cover. Young plants buried during dust storms
can be adversely affected by the weight of the material deposited, consequent
reduced photosynthesis and high soil temperatures during daytime. The result-
ing damage varies from a reduction in growth and development to a total
destruction of crops, forcing farmers to resow their fields (Michels et al. 1993).
Soil material lost from one area and subsequently deposited elsewhere may also
contain potentially deleterious chemical residues, pathogens, weed seeds and
the like. The off-site effects are dealt with more generally in this chapter.

3.4 Aeolian Contamination of Soils

The distinctive particle size and chemical constituents of dust, and the some-
times rapid rates at which dust accumulates, means that some soils owe much
of their character to dust inputs. The contribution that dust makes to soil
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profiles depends in part on topographic position. Goossens and Offer (2005)
found that, in the Negev Desert of Israel, the highest rates of long-term accu-
mulation occurred in valleys, especially those having a large catchment area,
and on flat surfaces in a plateau position. Less, but still significant accumula-
tion took place on concave windward slopes; and the lowest accumulation
rates were on convex windward and lee slopes.

Information on dust characteristics is given in Chapter 6. Yaalon and
Ganor (1973) introduced the term ‘aeolian contamination’ to describe the
process by which soil properties have been modified by aeolian increments.
They argued that the presence of significant amounts of quartz in soils
derived from quartz-free substrates (e.g. basalts or limestones) could be
indicative of such contamination. Since that time, numerous mineralogical
studies have been undertaken which support this view: see, for example,
Reheis (1990) on fan soils in Wyoming, Rex et al. (1969), Jackson et al. (1971)
and Kurtz et al. (2001) on the lava soils of Hawaii, Naruse et al. (1986) on var-
ious soil types from Japan, Herwitz et al. (1996) on clay-rich palaeosols in
Bermuda, Muhs et al. (1990) on the soils and bauxites of the Caribbbean, Vine
(1987) on the ferralitic soils of southern Nigeria, Tiessen et al. (1991) on fer-
ruginous soils in northen Ghana and Lee et al. (2004) on the soils of the South
Shetland Islands (Antarctica). The terra rossa soils in southern Europe and
the Levant (Yaalon and Ganor 1973; Mcleod 1980; Rapp 1984; Delgado et al.
2003) may also owe some of their features to aeolian accessions.

What is remarkable about such studies is their indication that soils at very
substantial distances from desert margins are affected by dust, and not just
those on the immediate desert margins (McTainsh 1984; Melis and Acworth
2001; Harper and Gilkes 2004). Thus, on a priori grounds, one might expect
the soils in a dry continent such as Australia to show many types of soil in
which aeolian deposition has played a role (Hesse and McTainsh 2003),
including the clay-rich parna, but it comes as a surprise that recent studies
have suggested that Saharan dust flux is crucial in Amazonia (Swap et al 1992;
Kaufman et al. 2005) and that inputs of phosphorus derived from desert dust
is vital for the maintenance of the long-term productivity of the rainforest
(Okin et al. 2004).

In more general terms, desert dust can supply soils with many essential
plant nutrients (e.g. Na, P, K, Mg), as well as substances that affect the avail-
ability of these nutrients (e.g. carbonates). This may stimulate the preferen-
tial growth of some plants over others, for example very saline dust may favour
halophytes at the expense of other types (Blank et al. 1999). An assessment of
the aeolian contribution to the fertility of soils on the Colorado Plateau
(USA), where as much as 20-30% of surficial deposits comprise aeolian dust,
found that the current plant community composition was heavily influenced
by dust-derived nutrients (Reynolds et al. 2001). Dust inputs to the Colorado
Plateau have enhanced the concentrations of P and Mo (both essential to nitro-
gen fixation) relative to bedrock values, P having doubled and Mo increased by
a factor of 5. After identifying the minerals in atmospheric dust from ten
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widely scattered sites around the world, Syers et al. (1972) concluded that dust
accessions can rejuvenate strongly leached and highly weathered soils.
Feldspars, chlorites and micas brought in desert dust add K, Ca and Mg to
soils over the long term.

Aggradation also plays a role in soil carbon sequestration, since the accu-
mulation of dust buries the landscape and increases solum thickness. In the
process, new soil organic carbon (SOC) is accumulated in the freshly
deposited dust, while previously acquired SOC is buried below the shallow
depth at which it originally formed. Some of this may persist for hundreds to
thousands of years because of slow decomposition rates below the depth of
greatest biological activity, especially under dry climatic conditions (Jacobs
and Mason 2005).

Dust plays a fundamental role in the storage of water, particularly in rocky
deserts, because its storage capacity is much larger than that of most desert
lithosols.

3.5 Stone Pavements

Stone or desert pavements are a widespread surface type in arid regions and
consist of an armour of coarse particles that overlies a profile containing a
substantial content of fines (Fig. 3.2). Although the surface armour may be
produced by a number of mechanisms (such as deflational or sheet flood
removal of fines, or the vertical migration of coarse particles as a result of
frost action, wetting and drying), recent studies have suggested that dust
additions from above contribute substantially to their formation. Through
processes such as rain-splash and surface wash, dust continually accumulates
below coarse clasts, leading to the development of underlying vesicular hori-
zons. The clasts, according to this model, have never been buried as was once
assumed, but rise upward on a vertically accreting aeolian mantle (McFadden
et al. 1987; Wells et al. 1987; Anderson et al. 2002). Gravel surfaces certainly
appear to be effective at promoting dust accumulation (Li and Liu 2003;
Li et al. 2005).

3.6 Duricrusts

The input of aeolian dust has been suggested as important to the composition
and formation of several types of duricrust, a form of hardened surface crust
or nodular layer found in many dryland situations. Calcretes, calcium car-
bonate-rich crusts that occur in arid and semi-arid areas, can form in many
ways, but one of the key models is that they are produced by aeolian additions
of dust which are translocated downwards and then accumulate in the soil
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Fig. 3.2. A stone pavement in the Farafra oasis of Western Egypt. The vehicle has broken the
dark armoured surface lag, exposing the finer grained, light-coloured material beneath. This
material is then susceptible to deflation (from ASG)

profile (the per descensum model; Goudie 1983). Dust can contain significant
amounts of calcium carbonate (Champollon 1965; Schlesinger 1985) and
mass balance and strontium isotope studies have demonstrated its role
(Chiquet et al. 2000) in Spain, in New Mexico (Capo and Chadwick 1999)
and in other parts of the south-west United States (Mayer et al. 1988; Naiman
et al. 2000).

Gypsum crusts (gypcretes) are another important component of surface
materials in arid regions and, as with calcretes, per descensum models have
received some support, although there are many possible mechanisms for
their formation. It is probable that gypsum, deflated as dust from saline
closed basins (pans, playas, etc.), accumulates down-wind and becomes con-
solidated into a pedogenic gypsum crust (Watson 1979), as demonstrated in
Tunisia (Coque 1962), Australia (Chen et al. 1991) and the Namib Desert
(Eckardt et al. 2001). The gypsum content of dust in southern Nevada and
California ranges from 0.1% to 7.0%, equivalent to a flux of 0.02-1.5 g m™
year™! (Reheis and Kihl 1995).

Examination of the micromorphology of bauxite in Western Australia,
together with mass balance equations, suggested to Brimhall et al. (1988) that
the accumulation of dust derived from chemically mature soils could explain
the development of such material. This finding challenged the prevalent view
that bauxite was formed by simple in situ residual enrichment by weathering.
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The study attributed most of the bauxite’s Al and Fe, present in much higher
proportions than could have been derived from the weathering of local
bedrock, to additions of dust. Appropriately weathered surface materials
were found to be exposed in various locations to the east of the Darling Range
bauxite deposit investigated.

Brimbhall et al. (1991) later applied the same approach to the study of a lat-
erite in Mali, West Africa, and concluded that its composition, like that of the
bauxite in Western Australia, had been determined by the nature of aeolian
inputs. The study found that the weathering of local rocks had contributed
only a minor fraction of the laterite’s Al, Fe, Si and Au. The bulk of these
elements was attributed to additions of strongly weathered material brought
to the site as airborne dust.

3.7 Salinization and Acidity

In addition to contributing to the formation of calcrete and gypcrete, dust
may lead to accumulation of more soluble salts in soil profiles and thus con-
tribute to salinization (see Goudie and Viles 1997, p. 67). On the Red Sea coast
of Sudan, aeolian dust consists of aggregates cemented by halite (sodium
chloride) (Schroeder 1985); and large quantities of saline dust are being
blown off the desiccating bed of the Aral Sea. The most comprehensive sur-
vey of dust additions of saline materials to desert surfaces is that undertaken
in the western United States by Reheis et al. (1995). Reheis and Kihl (1995)
monitored the salt content in dust in southern Nevada and California from
1984 to 1989 and found the average soluble salt content (excluding gypsum)
ranged from 4% to 19%, equivalent to a salt flux of 0.3-2.4 g m™2 year™".
Dust that is rich in soluble salts and bases may be quite strongly alkaline.
Calcitic dust has been shown to contribute not only to calcretes, as discussed
above, but also to speleothems found in various cave sites (Goede et al. 1998;
Frumkin and Stein 2004). In addition to reducing the incidence of acid pre-
cipitation, including snow (Roda et al. 1993; Avila et al. 1997; Avila and Roda
2002; Rogora et al. 2004; Delmas et al. 2005), such alkaline dust may also
change the pH of soil layers through direct deposition and by reducing the
acidity of precipitation. Dust collected from the Harmattan in Ghana, for
instance, had pH values that were strongly alkaline, ranging over pH 8.0-9.4
(Breuning-Madsen and Awadzi 2005). Modaihsh (1997) found that dust from
Riyadh, Saudi Arabia, averaged pH 8.9. Acid precipitation has long been
regarded as a major environmental problem because of its adverse and
diverse effects upon ecosystems. It is also implicated in building-stone decay.
The acidity of precipitation may, however, be reduced by desert aerosols,
which are often rich in calcium and other bases and are frequently alkaline.
Recent studies in southern Europe have shown that the pH of rainfall has
increased in some areas (Fig. 3.3) at the same time as Saharan dust incursions
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Fig. 3.3. Trends in pH of dust events over Europe. a) Evolution of the median pH of rain for
1983-1997 at Montseny, north-east Spain. The median pH is calculated for hydrologic years
beginning on 1 August. Modified after Avila and Pefiuelas (1999, Fig. 3). b) Number of alkaline
and Saharan events at Pallanza, north-west Italy, since 1975 and the trend of median pH values.
Modified after Rogora et al. (2004, Fig. 3)

have increased (see, for example, Avila and Pefiuelas 1999; Rogora et al.
2004), though decreasing anthropogenic sulphate emissions over the same
period may also have played a role. Nevertheless, significant inputs of
Saharan dust have been suggested as a viable explanation for the fact that
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many low-alkalinity lakes in the Alps and the Pyrenees did not become acidic
in the late twentieth century, unlike numerous lakes in areas rarely influ-
enced by such dust depositions, for instance in Scandinavia (Psenner 1999).
Given the important effects of desert dust on the chemical and nutrient bal-
ances in the oceans (see above), the study of similar impacts in freshwater
bodies deserves much more attention than it currently attracts.

3.8 Desert Depressions and Yardangs

Arid regions are frequently characterized by large numbers of closed depres-
sions (Fig. 3.4). This is particularly the case in the High Plains of the United
States, the interior of Southern Africa, the Pampas and Patagonia in South
America, the Manchurian and West Siberian plains and substantial parts of
Australia (Goudie and Wells 1995). Although such depressions can result
from a wide range of mechanisms (e.g. animal excavation, solution, tectonics),
it has for long been proposed that many of them are caused by deflation (see,
for example, Gilbert 1895) and that the production of fine-grained material
by processes like salt weathering creates material that can then be removed in

Fig. 3.4. An air photograph of a large series of pans (closed depressions) deflated out from old
river channels in the interior of Western Australia (from ASG)
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suspension downwind (see, for example, Du Toit 1906; Woodward 1897;
Pelletier and Cook 2005). Closed deflation depressions also occur under cold
climate conditions, where limited vegetation cover, surface disturbance by
needle-ice formation and strong local winds can cause the excavation of
suitable materials to occur (Seppéld 2004).

Yardang is a Turkmen word introduced by Hedin (1903) for wind-abraded
ridges of cohesive material. Yardangs result from a number of formative
processes, including wind abrasion, deflation, fluvial incision, desiccation
cracking and mass movements (Laity 1994), but deflation is probably highly
important in their formation and yardang areas are probably major sources
of dust. They show a considerable range in scales, from micro-yardangs
(small, centimetre-scale ridges), through meso-yardangs (forms that are
some metres in height and length) to mega-yardangs (features that may be
tens of metres high and some kilometres long; Cooke et al. 1993, pp. 296-297;
Halimov and Fezer 1989; McCauley et al. 1977). These mega-yardangs are
ridge and swale features of regional extent, called crétes and couloirs in the
French literature (Mainguet 1972).

The type site for yardangs is the Tarim Basin, for it is here that they were
named by Hedin (McCauley et al. 1977). In his travels to Lop Nor, Hedin
encountered these distinctive forms and called them yardang, the ablative
form of the Turkestani word yar, which means ridge or steep bank. These
yardangs appear to have developed in old lake and alluvial sediments. Major
mega-yardangs also occur to the south-east of the Tarim Basin.

The Lut Desert of Iran contains classic mega-yardangs (Gabriel 1938)
developed in Pleistocene basin fill deposits (silty clays, gypsiferous sands).
The area involved is ca. 150 km long and 50 km wide. The ridges (kaluts) run
from the north-west to south-east and attain heights of 60 m. They extend for
tens of kilometres.

Mega-yardangs are extensively developed in northern Saudi Arabia, where
they are formed in the Cambrian Sandstones and some other bedrocks. They
are in excess of 40 m high and hundreds of metres long. Satellite images sug-
gest that the bulk of them lie in an area extending over around 5° of latitude,
which is bounded on the west by the marginal mountains or escarpment of
the Red Sea Rift and on the east by the great Nafud Sand Sea. They appear to
have been moulded by winds coming round from the west and west-south-
west. The islands of Bahrain have small areas with large wind flutes. One area
is developed on aeolianites (Jiddah Island), with yardangs 4-6 m high, while
the other is developed on resistant Eocene limestones (Rus Formation) in the
south-west corner of the main island’s central depression. These latter fea-
tures include aerodynamically shaped hills up to 10 m high, as well as larger
hills that rise above the Central Plateau (Doornkamp et al. 1980, p. 200).

Northern Namibia is located in a hyper-arid area, with much of it under-
lain by ancient igneous and metamorphic rocks belonging to the Swakop
Group (570-900 Ma). To the south of the Cunene sand sea, there is a very
large area of wind-fluted basement rock that shows a great expanse of
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narrow, linear yardangs that trend approximately from south-south-east to
north-north-west and appear to have similar orientations in that area to the
barchans that move across their surface and to the orientations of the pre-
dominant sand streams that have been identified in the Skeleton Coast sand
sea to the south. The yardang area covers around 42 km by 25 km (ca. 1311
km?), with individual ridges running typically for distances of 8-10 km, with
a spacing of around 300-350 m. In southern Namibia, between the Namib
Sand Sea and the Orange River, there is a hyper-arid area with mega-
yardangs developed in ancient crystalline and metamorphic rocks with
complex structures. Many of the ridges are in excess of 20 km long and are
ca. 1 km across. Some of the corrasional features near Pomona are 100 m
high. There are at least four main areas where large yardangs occur: just to
the south of Luderitz, near Pomona and inland from Chamais Bay.

The presence of vegetation-free surfaces, combined with the existence of
strong, uni-directional winds from a northerly quarter, make it possible for
wind-fluted surfaces to form in the Western Desert of Egypt. Yardangs are
extensively developed, both in superficial materials and in bedrock. Yardangs
were noted in the Western Desert by Bagnold (1933), who termed them ‘mud
lions’. Yardangs formed in playa sediments are widespread in the Dakhla
depression (Brookes 1993) and in Farafra (Hassan et al. 2001), where the
yardangs are up to 11 m high. Other yardangs occur on bedrock surfaces.
Notable are those on the formations that cap the Libyan Plateau in the vicin-
ity of Dakhla and Kharga (Brookes 1993). The yardangs develop best on those
Tertiary limestones that do not contain a large content of chert. If chert is
present, it armours the surface and lineated terrain is then replaced by
smoooth chert-littered plains.

In the central Sahara, there are large areas of mega-yardangs, most notably
in the Borkou region of Chad, to the north of Faya Largeau. Yardangs west of
the Ounianga Kebir are commonly more than 20 km long, 1 km or more wide
and separated by troughs ranging from 500 m to 2 km (McCauley et al. 1977,
p- 50). Large yardangs occur in the far south of Algeria near the border with
Mali and Niger (ca. 5° E, 20° N), in southern Algeria to the south of the
Hoggar Massif (ca. 8° E 22° N) and also in an extensive area to the west of
Tibesti. The features that occur to the south and west of Tibesti have been
mapped by McCauley et al. (1977, Fig. 16). This is a major area of dust storm
generation.

The High Andes of Latin America have extensive yardang fields. Those in
Argentina have formed in ignimbrites or in lavas and show a general orienta-
tion that is from north-west to south-east or from west-north-west to south-
south-east. Most of the ridges are between 2 km and 10 km long.

Another classic area for mega-yardangs is the Peruvian Desert (McCauley
et al. 1977). Although some occur in the Talara region of northern Peru, the
most impressive forms occur in the Paracas-Ica Valley region of central Peru.
They are intermediate in size between those of the Lut of Iran and those of the
central Sahara. There is also an isolated area of yardangs on the coast of



Environmental and Human Consequences 45

central Chile, near Chanaral (70° 43" E, 26° 42" S). They run from south-west
to north-east and the largest are several kilometres long.

3.9 Dust and Radiative Forcing

Dust particles in the atmosphere exert both direct and indirect influences on
climate. An example of the former is the effect that dust particles have on
radiation budgets. Indirect influences include those brought about by the
effects of dust on biogeochemical cycling (Moreno and Canals 2004) and, for
instance, on carbon dioxide levels in the atmosphere. In addition, it needs to
be remembered that the relationship between aeolian dust and climate is
bidirectional, since climate plainly has a major impact on dust generation,
transport and deposition. A specific illustration of this is that, in West Africa,
easterly waves generate dust in the atmosphere, but the dust may also in turn
lead to an intensification of easterly waves (Jones et al. 2004). Likewise it is
also possible that radiative heating within a dust layer over Arabia reinforces
the monsoon circulation which, through a positive feedback, raises addi-
tional dust into the atmosphere (Miller et al. 2004a).

Radiative forcing (the perturbation of the radiation balance caused by an
externally imposed factor) by dust is complex (Tegen 2003), since it not only
scatters but also partly absorbs incoming solar radiation; and it also absorbs
and emits outgoing long-wave radiation (Li et al. 1996; Moulin et al. 1997;
Alpert et al. 1998; Miller and Tegen 1998; Haywood et al. 2005). Changes in
the amount of dust in the atmosphere would cause changes in the radiation
balance and thus also in surface temperatures. However, the magnitude and
even the sign of the dust forcing remains uncertain (Arimoto 2001), for it
depends on the optical properties of the dust [which relates to its particle size,
shape (Kalashnikova et al. 2005) and mineralogy], on its vertical distribution
(Fouquart et al. 1987; Meloni et al. 2005), on the presence or otherwise of
clouds (Quijano et al. 2000), on its moisture content (Kim et al. 2004) and on
the albedo of the underlying surface (Nicholson 2000). Darker particles tend
to absorb radiation and to scatter relatively little, so they may warm the air.
By contrast, brighter particles reflect much incoming solar radiation back to
space and thus have a net cooling effect. Further complexity in assessing the
impact of dust results from the fact that dust aerosols have a relatively short
life-time in the troposphere (a few hours to about a week) and show large
variations in their temporal and spatial distribution (Hsu et al. 2000), both
horizontally and vertically. Moreover, the radiative effects of a dust layer are
modified by dynamical effects (e.g. convection) within the atmosphere
(Harrison et al. 2001).

Because of this complexity, there is no clear consensus about whether sub-
stantially increased dust loadings at the Last Glacial Maximum (LGM)
around 18 000-20 000 years ago could have caused additional cooling or
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could have caused warming (see, for example, Overpeck et al. 1996; Harrison
et al. 2001; Claquin et al. 2003). In addition, it is possible that dust additions
to ice caps and glaciers could modify their surface albedo, leading to changes
in radiation budgets. Likewise, dust stimulation of phytoplanktonic produc-
tion releases DMS which may increase cloud albedo and so contribute to
cooling of the atmosphere (Henriksson et al. 2000).

3.10 Dust and Atmospheric CO,

The presence of carbon dioxide in the atmosphere has been, is and will be a
major influence on the radiation balance of the Earth. Carbon dioxide levels
have varied through time and are believed to be one of the prime determi-
nants of climate change. Dust loadings in the atmosphere may be interrelated
with such changes. Ridgwell (2002), for example, has argued cogently that
dust may affect climate by fertilizing ocean biota which in turn draw down
CO, from the atmosphere, which in turn reduces the greenhouse effect. He
believes that currently there are some parts of the ocean where a supply of Fe
is a limiting factor in terms of phytoplankton growth. However, during the
Ice Ages, when global dust production and deposition were considerably
greater than today, it is possible that a series of feedbacks could lead to
enhanced climatic change (Fig. 3.5). One scenario is that any intensification
in glacial state would tend to produce an increase in dust availability and
transport efficiency. This in turn could produce a decrease in CO, (through
Fe fertilization of the Southern Ocean), which would cause further intensifi-
cation in the glacial state and thus enhanced dust supply, and so one. As he
argued (Ridgwell (2002, p. 2922):

“Operation of this feedback loop would come to an end once the global car-
bon cycle has reached a second state, one in which biological productivity
becomes insensitive to further increases in aeolian Fe supply, perhaps through
the onset of limitation by NO,. If aeolian Fe supply were then to decrease
sufficiently to start limiting biological productivity again, the feedback loop
operating in the opposite direction would act so as to reverse the original
climatic change. That the Earth system might exhibit two distinct states, one
of ‘high-xCO, low-dust’ and the other ‘low-xCO, high-dust’, is consistent with
developing views of the climate system as being characterized by the presence
of different quasi-steady-states with abrupt transitions between them”.

It is also possible, though as yet largely unproven, that dust may have
encouraged growth of iron-hungry N, -fixing cyanobacteria such as
Trichodesmium, thus alleviating nitrate limitations (Pedersen and Bertrand
2000). In contrast, Maher and Dennis (2001) and Rothlisberger et al. (2004)
suggested that the evidence for dust-mediated control of glacial-interglacial
changes in atmospheric CO, is weak. They argue that dust peaks and CO,
levels in the Vostok and Dome C ice cores show a mismatch and that, even in
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Fig. 3.5. Schematic diagram of the hypothetical glacial dust-CO,-climate feedback system.
Different components of the Earth system can directly interact in three possible ways: a positive
influence (whereby an increase in one component directly results in an increase in a second —
indicated by red arrows in the diagram), a negative influence (an increase in one component
directly results in a decrease in a second - black arrows), or no influence at all. An even num-
ber (including zero) of negative influences occurring within any given closed loop gives rise to
a positive feedback, the operation of which will act to amplify an initial perturbation. For
instance, the two-way interaction apparent between temperature and ice volume is the
‘ice-albedo’ feedback. Conversely, an odd number of negative influences gives rise to a negative
feedback, which will tend to dampen any perturbation. Primary interactions in the dust-CO,-
climate subcycle are indicated by thick solid lines, while additional interactions (peripheral to
the discussion here) are shown dotted for clarity. Four main (positive) dust-CO,-climate feed-
back loops exist in this system. 1. Dust supply — productivity — xCO, — temperature — ice
volume — sea level — dust supply (four negative interactions). 2. Dust supply — productivity
— xCO, — temperature — hydrological cycle — vegetation — dust supply (two negative inter-
actions). 3. Dust supply — productivity — xCO, — temperature — hydrological cycle — dust
supply (two negative interactions). 4. Dust supply — productivity — xCO, — temperature —
ice volume — dust supply (two negative interactions). Modified after Ridgwell (2002, Fig. 11)

glacial periods, the dust flux supplied to the Southern Ocean was modest.
Ridgwell and Watson (2002) believed this argument was overstated.

This ‘iron hypothesis’, first advanced by Martin et al. (1991), is the subject
of considerable ongoing research (see, for example, Ridgwell 2003; Fan et al.
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2004; Gao et al. 2003a); and the extent to which dust-stimulated phytoplankton
growth leads to CO, drawdown of the magnitude shown in ice cores is still
an uncertainty, though changes in the relative contribution of phytoplankton
to total productivity during glacial cycles have been established through
analysis of Tasman Sea cores by Calvo et al. (2004). Bopp et al.’s (2003) model
indicated that the maximum impact of high dust deposition on atmospheric
CO, must be less than 30 ppm.

3.11 Dust and Tropospheric Ozone

Another important way in which desert dust particles can affect the atmos-
phere is through their role in the photochemical production of ozone in the
troposphere. Ozone concentrations have a whole suite of implications for
humans and for other organisms.

Mineral dust appears to reduce the photolysis rates for ozone production
by as much as 50% and provides reaction sites for ozone and nitrogen mole-
cules. When being transported through the atmosphere, dust is frequently
associated with nitrate and sulphate, the concentrations of which can increase
with transport time (Savoie and Prospero 1982). This increase has been inter-
preted as implying that mineral aerosols may provide a reactive surface that
is able to support heterogeneous processing of trace gases (Arimoto 2001).
The measurement of ozone concentrations in dust plumes has confirmed
these thoughts. Analysis over the Apennines in Italy showed that the lowest
concentrations of ozone occurred during Saharan dust events (Bonasoni et al.
2004). In this study, the lowest ozone concentrations were recorded when the
Saharan air masses were rich in coarse particles.

3.12 Dust and Clouds

Dust nuclei may modify cloud characteristics (Levin et al. 1996; Sassen et al.
2003). As Toon (2003, pp. 623-624) explained: “Dust may affect clouds in two
ways. All water droplets start off by forming on pre-existing particles. As the
number of particles increases, for instance due to a dust storm, the number
of cloud droplets may increase. If there are more cloud droplets, the droplets
will be smaller because the mass of condensing water is usually fixed by air
motions and ambient humidity. Smaller cloud droplets make for a greater
surface area and hence brighter clouds. . . A less well-studied phenomenon is
that smaller droplets are also much less likely to collide with each other and
create precipitation . . . By acting as nuclei for triggering ice formation, dust
particles can also affect clouds by causing the water droplets to freeze at higher
temperatures than expected ... Dust may thus be triggering precipitation in
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low-altitude clouds that otherwise would be too warm to have produced rain,
or be triggering rain at lower levels in convective clouds that otherwise would
not have produced rain until reaching much higher altitudes where it is
colder ... Dust may therefore inhibit precipitation by making more and
smaller droplets, or enhance it by adding ice particles to warm clouds”.

Rosenfeld et al. (2001) argued that the inhibiting effect on precipitation
was most likely and that Saharan dust provides very large concentrations
of cloud condensation nuclei, mostly in the small size range, which mean
that clouds are dominated by small droplets so that there is little coales-
cence. This results in suppressed precipitation, drought enhancement
and more dust emissions, thereby providing a possible desertification feed-
back loop.

Desert dust is also undoubtedly associated with strong ice-nucleating
behaviour (Sassen et al. 2003; Sassen 2005) and high concentrations of dust
particles acting as ice nuclei in clouds could lead to changes in cloud micro-
physical and radiative properties, latent heating and precipitation. Interest
has started to build in recent years in the possible role that Saharan dust plays
in modifying convective storm activity — anvil cloud development and pre-
cipitation - over Florida (Van Den Heever et al. 2005).

Another way in which rainfall may be affected is through changes in con-
vective activity brought on by the modification of temperature gradients in
the atmosphere created by the presence of dust (Maley 1982). In addition, the
radiative effects of dust may lead to the intensification of easterly waves in
North Africa (Jones et al. 2003) with consequent effects on numerous climatic
parameters, including precipitation. One study of outbreaks of dust-laden
Saharan air over the Atlantic - the so-called Saharan air layer, or SAL -
suggests that they may inhibit the intensification of tropical waves, tropical
disturbances, or pre-existing tropical cyclones due to the SAL’s dry air, tem-
perature inversion and strong vertical wind shear associated with the mid-
level easterly jet (Dunion and Velden 2004). They may suppress convection
(Wong and Desler 2005). It is probable that dust loadings in the atmosphere
were both affected by past climatic changes and had an effect on such changes
through complex feedback processes (Harrison et al. 2001).

3.13 Economic Effects

The entrainment, transport and deposition of dust can present a variety of
problems to inhabitants in and around desert areas (see Tables 1.1 and 3.1),
many of which have a deleterious economic impact. Such hazards have
affected dryland peoples since time immemorial. Folk (1975), for example,
suggests that the ancient Macedonian town of Stobi, which flourished
between 400 BC and 400 AD, was abandoned because of the severe affects of
dust storms.
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A more recent example of the mix of impacts a dust storm can bring is
provided for China by Yang et al. (2001, p. 49):

“A major sand-storm on May 5th 1993 caused serious economic loss and
was as hazardous as a disaster caused by an earthquake. According to ground
observation and investigation made by the expert group of the Ministry of
Forestry, a total of 85 people died, 31 people were lost and 264 were injured
(most of these victims were children). Agriculture and animal husbandry
were most severely hurt. In total, 373,000 ha of crops were destroyed. 16,300
ha of fruit trees were damaged. Thousands of greenhouses and plastic
mulching sheds were broken. 120,000 heads of animals died or were irrecov-
erably lost. The fundamental agricultural installations and grassland service
facilities were ruined. More than 1,000km of irrigation channels was buried
by sand accumulation. Many water resource back-up facilities, such as reser-
voirs, dams, catchments, underground canals and flood control installations
were filled up with sand silts. About 6,021 communication poles and electric-
ity grids were pushed down and electricity transports and communication
services in some regions were stopped for several days. Some sections of rail-
way and highway were interrupted due to deflation and sand accumulation.”

Another major dust and sandstorm event took place in April 2002 and led
to airport closures in Mongolia and Korea. The total damage cost of this event
in Korea alone was put at U.S.$ 4.6 billion (or about 0.8% of GDP; Asian
Development Bank 2005, pp. 1-5).

In a similar vein, dust storms have regularly been associated with deaths
in India. In April 2005, ten people and 50 head of cattle were killed by fires
fanned by dust storm winds in Uttar Pradesh. In March 2005, six people were
killed and 40 injured in a dust storm in Bihar.

Some progress has been made in identifying the offsite costs of wind ero-
sion. In South Australia, for example, the costs include damage to houses and
the need for redecoration, the need to clean power transformers, deaths and
damage caused in traffic accidents, road disruption, impacts on the costs of
air travel and impacts on human health (especially because of raised asthma
incidence - see Section 3.14 below; Williams and Young 1999).

The reduction in visibility caused by dust storms is a hazard to aviation,
rail and road transport (Fig. 3.6). The severe pre-frontal storm of 7 November
1988 in South Australia, for example, caused road and airport closures all
across the Eyre Peninsula (Crooks and Cowan 1993). In the United States, in
November 1991, a series of collisions involving 164 vehicles occurred on
Interstate 5 in the San Joaquin Valley in California (Pauley et al. 1996), while
in Oregon a dust storm in September 1999 set off a chain reaction of 50 car
crashes that killed eight people and injured more than 20 (State of Oregon
2004). The loss of visibility may be very sudden when caused by the arrival of
a dust wall associated with a dry thunderstorm. Such Haboob dust walls were
responsible for 32 multiple accidents between 1968 and 1975 on Interstate 10
in Arizona (Brazel and Hsu 1981). The seriousness of the problem inspired
the development of a Dust Storm Alert System involving remote-controlled
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Fig. 3.6. Dust and sand storms pose considerable problems for transport links, here the block-
ing of the main railway line between Walvis Bay and Swakopmund in Namibia (from ASG)

road signs and special dust-alert messages broadcast on local radio (Burritt
and Hyers 1981).

Some fatal commercial air crashes have also been attributed to visibility
reduction or to the adverse mechanical effects of dust storms. On 7 May 2002,
for example, an EgyptAir aircraft crashed near Tunis, killing 18 of 60 people
on board. On 30 January 2000, a Kenya Airways Airbus crashed in the Ivory
Coast with the loss of 179 lives.

3.14 Health

A number of medical conditions can be traced to the impact of desert dust;
and the effects of fine wind-borne particles on human health have recently
been the subject of considerable interest (Griffin et al 2001; Garrison et al.
2003). On 9 August 2005, a dust storm in Baghdad led to nearly 1000 cases of
suffocation being reported to the city’s Yarmuk Hospital, one of whom died.
The straightforward inhalation of fine particles can cause and/or aggravate
diseases such as bronchitis, emphysema and silicosis. High incidences of
silicosis and pneumoconiosis have been reported in Bedouins in the Negev
(Bar-Ziv and Goldberg 1974), while dust blown by the Irifi wind of the Western
(formerly Spanish) Sahara is responsible for the conjunctivitis that is common
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among the nomads of the country (Morales 1946). High concentrations of
atmospheric dust in many desert areas often exceed generally recommended
health levels for particulate matter (see also Section 6.1 on PM  values). In
Mali, for example, Nickling and Gillies (1993) found that the mean ambient
air concentrations during April-June were 1176 ug m™, exceeding the rec-
ommended international health standard by an order of magnitude. Similar
concentrations can also occur during particularly severe long-range trans-
port events. In certain parts of Spain, the levels of particulate matter associ-
ated with frequent incursions of dust from North Africa means that it is not
possible to meet European Union directives on acceptable levels of air pollu-
tion (Querol et al. 2004). Rodriguez et al. (2001) indicated that these Saharan
dust events can induce up to 20 days a year in which PM, standards are
exceeded in southern and eastern Spain. Intrusions of desert dust from the
Hexi Corridor in northern China also make a significant contribution to par-
ticulate pollutants in the Lanzhou Valley, an urban area that is among the
worst in China for its poor air quality (Ta et al. 2004b).

Dust may also be otherwise contaminated by organisms, such as bacteria
and fungi (Kellogg et al. 2004), and by toxic chemicals that can harm people
when it settles on the skin, is swallowed or inhaled into respiratory passages.
The increase in dust storm activity in Turkmenistan, for example, linked to
the desiccation of the Aral Sea, has probably caused severe respiratory prob-
lems for children in the area, but the dust from the dry sea bed also happens
to contain appreciable quantities of organophosphate particles (O’Hara et al.
2000). Dust blown from another former lake bed, that of the desiccated
Owens Lake in California, contains arsenic derived from nineteenth-century
mining operations (Raloff 2001). Dust storm material in Saudi Arabia has been
found to contain an array of aeroallergens and antigens which could trigger a
range of respiratory ailments (Kwaasi et al. 1998). Other possible conse-
quences of airborne dust include an increase in asthma incidence (Rutherford
et al. 1999), as reported for Barbados and Trinidad when Saharan dust
outbreaks occur (Monteil 2002; Gyan et al. 2005), and also an increase in the
incidence of meningococcal meningitis in the Sahel zone and Horn of Africa
(Molesworth et al. 2002). The annual meningitis epidemics in West Africa,
which affect up to 200 000 people between February and May, are closely
related to the Harmattan season in their timing (Sultan et al. 2005).

Coccidioidomycosis, a disease caused by a soil-based fungus (Coccidioides
immitis) transported in airborne dust, is endemic to parts of the south-
western United States (especially in the San Joaquin Valley of California,
southern Arizona, southern New Mexico and west Texas) and northern
Mexico (Gabriel et al 1999). In the United States, where it is known as Valley
Fever, an estimated 50 000-100 000 persons develop symptoms of the disease
each year (Leathers 1981); and a dramatic increase in the incidence of coc-
cidioidomycosis during the early 1990s in California was estimated to have
cost more than U.S.$66 million in direct medical expenses and time lost in
one county alone (Kirkland and Fierer 1996).
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Dust can also contain dried rodent droppings or urine which can cause the
spread of Hantavirus Pulmonary Syndrome. In Ladakh and China, dust may
contribute to a high silicosis incidence (Derbyshire 2001); and fungal spores
from China reach high ambient levels in Taiwan during dust events and may
have health implications (Wu et al. 2004). Some recent epidemiological studies
indicate that long-range dust transport events are closely associated with an
increase of daily mortality in Seoul, Korea (Kwon et al. 2002), and Taipei, Taiwan
(Chen et al. 2004), and caused cardiovascular and respiratory problems (Kwon
et al. 2002), including an increased incidence of strokes (Yang et al. 2005).

Given the great distances over which dust can be transported, it is not sur-
prising to learn that the intercontinental dispersal of material may include
pathogens of crop plants. Long-distance dispersal of fungal spores by the
wind can spread plant diseases across and between continents and re-
establish diseases in areas where host plants are seasonally absent (Brown
and Hovmgller 2002). While monitoring aerosols on the Caribbean island of
Barbados, Prospero (2004) reported that concurrent detection of bacteria and
fungi only occurred in air that contained Saharan dust.

3.15 Dust Storms in War

Large-scale military movements in desert environments can be both the
cause and the victim of dust events. The disruption of desert surfaces during
the North African campaign in the 1940s increased the occurrence of dust
storms in the region to a considerable extent (Oliver 1945). The significance
of dust storms for military activities again became apparent during the Gulf
War of 1990-1991 and the Iraqi War of 2003-2004. In April 2005, 18 people
were killed when a United States military Chinook helicopter came down in a
heavy dust storm in Ghazni, Afghanistan.

The human implications of dust storms were graphically illustrated during
the North African campaign. In the summer of 1941, Titch Cave, member of
a Long Range Desert Group (LRDG) patrol that had just come in from the
desert, witnessed a storm at Siwa oasis in Egypt just as he and his colleagues
were to sit down and have a rare meal of fresh meat (Morgan 2000, p. 85):

“The mutton was carefully cooked, while we all waited in anticipation, and
after being carved was just ready to be served when an excited voice from
outside shouted, **** me! Come and look at this.’

“We all dashed out not knowing quite what to expect and there, all across
the northern horizon, was a huge rolling cloud which must have been over
100 feet high. We watched in awe, our dinner forgotten, as the cloud rolled
down over the northern cliffs and advanced towards us across the oasis. The
air was quite still as the cloud approached, then, when it was closer, the wind
began to rise, the temperature dropped and it was upon us, filling the air and
every nook and cranny of our hut with dust and sand.
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“It was the father and mother of a sandstorm which was beyond the
experience of even the oldest members of our patrol. Of course, our dinner
was ruined . . .” Field Marshal Rommel also wrote graphically about a storm,
locally called the Ghibli, which took place in Libya in March 1941, an account
that also reinforces the dust hazard to transport (Liddell Hart 1953, p. 105):

“After taking off ... we ran into sandstorms near Taourga, whereat the
pilot, ignoring my abuse and attempts to get him to fly on, turned back, com-
pelling me to continue the journey by car from the airfield at Misurata. Now
I realized what little idea we had of the tremendous force of such a storm.
Immense clouds of reddish dust obscured all visibility and forced the car’s
speed down to a crawl. Often the wind was so strong that it was impossible to
drive along the Via Balbia. Sand streamed down the windscreen like water.
We gasped in breath painfully through handkerchiefs held over our faces and
sweat poured off our bodies in the unbearable heat. So this was the Ghibli.
Silently I breathed my apologies to the pilot. A Luftwaffe officer crashed in a
sandstorm that day.”

Sandstorms are not only uncomfortable for the military personnel forced
to endure them. They can also be damaging to their vehicles and armaments
as well. This was well described by one of the soldiers in Popski’s Private
Army, a special unit that operated behind enemy lines in the Second World
War. As Park Yunnie wrote (Yunnie 2002, p. 20):

“It hit us like a whip-lash, taking our breath, leaving us cowed and
defenceless, whimpering with pain. We couldn’t breathe. Hot, smarting dust
clogged our nostrils, seared the backs of our throats, coated our tongue and
gritted in our teeth; drifts of fine-blown sand formed in the folds of our cloth-
ing, blew into our pockets and found its way through to our skins; sand piled
up in the trucks, forming miniature dunes, stuck to the oily and greasy parts
of the chassis, blew under the bonnet and sifted into the carburetor, the mag-
neto, the unsealed working parts; grating sand filtered into the Vickers guns,
jamming the ammunition pans; sand found its way into everything, every-
where. Each truck was isolated in its own drift, cut off from the others by an
impenetrable wall of frenzied shrieking grit...”

The side of his truck was polished like a mirror, every vestige of paint
sanded off.



4 The Global Picture

4.1 Introduction

The fact that dry, unprotected sediments can be entrained by wind in almost
any physical environment is reflected in the large number of names in com-
mon use for dust-bearing winds (Table 4.1). Nonetheless, the major source
regions of contemporary mineral dust production are found in the desert
regions of the northern hemisphere, in the broad swathe of arid territory that
stretches from West Africa to Central Asia, while lesser sources are found in
the world’s other major desert areas. This global picture of desert dust pro-
duction has been pieced together using satellite imagery and standard terres-
trial meteorological observation data, but the details are still not complete.

Satellites represent the only data source with truly global coverage and
analysis of their data has produced some of the best global surveys of dust
storm distribution. The Total ozone mapping spectrometer (TOMS) has proved
to be among the most effective instruments for detecting atmospheric mineral
dust (Herman et al. 1997; Prospero et al. 2002; Washington et al. 2003). We also
have global or near-global maps of aerosol optical thickness (a measure of
aerosol column concentration) derived from satellites such as the NOAA
Advanced very high resolution radiometer (AVHRR) and MODIS (see, for
example, Chin et al. 2004; Ginoux et al. 2004; Yu et al. 2003). Global images
are available on http://www.osdpd.noaa.gov/PSB/EPS/Aerosol/Aerosol.html
(accessed 22 June 2005).

4.2 Major Global Sources

TOMS data have been used to derive an Aerosol Index (Al), values for which
are linearly proportional to the aerosol optical thickness. The world map of
annual mean Al values (Fig. 4.1) has certain clear features. First, the largest
area with high values is a zone that extends from the eastern subtropical
Atlantic eastwards through the Sahara Desert to Arabia and southwest Asia.
In addition, there is a large zone with high AI values in central Asia, centred
over the Taklamakan Desert in the Tarim Basin. Central Australia has a rela-
tively small zone, located in the Lake Eyre basin, while southern Africa has
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Table 4.1. Dust-bearing winds. After Olbruck (1973), Goudie (1978), Nalivkin (1983),

Middleton (1986¢) and other sources

Region

Wind (location)

Asia

Middle East

Europe

Latin America

N. America

Australia

E. and S. Africa

Sahara

Afganets (Tadjikistan)
Garmsil (Turkmenistan)
Kara Buran (Central Asia)
Ibe (Kazakhstan)
Balkhash Bora (Kazakhstan)
Loo (India)

Andhi (India)

Kyzyl Buran (China)
Yaman (China)

Hyi Fyn (China)

Huan Fyn (China)
Shachenbao (China)
Fuhjin (Japan)

Kosa (Japan)

Huang Sa (Taiwan, Korea)

See Table 5.8

Calina (Spain)

Leveche (Spain)

Kossava (Hungary)

Scirocco (S. Europe)

Sukhovey (S. Russian steppe)
Chernye Buran (Russia and Ukraine)
Blow (England)

Mistur (Iceland)

Chubasco (Mexico)
Tolvanera (Mexico)
Paracas (Peru)

Pampero Sucio (Argentina)
Volcan (Argentina)

Zonda (Argentina)

Chinook (USA - Rocky Mountains)
Keeler Fog (USA - California)
Palouser (USA - Idaho, Montana)
Santa Ana (USA - California)
Wasatch (USA - Utah)

Bedouries (W. Queensland)
Brickfielder (Victoria)

Cobar Shower (New South Wales)
Darling Shower (New South Wales)

Kharif (Somalia)
Gobar (Ethiopia)
Berg Wind (Namibia)

See Table 5.1
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Fig. 4.1. The world map of annual mean aerosol index values determined by TOMS

two zones, one centered on the Mkgadikgadi basin in Botswana and the other
on the Etosha Pan in Namibia. In Latin America, there is only one easily iden-
tifiable zone. This is in the Atacama and is in the vicinity of one of the great
closed basins of the Altiplano - the Salar de Uyuni. North America has only
one relatively small zone with high values, located in the Great Basin. Other
satellite-derived maps of aerosol optical thickness show a generally very sim-
ilar picture of dust loadings in the atmosphere.

The importance of these different dust ‘hot spots’ can be gauged by look-
ing not only at their areal extents, but also at their relative TOMS AI values.
Table 4.2 lists the latter. This again brings out the very clear dominance of the
Sahara in particular and of the Old World deserts in general. The Southern
Hemisphere as a whole and the Americas are both notable for their relatively
low Al values. So, for example, the Al values of the Bodélé Depression of the
south central Sahara are around four times greater than those recorded for
either the Great Basin or the Salar de Uyuni. However, the best way to assess
the relative importance of dust source areas on a global basis is to combine
their areas and their AI values (Fig. 4.2). This again brings out the enormity
of the Saharan dust source in comparison with those of Arabia, China and
the Thar.

Thus, analysis of TOMS data enables a global picture of desert dust sources
to be determined. It demonstrates the primacy of the Sahara and highlights
the importance of some other parts of the world’s drylands, including the
Middle East, Taklamakan, southwest Asia, central Australia, the Etosha and
Mkgadikgadi pars of southern Africa, the Salar de Uyuni in Bolivia and the
Great Basin in the United States. One characteristic that emerges for most of
these regions is the importance of large basins of internal drainage as dust
sources (Bodélé, Taoudenni, Tarim, Seistan, Eyre, Etosha, Mkgadikgadi, Etosha,
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Table 4.2. Maximum mean Al values for major global dust sources determined from TOMS

Location Al value

Average annual rainfall (mm)

Bodélé Depression of south central Sahara >30

West Sahara in Mali and Mauritania >24
Arabia (Southern Oman/Saudi border) >21
Eastern Sahara (Libya) >15
Southwest Asia (Makran coast) >12
Taklamakan/Tarim Basin >11
Etosha Pan (Namibia) >11
Lake Eyre Basin (Australia) >11
Mkgadikgadi Basin (Botswana) >8
Salar de Uyuni (Bolivia) >7
Great Basin of the USA >5

17
5-100
<100

22

98

<25
435-530
150-200
460

178

400

Uyuni and the Great Salt Lake). Related to this is the fact that many sources
are associated with deep and extensive alluvial deposits (Prospero et al. 2002).
In contrast, sand dune systems are not good sources of fine-grained dust.
Dust storms also occur under cold climate conditions. They have been
described, for example, from outwash plains in Iceland (Fig. 4.3), deltas in
Alaska, sandurs in Baffin Island and braided river beds in New Zealand

(Seppéld 2004).
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Fig. 4.2. Area average TOMS aerosol index values for the main dust regions: Sahara (solid line),
Arabia (heavy dashed line), Thar (light dashed line), northwest China (heavy solid line)
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Fig. 4.3. Dust blowing into the North Atlantic from southern Iceland, 28 January 2002 (MODIS)

Estimates of the total soil dust emissions to the atmosphere on a global
scale (Table 4.3) show a large range (see the excellent review by Prospero
1996a), largely because models vary with regard to such factors as the rate of
scavenging of particles from the air. A discussion of the relative contributions
made by the Sahara and other major sources can be found in Section 5.5.

4,3 Dust Storms and Rainfall

Because rainfall amounts affect two important controls of dust storm activity —
soil moisture and vegetation cover - it is to be expected that dust storm
occurrence will broadly be inversely correlated with rainfall amount. Plainly,
very wet areas removed from dust source areas by some distance do not have
many dust storms (Goudie 1983). Indeed, Goudie (1983), on the basis of
analysis of terrestrially observed meteorological data, argued that dust storm
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Table 4.3. Estimates of dust emissions to the global atmosphere

Author (s) Annual quantity (x10° t) Atmospheric turnover time (days)

Peterson and Junge (1971) 500

Schiitz (1980) <5000

D’Almeida (1986) 1800-2000

Tegen and Fung (1994) 3000

Andreae (1995) 1500 4.0
Duce (1995) 1000-2000

Mahowald et al. (1999) 3000 5.1
Luo et al. (2003) 1654 5.1
Zender et al. (2003) 1490 4.3
Ginoux et al. (2004) 1950-2400 7.1
Liao et al. (2004) 1784 3.9
Miller et al. (2004b) 1019 5.2

frequency is at a peak in areas where the rainfall is between 100 mm and 200
mm per annum and that in areas with rainfall <100 mm, dust storm fre-
quency appears to decline. He advanced three possible explanations for this
decline: (1) such areas may have smaller amounts of alluvium supplied by
streams which could act as a dust source, (2) in very dry areas there is insuf-
ficient exposure to dust-producing atmospheric conditions associated with
convective activity or the passage of fronts and (3) the reservoir of available
source material may have been depleted by long-continued wind activity and
by the formation of some wind-stable surfaces, such as stone pavements.
Additionally, such areas may suffer from less human disturbance than more
humid areas, which tend to be heavily grazed and farmed.

However, TOMS data indicate that many of the world’s major dust source
regions are areas of hyperaridity. The prime global source, the Bodélé
Depression, has a mean annual rainfall of some 17 mm (at Faya Largeau),
while the large West Sahara source has annual precipitation levels between
5 mm and 100 mm. In Arabia, dust storms are most prevalent where the mean
annual rainfall is <100 mm (Goudie and Middleton 2001); and the great
Taklamakan dust source in north-west China has large areas where the rain-
fall totals are <25 mm per annum.

Two coherent explanations of this contradiction - between Goudie’s con-
clusions and those based on the TOMS data - involve appraisals of the
sources of data used. The terrestrial meteorological stations on which Goudie
(1983) based the relationship between dust-raising and annual rainfall are
relatively sparse in many of the driest desert regions (Fig. 4.4) and thus the
relationship may be more apparent than real. However, this is not to say that
TOMS is a perfect data source. The TOMS Al is known to be sensitive to the
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Fig. 4.4. Curved dust plumes emanating from southern Morocco and northern Western Sahara,
an area with very few terrestrial meteorological observing stations, on 12 March 2003 (MODIS)

height of the aerosol layer (Torres et al. 1998) and may underestimate the
importance of further dust sources on the edge of deserts, areas where
boundary layer heights are lower (Mahowald and Dufresne 2004).

For North Africa, location of the largest global sources, this quandary is
not new. Prospero (1996b) raised the question of ‘Sahara vs Sahel’ as the pri-
mary source for transatlantic dust transport. The fact that dust concentra-
tions at Barbados are inversely related to the previous year’s rainfall in
Sahelian Africa suggests a link with sources in the Sahel. Indeed, several stud-
ies have shown the importance of areas in Sahelian latitudes as sources that
have increased their dust output during recent periods characterized both by
prolonged drought and intensified land use, in places leading to desertifica-
tion (Middleton 1985a, b; Goudie and Middleton 1992; N’Tchayi et al. 1997).

Indeed, generally the link between drought phases and enhanced dust pro-
duction is well established, though there will be different time-lags in differ-
ent areas (Zender and Kwon 2005). This relationship is close in Australia,
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where peaks in annual dust storm frequency seen in the meteorological
records are clearly related to drought phases (McTainsh et al. 2005).
However, the relationship becomes less certain in the light of the character of
the Sahara’s two main dust source areas as highlighted by TOMS. While
Harmattan dust blown from the Bodélé Depression tends not to travel far
over the Gulf of Guinea, dust entrained in the West Sahara source area does
make a significant contribution to transatlantic flows. However, while the
effect of drought on dust-raising in Sahelian latitudes can be established, ref-
erence to ‘drought’ in an area receiving less than 100 mm in mean annual
rainfall is less sound.

Two explanations for the established increase in trans-Atlantic dust trans-
port in recent decades can be proposed. Firstly, that flows from a constant
West Sahara source area have been augmented by material from more
southerly, drought-affected sources. Secondly, it is possible that the relation-
ship between Barbados dust concentrations and Sahelian rainfall reflect other
changes in atmospheric circulation associated with drought in the Sahel. As
Prospero (1996b) has pointed out, both the Hadley circulation and the mid-
tropospheric easterly jet are more intense during Sahelian dry spells
(Nicholson 1986; Newell and Kidson 1984). The second hypothesis is not nec-
essarily incompatible with the first. Stronger winds, be they low-level entrain-
ing airflows, upper tropospheric transporting flows, or both, could mean more
material being transported from the West Sahara source area and/or from
Sahelian source areas. Indeed, work in Australia indicates that drought peri-
ods may be associated with higher overall wind speeds (McTainsh et al. 1999).

Part of the conundrum in North Africa may have been explained by Moulin
and Chiapello (2003) who found that the interannual variability of TOMS
atmospheric dust optical thickness over the Atlantic in the summer months
(June-August) was very largely controlled by dust emissions in the northern
Sahel (15-17° N). These authors also established a large-scale correlation
between summertime Atlantic dust export and the occurrence of drought in
the Sahel, suggesting that the variability of Sahelian dust emissions are prima-
rily controlled by the position of the vegetation boundary with the Sahara, a
border that other satellite-based studies have demonstrated is highly dynamic
from one year to the next (Tucker and Nicholson 1999).

4.4 Vegetation and Dry Lake Beds

At the global scale, Engelstddter (2001) analysed the importance of dry lake
beds (Fig. 4.5) and vegetation type in controlling the occurrence and fre-
quency of dust storms. Vegetation types were derived from the BIOME
4 model and from the satellite-derived NDVI (Normalized difference vegeta-
tion index). The extent of palaeolake beds was based on the surface hydro-
logical transport model HYDRA (Hydrological routing algorithm).
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Fig. 4.5. A small dust storm being generated from the dry floor of an old lake bed in the Wadi
Rum area of southern Jordan (from ASG)

The results of his analyses of dust storm frequency in relation to vegeta-
tion types are shown in Tables 4.4 and 4.5. As might be anticipated there is a
general tendency for areas of limited vegetation cover to be associated with
high dust storm incidence. The results of his analyses of the effect of dry
palaeolake beds are shown in Table 4.6. Areas with a high percentage covered
by such depressions have markedly higher dust storm frequencies than those
that do not.

4.5 Diurnal and Seasonal Timing of Dust Storms

Various observers have established that dust storms tend to be concentrated
in certain parts of the day. For example, in Turkmenistan, Orlovsky and
Orlovsky (2001) found that the number of dust storms was greatest in the late
morning and afternoon (Fig. 4.6) and was caused by a wind speed maximum
at that time and drying of the soil in the daylight hours. Similarly in the Gobi
of Mongolia (Fig. 4.7), most dust storms occur in the afternoon and relatively
few by night (Middleton 1991; Natsagdorj et al. 2003). Wang et al. (2005a)
identified a similar pattern in China. Tsunematsu et al. (2005), working on
the Taklamakan Desert, suggested that many dust outbreaks occurred follow-
ing the breakdown of a nocturnal inversion (which developed over the basin
at night and promoted atmospheric stability) during the late morning.
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Table 4.4. Dust storm frequency in relation to vegetation types and net primary productivity
(NPP) modelled from BIOME4. From Engelstadter (2001, Section 4.2.2., Table 1)

Average (median)

Number  of dust storm Average annual NPP
Biome type stations  frequency (days year') (g C m™ year™)
Desert and barren 96 5.7 119.5
Temperate xerophytic 95 2.1 292.0
shrubland
Temperate evergreen 11 0.4 299.0
needleleaf open woodland
Grassland 47 2.0 466.0
Tropical xerophytic shrubland 57 1.4 424.0
Temperate schlerophyll 35 0.3 576.0
woodland and shrubland
Forest 95 0.2 828.0
Tropical savanna 10 0.1 904.5
Temperate deciduous 6 0.2 1059.5

broadleaf savanna

In Belarus, the majority of dust storms take place before 1500 hours
(Chizhikov and Kamlyuk 1997).

In the Middle East, Middleton (1986a) established that much of the area
witnessed dust storm maxima during daylight when intense solar heating of
the ground surface creates a high degree of turbulence and very strong pres-
sure gradients locally. This is shown dramatically for Kuwait, where about
50% of the dust storm hours occur between about 1200 hours and 1700 hours

(Safar 1985; Fig. 4.8).

Table 4.5. Average annual dust storm frequency and number of stations for different vegeta-
tion types derived from the DeFries data set. From Engelstddter (2001, Section 4.2.2., Table 2)

Vegetation type

Number of stations

Average (median) annual dust
storm frequency (days year™)

Bare ground

Shrubs and bare ground
Grassland

Cultivated crops
Wooded grassland

Broadleaf deciduous forest
and woodland

Forest

71
96
181
140
69
23

28

6.8
2.6
1.6
0.8
0.1
0.3

0.1
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Table 4.6. Statistical data of potential dry lake bed fractions for: (a) areas of desert and barren,
temperate xerophytic shrubland, grassland and tropical xerophytic shrubland and (b) areas of
desert and barren. From Engelstddter (2001)

Dry palaeo-lake Average (median) dust storm
bed fraction (%) Number of stations frequency (days year™)

Group (a) areas

0-20 222 2.3
20-40 36 2.2
40-60 14 6.1
60-80 5 14.9
80-100 10 24.5
Group (b) areas

0-20 61 3.5
20-40 14 6.2
40-60 6 14.0
60-80 5 14.9
80-100 10 24.5

In the United States, Orgill and Sehmel (1976) found that the afternoon
maximum in dust frequency is common and occurs when the atmosphere
boundary layer is normally deep and turbulent mixing is more pronounced.
This was confirmed for North Dakota by Godon and Todhunter (1998) who
found that nearly 70% of dust events occurred between 1200 hours and 1800
hours. Stout (2001), working in the High Plains, recognized that there was

10 4

Frequency (%)

Local time (h)
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Fig. 4.6. Diurnal pattern of dust storms in Turkmenistan for five stations during 1981-1995.
Modified after Orlovsky and Orlovsky (2001, Fig. 3)
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typically a daily cycle of relative humidity driven by daily temperature varia-
tions with the lowest relative humidities occurring around mid-afternoon.
This would be when surface soil moisture would be least and the potential for
blowing dust at its maximum.

In the Saharan source regions, the dust maximum occurs between late
morning and mid-afternoon (N’Tchayi et al. 1997).

The seasonality of dust storms is affected by a number of factors. These
include: rainfall regimes (which control soil moisture conditions), seasonal

12 -

— 11 4

(o]

5 101

T 9 -

2E 4. i _

S L

s ) ~

55 /

53 o -

85 51

=9

53 4

£ o

1< 2 A

ﬁ‘_) 1- H H
‘monman L Wiln

0102 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour
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snow cover (which may prevent soil deflation in winter months), the desicca-
tion of closed lake basins, wind energy conditions, convectional activity and
the passage of dust-raising depressions, and agronomic practices (which
leave the soil bare in certain seasons). Littmann (1991a) attempts to catego-
rize patterns of dust storm seasonality and shows, for example, the domi-
nance of spring dust storms in China, the prevalence of pre-south westerly
monsoon dust storms in India and the summer (dry season) maximum in the
Middle East. Areas with a Mediterranean rainfall regime tend to have limited
dust activity in the wet, winter months, whereas tropical regions with a strong
summer rainfall regime have limited dust storm activity at the height of
the wet season. Details of seasonality are given for each major region in
Chapter 5, and are summarized in Table 4.7.

Table 4.7. Seasons or months of maximum dust storm activity

Location Season (months)
Argentina Winter (April-Aug.)
Arizona Summer

Bahrain Summer (March-July)
Belarus Spring (April-May)

Bodélé Early summer (April-June)
Canada Spring

Chile Winter (May-Sept.)

Egypt Winter/Spring (Dec.-May)

Etosha (Namibia)

Autumn (Aug.-Nov.)

Eritrea Summer (June-Aug.)
India/Pakistan Early summer (May-June)
Kazakhstan Summer (May-Aug.)
Korea Spring (March-May)

Mexico City
Mongolia

Northern Sahara

Queensland, northern New South Wales

Spring (Jan.-May)
Spring (April-May)
Summer (April-Aug.)

Spring/early Summer

Sahel Winter (Nov.-March)
Seistan basin (Afghanistan) Summer (May-Sept.)
Taklamakan Late Winter/Spring
Tokar delta (Sudan) Summer (June-July)
Turkmenistan Spring

United States of America Spring

Victoria, southern New South Wales Summer
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4.6 Duration of Dust Storms

Dust storms do not generally last for very long. In Turkmenistan, for exam-
ple, the frequency of dust storms with a duration of 12 h or more is only about
3%, though occasional examples lasting three days have been observed there
(Orlovsky and Orlovsky 2001). In the Gobi of Mongolia, the average dust
storm lasts 1.6-6.0 h (Natsagdorj et al. 2003), while in China’s Taklamakan,
the most serious dust storm conditions persist for 2-4 h (Yoshino 1992).
More generally in China, Wang et al. (2005a) suggest that most dust storms
last <2 h.

4.7 Dust Storms on Mars

Although this book is about dust storms on Earth, aeolian processes are
active on other planets in the solar system (Greeley and Iversen 1985) and the
transport and deposition of dust is particularly important on Mars, which has
become the focus for a growing body of research. The ‘Red Planet’ could just
as easily be called the ‘Dust Planet’, for yellowish brown dust gives the planet
its colour. Dust storms occur almost daily, with thousands occurring each
year (Cantor 2003). Telescopic observations since the eighteenth century and
images delivered by spacecraft missions have shown Mars to be an arid planet
dominated by the presence of dust both suspended in the atmosphere and
deposited widely over the planet’s surface. Features like meso-scale linear
streaks, up to 400 km in length, are indicators of the power of dust entrain-
ment (Thomas et al. 2003).

Dust events on Mars have been observed at all scales, ranging from local
dust devils (Balme et al. 2003) to storms that envelop the entire planet,
dubbed Mars global dust storms, or GDSs (Fig. 4.9). These planet-encircling
dust storms occur approximately one year in three, usually in late southern
spring, (i.e. near perihelion) when Mars is closest to the Sun (Zurek and
Martin 1993; Pankine and Ingersoll 2004). During the Martian summer, in the
lower boundary layer of its clear, thin, cold atmosphere, the large tempera-
ture gradient that exists above the relatively warm surface may support
intense free convection and the formation of dust devils. These can be greater
than those found on Earth, commensurate with the deeper convective bound-
ary layer on Mars during summer, reaching several hundred metres across
and 8 km high. Regional dust storms may be produced whenever the pole-
ward temperature gradient is sufficiently large to generate intense zonal cir-
culation across the mid-latitudes in the form of baroclinic waves. Other
regional dust storms are produced by katabatic outflow from receding frost
outliers of the polar caps, with winds descending from areas of high relief
(Fig. 4.10). Regional dust storms affect the radiation budget and this can lead
to feedback effects that may cause the development of dust storms of global
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Fig. 4.9. The surface of Mars on a relatively clear day (left, 26 June 2001) in contrast to a global
dust storm (right, 4 September 2001). Both images from the Hubble space telescope

Fig. 4.10. Regional dust storms over Mars on the margin of the great polar ice cap
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dimensions (Wells and Zimbelman 1997). Such an event was detected by the
Hubble Space telescope in June 2001 (Strausberg et al. 2005, Plate 4.4). What
was to become the biggest event for about a quarter of a century began as a
small dust cloud inside the Hellas Basin (a deep impact crater in Mars’s
southern hemisphere). By early July, the dust cloud had spilled out of the
basin and engulfed the whole planet. It is possible that airborne dust particles
absorb sunlight and warm the Martian atmosphere strongly in their vicinity.
Warm pockets of air spread quickly towards colder regions, thereby generat-
ing strong winds. These lift more dust off the ground and so create a positive
feedback. In this model, dust heating seems to play a broadly analogous role
to the release of latent heat in moist convection during the development of
tropical storms and hurricanes on Earth (Read and Lewis 2004, p. 207).

It seems that dust has long played a fundamental role in the Martian cli-
mate (Greeley et al. 1992) and that, although the quantity of material in the
Martian atmosphere varies with the seasons, it never drops entirely to zero.
As on Earth, mineral dust affects the radiation balance of the Martian atmos-
phere, its thermal structure and atmospheric circulation (Leovy 2001). Dust
in the Martian atmosphere, for example, reduces diurnal temperature varia-
tions near the ground (Read and Lewis 2004).

Wind is the most active geomorphological agent currently operating on
Mars and it seems likely that dust has had long-term effects on the planet’s
surface. The omnipresence of dust in the atmosphere is also a potential haz-
ard for any instrumentation delivered to the Martian surface for in situ analy-
ses. Suspended particles readily adhere to all types of surfaces causing optical
obscuration and potential damage to both mechanical and electrical systems
(Landis and Jenkins 2000). This problem is made acute by the chemical activ-
ity of Martian dust, which is thought to be highly oxidizing (Plumb et al.
1989), although its mineralogy is not adequately known.



5 The Regional Picture

5.1 Introduction

In this chapter we discuss the regional geography of dust storms in the
world’s drylands, using available climatological data and information from
the Total Ozone Mapping Spectrometer (TOMS) and other types of remote
sensing. We discuss such issues as annual frequency, seasonality and trans-
port trajectories.

5.2 North America

Dust-raising is a common feature of the dryland climate characteristic of
large parts of the United States (Fig. 5.1), but meteorological observations at
ground stations suggest that the greatest frequency of dust events occurs in
the panhandles of Texas and Oklahoma, Nebraska, western Kansas, eastern
Colorado, the Red River Valley of North Dakota (Godon and Todhunter
1998) and northern Montana (Fig. 5.2). These areas combine erodible mate-
rials with a moderately dry climate and high values for wind energy (Gillette
and Hanson 1989). The spring months are the time of maximum dust activ-
ity over much of the area (Orgill and Sehmel 1976; Stout 2001) but a summer
peak occurs in parts of Arizona (Brazel 1991) due to convective or thunder-
storm activity. In Late Pleistocene times dust storm activity may have been
even greater, leading to loess deposition (Muhs et al. 1999).

Large amounts of dust are also blown off the bed of the former Owens
Lake following its anthropogenically caused desiccation (Reheis 1997) and
from shrunken Mono Lake (Gill and Cahill 1992). However, land manage-
ment techniques are probably important in determining the variability of
dust storm occurrence. Lee et al. (1993) and Todhunter and Cihacek (1999)
document a decline in dust storm occurrence in Texas and North Dakota,
which they attribute to the adoption of improved land-use practices. A dis-
cussion of the spatial and temporal variability of dust storms in the Mojave
and Colorado deserts is provided by Bach et al. (1996), who identify the
Coachella Valley as being the dustiest region. A detailed study of dust
deposition in Nevada and California is provided by Reheis and Kihl (1995).
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Fig. 5.1. A dust storm at Zabriskie Point, Death Valley (Calif., USA; from ASG)

From time to time, dust events are recorded further to the east in the
United States, as has happened during drought years like 1981 in Illinois
(Changnon 1983).

The TOMS data show only one area with maximum Al values greater than
5.0 - parts of the Great Basin. This is an area of fault-bounded blocks and
troughs which contains over 150 basins separated from each other by
north-south trending mountain ranges. Most of the basins were occupied
by Pleistocene lakes that covered an area at least 11 times greater than the area
they cover today (Grayson 1993, p. 86). One of these was Bonneville, which
was roughly the size of present-day Lake Michigan. Another was Lahontan,
which covered an area roughly as great as present-day Lake Erie. Their desic-
cation, the presence of extensive areas of salty lake floor (Blank et al. 1999) and
the existence of large expanses of alluvial fans running into the many basins
may account for the importance of this area as a dust source.

Much of the dust in the High Plains may occur at low levels and so may be
inadequately detected by TOMS. Three synoptic patterns are associated
with dust events in the southern High Plains (Wigner and Peters 1987). One
of these is convective modification of the boundary layer. This accounts for
42% of dust events at Lubbock and causes strong winds at low levels, par-
ticularly in late morning (Lee et al. 1994). Another 19% of all events are
caused by thunderstorm outflows, which again may have a limited vertical
extent. The passage of cold fronts usually limits the vertical spread of dust.
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In addition, while the map of dust storm occurrence in the United States is
based on the work of Orgill and Sehmel (1976), the TOMS data relate to an
entirely different and more recent period. Over that time, changes in land use
have caused a decrease in dust storm activity in some areas, including the
Lubbock region of Texas (Ervin and Lee 1994) and North Dakota (Todhunter
and Cihacek 1999).

Possibly the most famous case of soil erosion by deflation was the Dust
Bowl of the 1930s in the United States. In part this was caused by a series of
hot, dry years associated with anomalous sea surface temperatures (Schubert
et al. 2004) which depleted the vegetation cover and made the soils dry
enough to be susceptible to wind erosion. The effects of this drought were
gravely exacerbated by years of intensive grazing and unsatisfactory farming
techniques. However, perhaps the prime cause of the event was the rapid
expansion of wheat cultivation in the Great Plains (see Chapter 7). The dust
settled at great distances from source, including Canada, New Hampshire
(Page and Chapman 1934), Illinois (Van Heuklon 1977), Philadelphia
(Watson 1934), New York (Anon 1935), Wisconsin (Winchell and Miller
1918) and Louisiana (Russell and Russell 1934).

Dust storms are still a serious problem in various parts of the United
States: the Dust Bowl was not solely a feature of the 1930s. Thus, for example,
in the San Joaquin Valley area of California in 1977, a dust storm caused
extensive damage and erosion over an area of about 2000 km?. More than
25%10° t of soil were stripped from grazing land within a 24-h period. While
the combination of drought and a very high wind (as much as 300 km h™)
provided the predisposing natural conditions for the stripping to occur,
intensive grazing and the general lack of windbreaks in the agricultural land
played a more significant role. In addition, broad areas of land had recently
been stripped of vegetation, levelled or ploughed up prior to planting.
Elsewhere in California dust yield has been considerably increased by mining
operations in dry lake beds (Wilshire 1980).

Dust storms also occur in the Canadian Prairies (Wheaton and
Chakrabarti 1990), most notably in southern Saskatchewan, where they occur
on average on over five days per year (Fig. 5.3a). The peak season for dust
storms is the spring, when wind speeds are high, vegetative cover is sparse
and precipitation amounts are lower than in the summer (Fig. 5.3b). They can
cause considerable loss of top soil (Wheaton 1992) and were particularly
virulent in the 1930s (Wang 2001).

Large areas of Mexico have a dryland climate but the study of dust storms
has been concentrated in only a few locales, notably Mexico City (Jauregui
1960, 1989; see also Chapter 7). Remote sensing imagery suggests dust-raising
may be widespread (Fig. 5.4); and the country’s northern deserts have been
identified as important contributors to eastern Pacific sediments (Bonatti
and Arrenhius 1965). Inputs of dust from Mexican deserts have also been
identified in soils locally (Slate et al. 1991) and in the United States south-west
(Reynolds et al. 2003).
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Fig. 5.4. Multiple dust plumes from Baja California, 10 February 2002 (Seawifs)

5.3 South America

Information on the occurrence of dust storms in South America is sparse.
However, Johnson (1976) suggests that dust storms are frequent in the
Altiplano of Peru, Bolivia and Chile. In Iquique (Chile), most dust activity
occurs in the winter months (May to September). Middleton (1986¢) noted
their importance on the Puna de Atacama where salt basins - salars - appear
to be important sources. The presence of extensive areas of closed depres-
sions and of wind-fluted topography, combined with the probable impor-
tance of salt weathering in the preparation of fine material for deflation
(Goudie and Wells 1995), suggest that the dry areas of the Altiplano should
indeed be major source areas for dust storms. TOMS identifies one area in
South America where aerosol values are relatively high. This is the Salar de
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Uyuni, a closed basin in the Altiplano of Bolivia which is located in an area
with 178 mm of annual rainfall. This salar, the largest within the Andes, is
possibly the world’s largest salt flat, though in the Late Pleistocene it was the
site of a huge lake, pluvial Lake Tauca (Lavenu et al. 1984). The pluvial lake
was more than 600 km long; and it is likely that the fine sediments from its
desiccated floor are one of the reasons for the existence of high aerosol val-
ues in this region. It is of the same order of size as some of the other major
basins that are major dust sources (e.g. Bodélé/Chad, Eyre, Taklamakan and
Mkgadikgadi).

In addition, as Middleton (1986¢) has shown, there is a tract to the west of
Buenos Aires in Argentina where dust storm activity is substantial, with
extensive areas experiencing more than eight dust storms per year (Fig. 5.5).
In Mendoza, where there is a winter (Mediterranean) rainfall regime, the
dustiest months run from April to August. Rates of dust accretion in the
Pampas are appreciable at the present day (Ramsperger et al. 1998). In addi-
tion, this arid zone has the most extensive spreads of loess in the southern
hemisphere (Teruggi 1957; Krohling 1999; Sayago 2001). Large numbers of
closed depressions attest to the power of deflation. Dust trapped in the West
Antarctic glaciers and on surfaces in the South Shetland Islands may have a
Patagonian origin (Iriondo 2000; Gaiero et al. 2004; Lee et al. 2004).

5.4 Southern Africa

Southern Africa is not a major area of dust production from a global
perspective, even though it has large areas of arid terrain both in the coastal
Namib and in the interior (Kalahari and Karoo). There are extensive areas of
pans (Goudie and Wells 1995), many of which are, at least in part, the result
of deflation; and there are many windstreaks and yardangs known from the
Namib. Examination of satellite images has shown the presence of dust
plumes driven by Berg winds blowing westwards off the Namib (Fig. 5.6) and
the Kalahari towards the South Atlantic (Eckardt et al. 2002). In addition,
sedimentological studies have shown the presence of loess and loess-like
deposits in parts of Namibia (Eitel et al. 2001).

TOMS analyses indicate that there are two relatively small, but clearly
developed dust source areas in southern Africa (Fig. 5.7). The most intense of
these is centred over the Etosha Pan in northern Namibia (Bryant 2003). The
other centre is over the Mgkadikgadi Depression in northern Botswana.

The Etosha Pan, which covers an area of about 6000 km?, comprises a salt
lake that occupies the sump of a much larger fault-controlled basin. The
salt lake often floods in the summer, but is for the most part dry enough in
the winter for deflation to occur, as is made evident by the presence of exten-
sive lunette dunes on its lee (western) side (Buch and Zoller 1992). It is fed by
an extensive system of ephemeral flood channels - oshanas - that have laid
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Fig. 5.6. Plumes of dust blowing off the Namib Desert of Namibia and southern Angola, 9 June
2004 (MODIS)

down large tracts of susceptible fine-grained alluvial and lacustrine
sediments. In the past it is possible that it has also received large inputs of
material from the highlands of Angola via the Cunene River (Wellington
1938). Flood events have a marked effect on immediate and subsequent dust
emissions (Bryant 2003).

The Mkgadikdadi depression of northern Botswana is another major
structural feature, the floor of which is now occupied by a series of saline
sumps. In dry years these present surfaces from which deflation can and does
occur. The pans are, however, but shrivelled remnants of a former pluvial
lake, Lake Palaeo-Mkgadikgadi, which at its greatest extent covered 120 000
km? (Thomas and Shaw 1991). It was second in Africa only to Lake Chad at
its Pleistocene maximum. It was fed with water and sediment from the
Okavango and, perhaps, Zambezi systems and by more locally derived rivers
(mekgacha) flowing from the south.
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Fig. 5.7. Annual average TOMS aerosol index (AI) values for southern Africa. Modified after
Washington et al. (2003, Fig. 14)

Dust events in the southern African source regions are invariably associated
with enhancement of the low-level easterly circulation over the interior
(Eckardt et al. 2002). Transient eddies, in the form of west-to-east migrating
anticyclones travelling to the west of a Rossby wave-trough axis, are confined
to the oceanic areas immediately to the south of the subcontinent as a result of
the unbroken escarpment (De Wet 1979; Tyson and Preston-Whyte 2000). The
migration of mass in these systems leads to an enhanced east-west gradient
and the corresponding anomalous easterlies, which, over the western half of the
subcontinent, are associated with dust storms and plumes over the subtropical
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southeast Atlantic. One particularly intense storm that transported large
amounts of material across the interior of South Africa, probably originating in
the Mkgadikdadi salt pans, occurred in August 2003 (Resane et al. 2004).
Figure 5.8 shows an overlay of TOMS values, potential sand flux (q) and
elevation derived from a digital elevation model at 0.5° resolution. Data for
TOMS AI values and for potential sand flux relate to July-September, which
corresponds with the season of largest Al values in Etosha and Mkgadikgadi.
Unlike the cases of the Al maxima in the Sahara and China, there is no clear
association between a maximum of potential sand flux and Al values. Neither
of the two pans is located in a region where topographic channelling of
the wind would accelerate it sufficiently to produce a large dust source.
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Fig. 5.8. TOMS aerosol index (AI) values (white contours, contour interval 2), scaled potential
sand flux (black contours, contour interval 10) and elevation in km (shaded) for southern
Africa, long-term means, July-September. Modified after Washington et al. (2003, Fig. 15)
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The region is remarkably flat. Instead, it is likely that the southern Africa dust
sources are supply-limited, with suitable material available only from the two
pans (Washington et al. 2003). Much of the rest of northern Botswana and
northern Namibia, which is relatively moist, with mean annual precipitation
levels of around 400-800 mm, is covered by savanna woodland and grassland,
and so is not readily susceptible to deflation.

5.5 The Sahara

The Sahara and its margins are the world’s major source of aeolian mineral
aerosol (Morales 1979; Brooks 1999; Kaufman et al. 2005; Fig. 5.9). This
amounts to almost half of all aeolian desert material supplied to the world’s
oceans. There are many different dust-bearing winds in the region (Table 5.1);
and the power of these winds as deflational agents is particularly great north
of 15° (Clark et al. 2004). On the south side of the Sahara winds exceed the
threshold velocity for sediment particle movement during two distinct sea-
sons. During the dry season from October to April the area is subject to north
easterly trade winds, locally called Harmattan. In the early rainy season the
atmosphere is very unstable and strong convectional activity occurs. Fully
developed thunderstorms associated with large cumulonimbus clouds pro-
duce strong vertical downdrafts that cause a vigorous forward outflow of
cold, dust-raising air.

One of the most important needs in furthering our understanding of
the Saharan production of dust is to identify the major source areas (Stuut

Fig. 5.9. A Seawifs image of a Saharan dust storm on 26 February 2000
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Table 5.1. Local names for Saharan dust-bearing winds (after Middleton 1986¢)

Name (derivation Meteorological
when known) Area affected Season Direction from conditions
Irifi Western Sahara SE Frontal
Ghibli (free Tripolitania Pre-frontal
translation:
‘wind from
south Mecca’)
Guebli (south Tunisia and All year, but S Pre-frontal with
wind) Algeria most prevalent katabatic
(northern parts) May-October effects from
interior uplands
to coastal plains
Sahel Morocco SW Frontal
Harmattan Bilma/Faya October-April ENE Pressure surge
(Fantee: Largeau area after cold air
‘aharaman’ to plus much of outbreaks from
blow and ‘ta’ 20°N mid-latitudes
grease locally,
used to cover
skin)
Brume seche West Africa October-April Harmattan haze
(French: ‘dry in light winds
haze’)
Haboob (Arabic: Sudan (but May-July Single-cell
‘to blow’) has become thunderstorm
almost generic downdraft
in its use)
Khamsin Egypt Spring Pre-frontal
(Arabic: ‘fifty’)
Chili Tunisia and Spring Sw Pre-frontal
Algeria
Shekheli Algeria Spring
Chergui Moroccan Sahara Summer NE
Dschani Southern Sahara
Kharif Somalia June-September SW
Gobar Ethiopia
Sirocco Southern Europe Spring N Frontal
Leveche Spanish Spring SE-SW Frontal
Mediterranean
coast: Malaga—
Alicante
Leste Maderia Frontal
Levanto Canary Islands

2 Variously taken to refer to the average duration of the wind (50 h), its annual frequency (50 times) and
its season of maximum onset (the 50 days either side of the spring solstice)
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et al. 2005). Hermann et al. (1999) attempted to survey previous studies of
Saharan dust sources but remarked (p.142): “Astonishingly, the results with
regard to source areas are totally different. No overlapping can be detected
which could serve as a confirmation of results”. One reason for this situation
is the range of source identification methods that have been used by different
workers: remote sensing, analysis of surface dust observations, back trajec-
tory analysis of isobar data and the use of mineral tracers. This lack of agree-
ment over source areas is evident from comparison of various attempts at
their delimitation shown in Fig. 5.10.

However, in recent years, some progress has been made in identifying
source areas by measurements of infra-red radiances such as those acquired
by METEOSAT. These can be used to produce the Infra-red Difference Dust
Index (IDDI; Brooks and Legrand 2000). This method has highlighted the
Bodélé Depression between Tibesti and Lake Chad (centred on 16° N and
18° E) as an important source region throughout the year, together with a large
swathe of country covering portions of Mauritania, Mali and southern Algeria.
It also suggests that the Horn of Africa (see also Léon and Legrand 2003) and
the Nubian Desert in southern Egypt and northern Sudan are important
sources. The importance of the Bodélé region was also shown by Kalu (1979)
and Hermann et al. (1999), but the status of the other regions is less clear.

5.5.1 Saharan Sources

TOMS data (Fig. 5.11) confirm that the Bodélé is the most intense source
region, not only in the Sahara, but also in the world (Giles 2005), with AT val-
ues that exceed 30. It also demonstrates the presence of a large but less
intense area (Al values over 24) in the West Sahara. This extends through to
the Atlantic coast of Mauritania. Relatively high AI values are also observed
in the interior of Libya, where numerous dust plumes have been observed with
SeaWifs (Koren et al. 2003).

Because of the high correlation between TOMS Al values and dust optical
thickness (DOT) as determined by sun photometer readings, it is possible to
construct maps of DOT (and thus total atmospheric dust load) over the
Sahara (Moulin and Chiapello 2003; Fig. 5.12). This highlights the importance
of the zone between 15° N and 22° N and confirms the high level of dustiness
developed over the western Sahara.

The importance of Bodélé as a dust source is related to various factors.
First, the region is very dry (Faya Largeau receiving an average annual rain-
fall of just 17 mm), but is fed with silty alluvium by streams draining from the
Tibesti Massif. There may also be susceptible silty materials that were laid
down in an expanded Lake Chad during early Holocene and Pleistocene plu-
vials, together with extensive spreads of ancient diatomites, many of which
are furrowed by yardangs. In addition, Mainguet and Chemin (1990) have
argued that deflational activity downwind from Tibesti may be substantial
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and help to explain the excavation of Lake Chad itself. There is distinct
topographic funnelling of high velocity winds. Moreover, Washington and
Todd (2005) have pointed to the importance of the Bodélé low-level jet in
creating dust emissions from the area. This is a feature which uniquely over-
lies the greater Bodélé region rather than areas surrounding it.
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Fig. 5.11. Mean aerosol index values for Northern Africa and the Middle East from TOMS data
(1980-1993, 1997-2000). Modified after Middleton and Goudie (2001, Fig. 4)

The reasons for the importance of the West Saharan dust source in Mali,
Mauritania and Algeria are less well understood. However, it is an area of low
relief bounded on the north and east by uplands. While such upland areas are
not themselves major dust source regions, ephemeral wadis draining from
them have transported silt-rich alluvium into the area. Likewise, in the past,
the southern part of the region may have received alluvial inputs from the
Niger River prior to its capture by southeast-trending drainage near Tosaye
(Urvoy 1942). It also contains an enormous closed depression some 900 km
long and various ergs that could provide a dust source through winnowing.
The depression contains many ancient lakebeds that show signs of intense
deflation in the Holocene (Petit-Maire 1991). Dubief (1953) maps it as an area
of high aeolian activity; and it is also rather dry, with annual precipitation
levels of 5-100 mm.

Interestingly, both of these two main source areas are little affected by
anthropogenic activities. They have very few settlements and are too dry to
support settled agriculture, each having an extremely arid climate. Although
several studies have shown the importance of areas in Sahelian latitudes as
source areas that have increased their dust output during periods character-
ized both by prolonged drought and intensified land use, in places leading to
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by TOMS. Modified after Moulin and Chiapello (2003, Fig. 2a)

desertification (Goudie and Middleton 1992; N’Tchayi et al. 1997), the
Sahara’s two major dust sources are primarily driven by natural climatic and
geomorphological factors.

However, the relative lack of human activity in these two major Saharan
dust source regions also means a relative dearth of ground-based information
on the wind erosion system in these areas. Data derived from remote-sensing
platforms has helped to fill these information gaps in recent times. Koren and
Kaufman (2004) estimated that a minimum wind speed of 10 m s™" is needed
to initiate a dust storm in the Bodélé depression following their examination
of some 15 storms in 2003 with Moderate resolution imaging spectroradiome-
ter (MODIS) data from the Terra and Aqua satellites. Since the Aqua passes
over the depression around 3 h after Terra, the authors were also able to mon-
itor the movement of dust plumes from the Bodélé. Their analysis indicates
that the dust clouds are blown along at around 13 m s}, which is about double
the speed calculated from previous ground-based measurements.

Various attempts have been made to estimate and model the source
strength of the Sahara, using data on mineral loadings in the atmosphere,
surface material characteristics (Callot et al. 2000) and transport models
(Table 5.2). The estimates show a wide range of values that may reflect
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Table 5.2. Estimates of the source strength of the Sahara

Author (s) Annual quantity (x10° t year)
Jaenicke (1979) 260

Schiitz et al. (1981) 260

Prospero (1996a, b) 170

Swap et al. (1996) 130-460

D’Almeida (1986) 630-710

Marticorena and Bergametti (1996) 586-665

Callot et al. (2000) 760

Ginoux et al. (2004) 1400

Miller et al. (2004) 517

differences in modelling procedures, differences in the time-scales consid-
ered and differences in the areal extent of the source. There are few data avail-
able which allow a comparison with other major source areas. An exception
to this is provided by the work of Zhang et al. (1997) on the Taklamakan
Desert. For this region, they estimate an annual dust production of 800x10° t.
On this basis, they propose that this may be around half of the global pro-
duction of dust. Other data are presented in Table 5.3.

An alternative method that can be used to compare relative source
strengths is the TOMS data. By looking at the Al intensity and its areal extent,
it is possible to gain an indication of the predominance of the Sahara in com-
parison with other desert areas. As Table 4.2 shows, three of the world’s four
most important dust sources occur within the Sahara, and Fig. 5.13 shows the
area and intensity of the Saharan AI compared with those for Arabia, north-
west China and the Thar. It confirms the importance of the Sahara on the
global scale.

The seasonal patterns show great variability. Dust activity appears to be
very limited over the entire area in October, November, December (OND;
Fig. 5.14a). There is minimal activity in the eastern and northern parts and
relatively little dust presence over the North Atlantic. The only area that has
a substantial number of days (27%) with AI values over 19 is the Bodélé
depression, which is active throughout the year. Aerosol presence is greater
in January, February, March (JFM; Fig. 5.14b), especially in the southernmost
part of the area, but it is possible this may partly be the result of smoke from
biomass burning during the dry season. However, once again Bodélé emerges
as that with the highest frequency of dust. April, May, June (AM]; Fig. 5.14c)
is the period with the greatest level of dust occurrences, with much of the
region being active. Three squares have AI values of over 19 on more than
80% of days; and there is a large area, centred on Mauritania and Mali, where
this is the case for over 60% of days. There is also a moderate level of activity
over the Middle East and on the southern borders of the Mediterranean.
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Table 5.3. Estimates of global and regional dust emissions

Region Tg year™ %
Global emissions (derived from data in Miller et al. 2004, Fig. 1)

Sahara/Sahel - 50.7
Central Asia - 16.0
Australia - 14.5
North America - 5.2
East Asia - 4.9
Arabia - 4.2
Others - 4.5
Dust emissions (derived from data in Ginoux et al. 2001)

North Africa 1430 69.0
South Africa 322 1.1
North America 9 0.4
South America 55 2.7
Asia 496 23.9
Australia 61 2.9
Total emissions 2073 100
Global Emissions in 1998 (derived from data in Luo et al. 2003)

North Africa 1114 67.4
Arabian Peninsula 119 7.2
Asia 54 33
Australia 132 8.0
Miscellaneous 235 14.2
Total emissions 1654 100

In July, August, September (JAS; Fig. 5.14d), the Mauritania-Mali area continues
to dominate, but the southern part of the region (probably as a reflection of
the main rainy season in tropical West Africa) is relatively inactive. It is a sea-
son when dust occurrence over the western Mediterranean is at its highest
and when there are major dust deposition events in Corsica, Sardinia and
their neighbours.

The seasonal pattern of dust activity in the Sahara can also be assessed
through analysis of meteorological data. In Table 5.4 we present data on the
percentage number of days with blowing dust/sand for each month for a lat-
itudinal sequence of stations from Abidjan (Ivory Coast) in the south to
Sousse (Tunisia) in the north. The two months in the year with the highest
percentages of dust days are highlighted. In the south [essentially between
Abidjan and Dakar (Senegal)], the highest percentages occur between
November and March. This is the time of the Harmattan. By contrast, as we
move into the central and northern Sahara, April to August is the time with
the highest percentages. In other words, there is an annual migration of the
dust centre of gravity over the course of the year, a finding that is confirmed
by MODIS observations (Kaufman et al. 2005).

One area in northern Africa that repeatedly generates dust, particularly in
the dry summer months (June and July), when haboobs are common (Tothill
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Fig. 5.13. The extent and intensity of the AI derived by TOMS for four major desert areas:
Sahara, Arabia, China and Thar. The figure shows the areas (in km? x 10°) covered by different
intensities of the AL Modified after Goudie and Middleton (2001, Fig. 2)

1948, p. 709), is the Tokar Delta area of Sudan (18.5° N, 37.7° E; Fig. 5.15).
This 2150 km? delta, fed by the silt-laden Baraka River, is located on the Red
Sea coast approximately 170 km south of Port Sudan and is in an arid area
(mean annual precipitation of around 74 mm). The delta consists of alluvial
silts across which winds are funnelled through a major gap (ca. 110 km wide)
in the Red Sea Hills. MODIS imagery pinpoints this hot spot for dust genera-
tion repeatedly (Fig. 5.16). Dust storms are also common over parts of Egypt;
and Table 5.5, based on ground observations, provides information on the
distribution and frequency of dust storms in that country (Banoub 1970).
Dust storm activity appears to be greatest between December and May.

5.6 Trajectories of Saharan Dust Transport

Saharan dust is regularly transported from its source areas along four main
transport paths: (a) southwards to the Gulf of Guinea and to countries
such as Ivory Coast and Ghana (Breuning-Madsen and Awadzi 2005), (b)
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Fig. 5.15. a) The location of the Tokar delta, Sudan. b) Temperature and rainfall data for Tokar

westward over the North Atlantic Ocean (NAO; Carlson and Prospero 1972:
Moulin et al. 1997) to the islands of the eastern Atlantic such as the Canaries
(Alastuey et al. 2005), North America (Perry et al. 1997) and South America
(Swap et al. 1992), (c) northward across the Mediterranean (Loye-Pilot et al.
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1986) to southern Europe, sometimes as far north as Scandinavia and the
Baltic (Franzen et al. 1994; Papayannis et al. 2005; Barkan et al. 2005) and (d)
along easterly trajectories across the eastern Mediterranean (Herut and Krom
1996; Kubilay et al. 2000, 2005) to the Middle East (Ganor et al. 1991) and pos-
sibly as far as the Himalayas (Carrico et al. 2003) and East Asia as far as Japan
(Tanaka et al. 2005).

5.6.1 North Atlantic Trajectories

The westward flow of material over the NAO is the most voluminous,
accounting for 30-50% of output (Schiitz et al. 1981; D’Almeida 1986).
Numerous papers have documented the transport and deposition of Saharan

Fig. 5.16 Two MODIS images of the Tokar delta, bordering the Red Sea in Sudan, showing
plumes of dust blowing westwards towards Saudi Arabia. a) 11 July 2002, b) 1 September 2004
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Fig. 5.16. (continued)

dust to distant regions of the NAO and to the Americas (for reviews, see Duce
1995; Prospero 1996a). Kaufman et al. (2005), using MODIS, calculated that
around 240 Tg of dust are transported annually into and across the Atlantic
Ocean, with 50 Tg of this fertilizing the Amazon Basin.

In his voyage on the Beagle, Charles Darwin reported that the atmosphere
was generally hazy over the Cape Verde Islands and stated (1893, p. 18):

“I have found no less than fifteen different accounts of dust having fallen
on vessels when far out in the Atlantic. From the direction of the wind when-
ever it has fallen, and from its having always fallen during those months when
the harmattan is known to raise clouds of dust high into the atmosphere, we
may feel sure that it comes from Africa”.

Large dust outbreaks during the summer appear to be associated with strong
convective disturbances that develop over West Africa at about 15-20° N
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Table 5.5. Dust storm frequencies in Egypt (1964-1968). Processed from data provided by
Meteorological Dept, Cairo, Arab Republic of Egypt

Location Annual frequency
>1000 m visibility <1000 m visibility

Sallum 40 10.0
Mersa Matruh 38 9.6
Alexandria 13 3.4
Port Said 12 1.6
Tanta 0.5 0.2
Cairo 46 6.5
Fayum 5 0
Minya 17 0
Assyout 33 1.6
Luxor 32 2.2
Aswan 68 6.6
Siwa 25 1.4
Baharija 16 2.4
Farafra 32 2.8
Daklha 47 0.6
Kharga 49 2.0
Hurghada 23 2.0
Qusier 30 1.6
Mean value 29.2 3.0

and move westward, carrying material entrained in Saharan and Sahelian lat-
itudes. Resultant dust plumes over the NAO are usually associated with east-
erly waves that emerge from the African coast every 3-4 days. Their complex
structure produces intricate distribution patterns, including northward
branches that can transport material to Western Europe. Remote sensing
images over the NAO have also demonstrated the importance of the develop-
ment of the Azores-Bermuda high-pressure system in summer in drawing
dust-laden air from the tropical North Atlantic into the subtropical region
(Jickells et al. 1998).

Saharan dust outbreaks over the NAO commonly start over North Africa
in a deep, well mixed, dry adiabatic layer of air that is undercut by cool, moist
low-level air as it advances westward and emerges from the African coast to
become a discrete Saharan air layer (SAL). The SAL, which is usually charac-
terized by a temperature inversion at its base, is often associated with a
mid-level easterly jet. Outbreaks of the dust-laden SAL commonly persist
for several days but exceptionally can last for tens of days (Carlson 1979).
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The longer-lived plumes transport material the furthest. Transport to the
Caribbean, where an estimated 20x10° t of Saharan dust is deposited annually
(Schlatter 1995), typically takes 5-7 days (Prospero and Carlson 1981). The
duration of individual Saharan dust events, monitored at Trinidad in the
West Indies, can vary between 3 days and 5 days; and sometimes back-to-
back episodes can last as long as 20 days (Rajkumar and Chang 2000).

The latitudinal pathways of transatlantic transport vary seasonally. Hence,
the maximum Saharan aerosol concentrations monitored at Barbados and
Miami are in July and August (Prospero and Carlson 1981; Prospero et al.
1987; Prospero 1999), while the highest concentrations monitored at Cayenne
(Prospero et al. 1981) are in March (Fig. 5.17). Sal Island lies in a zone that is
affected by both of these seasonal pathways, displaying a bimodal peak
(March and August/September) in atmospheric turbidity (Schiitz 1979).
TOMS analysis shows this clear seasonal pattern of dust export over the NAO
(Table 5.6). The zone of dust export is most intense between 10° N and 25° N,
but it migrates seasonally. In JEM, the zone of maximum AI is between 5° N
and 10° N. By AM]J, it is between 10° N and 20° N, whereas in JAS, it is
between 15° N and 25° N. By OND, a southward retreat has begun, but
dust export is relatively modest in amount. This seasonal pattern is com-
parable to that obtained from AVHRR aerosol optical thickness data
(Swap et al. 1996) and from ship observations of haze made prior to the 1930s
(McDonald 1938).

Specific sources for transatlantic dust plumes are not well known. They are
perhaps most likely to be in the Mauritania-Mali area and further north in
Western Sahara/Southern Morocco, although the clear seasonal signals found
in dust concentrations on the western side of the Atlantic are not simply
related to the seasonality of dust events recorded on the West African coast
(Fig. 5.17). At Nouakchott, dust storms are a feature of the first six months of
the year, before the annual rains; and hence it is unlikely that this station lies
in the pathway of the strong summer flow that reaches Miami and Barbados.
Further north, dust event frequencies at Nouadhibou and Dahkla are much
less obviously seasonal, although the month of maximum dust activity at both
stations is February. Harmattan dust blown from the Bodélé depression tends
not to travel far over the Gulf of Guinea, as it is efficiently scavenged by rain-
fall associated with the Intertropical Convergence Zone, which typically
descends no further than 5° N (Afeti and Resch 2000). The implication in var-
ious remote-sensing studies (e.g. Swap et al. 1996; Husar et al. 1997) that dust
reaching South America may be from Bodélé is investigated further in
Fig. 5.18, using data from the only period, 1977-1979, when regular monitor-
ing of mineral dust was carried out at Cayenne (Prospero et al. 1981). The link
with Bodélé dust is not confirmed by comparing the seasonality of mineral
dust concentrations in surface level air at Cayenne with that of thick dust haze
at Maiduguri in Northern Nigeria, a station directly within the Harmattan
trajectory. A better, though still far from complete, link to potential sources is
made with Nouakchott. However, the number of sites and length of data
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Table 5.6. Dust over the North Atlantic from 1999 TOMS data (percentage of days with AI >19)

Latitude (°N) Season
JEM AM] JAS OND

45-50 0 0 0 0
40-45 0 0 0 0
35-40 0 0 0 0
30-35 0.44 0 2.24 0
25-30 0.22 8.64 9.78 0
20-25 0 24.58 29.52 0.68
15-20 0.68 33.1 29.12 2.26
10-15 3.44 30.0 8.7 0.68

5-10 11.9 11.7 1.32 0.44

0-5 3.44 0.68 0 0.22

considered are too limited for firm conclusions to be drawn and it may be that
a combination of sources contributes to the Cayenne record.

5.6.2 European Trajectories

Saharan dust is often deposited over southern Europe in precipitation (Blanco
et al. 2003) or in the dry form and has been reported since ancient times
(Biicher and Lucas 1984). In southern Iberia, for example, the frequency of
African dust outbreaks averages 16-19 episodes per year (Querol et al. 2004).
In Mallorca, 253 Saharan dust rains were recorded between 1982 and 2003
(Fiol et al. 2005). In Italy, lidar observations in Naples suggest that the atmos-
pheric aerosol load is influenced by Saharan dust about 15% of the time
(Pisani et al. 2005). On 17 April 2005, a severe dust cloud enveloped Athens in
Greece. Less frequently, deposition occurs further north, on the British Isles
(Wheeler 1986), the Netherlands (Reiff et al. 1986), Germany (Jaeger et al.
1988; Littmann 1991b), Switzerland (Schwikowski et al. 1995), the French Alps
(Aymoz et al. 2004), Hungary (Borbély-Kiss et al. 2004) and Northern
Scandinavia (Franzen et al. 1994). Individual events can be large, such as the
dustfall in March 1991, which covered at least 320 000 km?, stretching across
Europe from Sicily to Sweden and Finland (Burt 1991a; Biicher and Dessens
1992; Franzen et al. 1995). A Europe-wide study between 2000 and 2003, using
a co-ordinated aerosol lidar network based on 21 stations as part of the EAR-
LINET project, observed 90 significant events of free tropospheric dust layers
in Europe during that period (Papayannis et al. 2005).

The Saharan source strength for dust transport to Europe was estimated at
80-120x10° t year™! by D’Almeida (1986), based on sun photometer readings
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Fig. 5.18. a) Monthly mean mineral dust concentrations at Cayenne, French Guiana. Modified
after Prospero et al. (1981). b) Monthly numbers of days with thick dust haze at Maiduguri,
Nigeria. ¢) Monthly number of dust storm days at Nouakchott, Mauritania. Modified after
Goudie and Middleton (2001, Fig. 4)
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taken in the early 1980s, while the annual aeolian flux to the Western
Mediterranean basin has been put at 3.9x10° t by Loye-Pilot et al. (1986) who
extrapolated from their monitoring of deposits at Corsica.

The seasonality of Saharan dust transport to Europe is shown for several
parts of the continent in Fig. 5.19. An analysis of data from Hungary,
Switzerland and Corsica indicates that the main period is from February to
June, with a secondary maximum in the late autumn and early winter
(Borbély-Kiss et al. 2004). For Britain, in the twentieth century (see Table 5.7),
there is a similar bimodal distribution of activity, with a peak in March and
another peak in September/October. By contrast, at Lannemezan in south-
west France there is a clear peak in the summer months, with July having most
outbreaks of Saharan dust and very few dust incursions occurring in the win-
ter (Dessens and van Dinh 1990). The pattern in mainland Spain also has a
peak of activity during the summer (i.e. May to August; Escudero et al. 2005),
although generally it is more evenly distributed throughout the year
(Rodriguez et al. 2001). This is also the case in Mallorca, where March to
September is the prime season (Fiol et al. 2005). Similarly in Italy, May, June
and July are the peak months for Saharan dust events (Rogora et al. 2004;
Kischa et al. 2005). Interestingly, of 38 Saharan dustfall events noted in Britain
in the twentieth century, not one occurred in the month of December. A dep-
osition event that took place over Anglesey in North Wales in December 2003
(Perkins 2004) was the first on record for that month. Not surprisingly,
Saharan dust falls on Britain have continued into the twenty-first century and
include events on 25-26 February 2003, 17 September 2003, 12-13 February
2004, 1 April 2004, 1 April 2005, 30 April to 1 May 2005 and 31 August 2005.

A major source area for transport to Western Europe was identified by
D’Almeida (1986) in southernmost Algeria, between Hoggar and Adrar des
Iforhas. Another source, where material is particularly rich in palygorskite
(Molinaroli 1996), is in Western Sahara-Southern Morocco. These sources
have been confirmed by back-trajectory analysis for dust deposited over
Northeastern Spain. Avila et al. (1997) traced deposition events back to three
main areas: Western Sahara, the Moroccan Atlas and central Algeria. These
sources have also been identified for transport to the British Isles (Tullet
1978; Wheeler 1986). A common trajectory for transport to Britain is over the
Bay of Biscay, in mid-tropospheric winds skirting an anticyclone over
Western Europe. A similar synoptic pressure distribution can deliver Saharan
dust to the Iberian Peninsula (Rodriguez et al. 2001). Less commonly, dust is
transported to Britain from Algerian sources across the Mediterranean and
France in association with a low-pressure system centred over the Bay of
Biscay (Wheeler 1986; Coudé-Gaussen et al. 1988). Again, such pressure sys-
tems also deliver material to Spain. Algeria was found to be by far the most
common source of Saharan dust deposited at Jungfraujoch in the Swiss Alps
(Collaud Coen et al. 2004).

Transport to southern Europe occurs more frequently than to areas further
north. A year of monitoring on Corsica, for example, revealed 20 dust events
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Table 5.7. Known Saharan dust falls in the British Isles over the twentieth century

Date

Areas affected

References

9 March 1901
22-23 January 1902
21-27 February 1903

28 November 1930
1 July 1968

6 March 1977

15 May 1979

28-29 November 1979

28-29 January 1981

11 February 1982
26-27 January 1983
24 September 1983
29 September 1983
22 April 1984

9 November 1984

4 April 1985

5-6 March 1987
17-18 August 1987
1 September 1987
17 September 1987
6 October 1987
26-27 October 1987
8 May 1988

18 October 1988

19 March 1990

7-8 March 1991

25 March 1991
6 September 1991

Central England
South-west England

Wales, south-west/central
England, East Anglia

English Channel coast
England and Wales

Ireland, west Scotland

Ireland

Ireland, North-west and central
England, north Wales, south
Scotland

North-west England, Northern
Ireland

South-eastern England

Southern England, Somerset to Kent
Berkshire

Northern Ireland

South Wales, Devon

Much of England and Wales, plus
eastern Scotland

South-east England
(Kent, Cambridgeshire)

Southern England

England and Wales

Northern Ireland, Western Scotland
Southern England (Berkshire)
England and Wales

Eastern and Southern England
Southern England (Berkshire)
Southern England (Berkshire)

Southern England
(Berkshire, Hampshire)

Southern England

Kent
Kent

Mill (1902)
Mill (1902)
Mill and Lempfert (1904)

Alexander (1931)

Pitty (1968), Stevenson
(1969)

Tullett (1978), Bain and
Tait (1977)

Tullett (1980)
Pringle and Bain (1981)

Richardson (1981), George
(1981)

Thomas (1982), Moon(1982)
Thomas (1983)

Pike (1984)

Tullett (1984)

Middleton (1986)

Thomas (1985), File (1986),
Wheeler (1986), Cinderey
(1987)

Thomas (1985)

Burt (1991b)
Tullet (1988)
Tullet (1988)
Burt (1991b)
Tullet (1988)
Smith (1988)
Burt (1991b)
Burt (1991b)
Burt (1991b)

Biicher and Dessens (1992),
Burt (1991a)

Thomas (1993)
Thomas (1993)
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Table 5.7. Known Saharan dust falls in the British Isles over the twentieth century—cont’d

Date Areas affected References

11 October 1991 Southern England (Berkshire, Kent)  Burt (1992)

5 March 1992 Kent Thomas (1993)

30 June 1992 Sheffield Thomas (1993)

8 August 1992 Devon, Kent Thomas (1993), Burt (1995)

17-18 September 1992  Devon, Berkshire, Kent Knightley (1993),
Thomas (1993)

16-17 March 1993 Berkshire Burt (1995)

21 April 1994 Berkshire Burt (1995)

24 September 1994 Central Southern England Burt (1995)

14 February 1998 Ireland (Co. Mayo) Sweeney (1998)

13 March 2000 Oxfordshire Middleton et al. (2001)

(Bergametti et al. 1989) originating in three source areas: eastern Algeria/
Tunisia/western Libya, Morocco/western Algeria and ‘south of 30° N’.

The general synoptic pattern associated with dust transport from Africa
towards Europe is discussed by Barkan et al. (2005). They suggest that the
central importance lies in: (a) the strength and position of the trough ema-
nating southward from the Icelandic low and (b) the eastern cell of the
sub-tropical high. A deep, well developed trough near the Atlantic coasts of
Europe and Africa, penetrating well to the south, and the strong eastern cell
of the subtropical high situated to the north east of North Africa near the
Mediterranean coast cause strong south western flows with the potential to
carry dust northwards into the Mediterranean and on into Europe.

5.6.3 Eastern Mediterranean Trajectories

Dust transport from North Africa to the eastern Mediterranean (Fig. 5.20)
occurs predominantly during the spring and is often associated with the east-
ward passage of frontal low-pressure systems - Sharav cyclones (Kubilay
et al. 2003). These cyclones are principally formed by differential heating
between relatively colder oceanic waters to the north and warmer landmasses
to the south. Analysis of 23 heavy dust falls in Israel over a 20-year period
suggests that the North African type is by far the most common (Ganor et al.
1991) and North Africa is also the main source of desert dust transported to
Turkey (Mace et al. 2003; Kubilay et al. 2005). These storms are usually asso-
ciated with a cold front with a significant downward-flowing jet stream and
are often accompanied by rain (Alpert and Ganor 1993). Typically, the fronts
are characterized by the presence of Saharan air at upper levels, above air
from other source regions in the boundary layer, a situation confirmed by
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Fig. 5.20. Suspended dust in the atmosphere over the eastern Mediterranean, 19 October 2002
(MODIS)

back-trajectory analysis conducted at 850 hPa and 500 hPa for air masses
arriving at Erdemli in Turkey by Kogak et al. (2004). Dust from sources in the
Middle East, by contrast, is more typically transported to the Mediterranean
in the autumn (Dayan 1986; Kubilay et al. 2000, 2005) and tends to occur at
higher altitudes (700 hPa and higher) than dust derived from North Africa.

Long-range transport of Saharan dust to the central Mediterranean basin is
characterized by events lasting 2-4 days, compared to an average duration of
just 1 day for events reaching the eastern Mediterranean from Arabia (Dayan
et al. 1991). There is some seasonal variation in the source areas of dust reach-
ing Israel, with Chad being the spring source, Egypt and the Red Sea the source
in July/August and Libya in the autumn (Israelevich et al. 2003).

Central Algeria is the most frequent source area for Saharan dust reaching
Israel (Ganor et al. 1991); and Ganor and Foner (1996) distinguish between
material commonly transported from sources in the Hoggar Massif and the
Tibesti mountains in Northern Chad, the latter also picking up material from
the Western and Sinai Deserts.
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5.7 Middle East

Dust storms are important phenomena over large tracts of the arid and semi-
arid regions of the Middle East (Middleton 1986a; Kutiel and Furman 2003;
Leon and Le Grand 2003). Indeed, Arabia was identified by Idso (1976) as one
of the five major world regions where dust storm generation is especially
intense. A number of dust-bearing winds have been identified (Table 5.8).

A preliminary analysis of the distribution and seasonality of dust storms is
provided by Middleton (1986a), who, on the basis of the analysis of meteoro-
logical data established that southern Iraq (Al-Najim 1975) and Kuwait (see
also Abdulaziz 1994) had the highest number of dust episodes (Fig. 5.21). At
stations in Qatar, Kuwait and Iraq, dust activity is at its highest from April to
August. A thorough analysis of the situation in Kuwait is provided by Safar
(1985). Subsequently, on the basis of the study of aerosol geochemistry over
the Arabian Sea, Pease et al. (1998) suggested that the Wahiba Sands area of
Oman is also a major dust source region. Dust storms are common in the
Saudi Arabian city of Riyadh (Modaish 1997), where 41 days with a visibility
less than 1.6 km occur each year. There is also considerable dust storm

Table 5.8. Dust-bearing winds of the Middle East

Name Area affected Season Direction =~ Meteorological conditions
Shamal (north) Mesopotamia and ~ Feb./Oct. N Blows between Azores
Arabian Gulf high and Indian
monsoon low
Sad-ou-bistbad  South-eastern Iran May/Sept. N-NW Circulates around main
(wind of 120 days) (especially Seistan) low of Indian monsoon
Belat South-eastern mid-Dec./ N-NW

Arabia especially =~ mid-March
between Ras Sajar
and Masira Island

Simoom Kuwait Summer NW
(poison wind)

Khamsin (fifty)*  Egypt Springand Predomi-  Local wind caused by
winter nantly S particular air masses
drawn into region by
passage of a cyclone and
its associated fronts

Sharav Israel April-June SW-Sor SE Khamsin-type
Shlour Syria and Lebanon  Spring and

winter S-SW
Shargi Ira Spring SE

 Variously taken to refer to the average duration of wind (50 h), its annual frequency (50 times) and its
season of maximum onset (the 50 days either side of spring solstice). From: Middleton (1986a Table 1)
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Fig. 5.21. The distribution of dust storms (visibility less than 1 km) in the Middle East as deter-
mined from meteorological data. Modified after Middleton (19864, Fig. 4)

activity in the Negev (Offer and Goossens 2001) and studies of dust deposition
have also been made over the Dead Sea (Singer et al. 2003). Leon and Le
Grand (2003), using IDDI from Meteosat, give a regional picture for the whole
of the North Indian Ocean region.

Dust deposition contributes to the formation of loess deposits at various
locations in the Middle East, including the Negev Desert, Yemen, Saudi
Arabia, Syria, Bahrain and the United Arab Emirates (Goudie et al. 2000). It
also contributes to sedimentation in the Arabian Gulf (Sugden 1963; Foda
et al. 1985), the Eastern Mediterranean (Kubilay et al. 2000), the Red Sea and
the Arabian Sea (Stewart et al. 1965; Prins et al. 2000). Dust is also a major
hazard for engineering structures and for air quality in the region (Jones 2001).

Some of the dust in the Middle East is locally derived (Fig. 5.22), but
significant quantities come into the Levantine Basin (Krom et al. 1999), Turkey
(Giillii et al. 2005) and Israel (Ganor and Foner 1996) from the Sahara.
Figure 5.23 shows simplified maps of seasonal changes in the AI determined
by TOMS. In January, February and March (JEM), the area with AI >6 lies
largely in the south and east of the Arabian Peninsula south of latitude 32° N.
The most intense area of activity, with a small stretch where AI >15, is on the
Oman-Saudi Arabia border at ca. 20° N. In April, May and June (AM]),



The Regional Picture 109

Fig. 5.22. A dust storm at Jazirat al Hamra, near Ras al Khaimah, United Arab Emirates
(from ASG)

the situation is dramatically changed, with much of the Middle East south of
ca. 37° N experiencing Al values >5. An area of AI >5 has also developed on
the east side of the Caspian Sea and the same is true of Iran. The area with
AI >15 has expanded to include a large swathe of interior Arabia and part of
the Makran coast of Iran. The Oman-Saudi border region continues to be the
most developed area of dust, but the Al values now exceed 25. In July, August,
September (JAS), the situation is broadly similar to that in AM]J. However, by
October, November, December (OND), the area with AI >6 has shrunk very
noticeably, being restricted to southern and eastern Arabia. There is only a
very small area, the Oman-Saudi border region, where AI >15. The contrac-
tion of the area with high AI values in the winter season (JEM, OND) is related
in all probability to the occurrence of rainfall in the northern part of the
region during the winter months. However, this is also the season when
cyclonic activity is most likely to occur; and Offer and Goossens (2001,
Fig. 21) suggest that the peak of dust storm activity in the Negev in February
may be related to this cause. The intensification of dust storm activity in the
southern part of the region during the summer months (AM], JAS) may be
related to a variety of factors, including dust inputs from the Sahara, for these
are the months when the northern part of ‘the Saharan dust machine’ is most
active (Goudie and Middleton 2001). It is also a time of intense atmospheric
instability because of the extreme surface temperatures that are achieved.
In addition, it is a time when strong north-westerly winds - the Shamal -
occur. In Arabia as a whole (Table 5.9), OND has the lowest wind velocities,
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Fig. 5.23. The seasonal pattern of dust storm activity in the Middle East, derived from TOMS.
The values are long-term values of the aerosol index (AI). Modified after Goudie and Middleton
(2002, Fig. 1)
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Table 5.9. Seasonality of Arabian Wind (mean wind speed; m s™*)

Location ] F M A M ] ] A S O N D
Dhahran 0.9 0.9 1.0 1.1 1.0 12 09 09 09 08 07 0.7
Jeddah 0.9 1.0 0.9 08 08 08 07 09 08 06 05 05
Madinah 0.6 0.5 0.6 06 06 06 07 06 05 05 05 04
Riyadh 0.6 0.6 0.5 05 06 06 06 04 03 03 03 03
Taif 0.7 0.8 0.8 07 06 08 01 09 06 06 05 04
Bahrain 5.2 5.4 5.0 46 49 58 43 43 37 40 43 5.0
Doha 4.5 4.7 4.9 48 50 55 44 44 35 38 40 4.2
Abu Dhabi 3.8 4.3 4.6 40 41 41 39 40 36 32 31 35
Dubai 3.0 3.6 3.6 36 38 39 36 36 33 3.0 28 3.0
R.AK. 2.2 2.3 2.6 28 29 28 28 28 23 20 20 20
Sharjah 3.3 3.5 3.6 37 38 37 36 35 32 29 3.0 3.0
Amman 3.2 3.6 3.6 36 35 39 41 36 27 23 25 29
Deir-Alla 2.2 1.9 1.8 1.9 1.8 15 15 15 15 16 22 23
Irbid 6.9 7.2 7.1 69 70 88 97 88 67 49 54 6.0
Kuwait 3.7 4.1 4.5 45 47 58 56 48 37 35 35 35
Monthly mean  2.78 296 3.01 293 3.13 3.32 3.17 3.17 2.49 227 235 2.51
Quarterly mean 2.92 3.13 2.94 2.37

whereas the highest velocities occur in MJJA. This seasonal pattern is con-
firmed by visibility data for Masirah Island off Oman. Mean monthly visibil-
ity is at its lowest in MJJA. Likewise, data from the ground-based Aerosol
robotic network (AERONET) show that the maximum dust aerosol loading in
Bahrain occurs in the March-July period (Smirnov et al. 2002).

5.7.1 The Spatial Pattern of Dust in the Middle East from TOMS

The mean annual Al values for Arabia and neighbouring areas are mapped in
Fig. 5.24. It is clear that substantial dust loadings occur over much of the
Arabian Peninsula and that the values are comparable to those obtained over
large tracts of the eastern Sahara. By looking at the Al values and their areal
extent, it is possible to gain an indication of the strength of dust loadings over
Arabia in comparison with other desert areas. As Table 4.2 indicates, the dust
source on the Oman/Saudi Arabia border is the third strongest in the world,
only being exceeded by the western and central Saharan sources.

There is a clear tendency for the highest Al values to occur in the south and
eastern Arabia. One intense area is on the borders of Oman and Saudi Arabia
centred at ca. 19° N and 54° E. This is a very dry, low-lying area fed by a series
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Fig. 5.24. The annual pattern of dust storm activity in the Middle East, derived from TOMS AI
values. Modified after Goudie and Middleton (2002, Fig. 2)

of ephemeral wadis that have their sources in the mountain rim of Yemen
and Oman. It also includes a large area of closed drainage with numerous
playas, including the Umm and Samim and the Sabkhat Aba ar rus. Glennie
and Singhvi (2002) show the extent of the 100-m closed contour in their Fig. 1
and outline it in their geomorphological map of SE Arabia as a ‘deflation’
plain. The other dust ‘hot spot’, which is larger in extent but less intense, is in
eastern Saudi Arabia to the north of the great Rub Al Khali sand sea. The
mountainous rims of Arabia (Fig. 5.25) and the more humid areas of the
Middle East are not major dust source regions. Dust storms are most preva-
lent where the mean annual precipitation is less than 100 mm and mean
annual potential evapotranspiration is over 1140 mm. The concentration of
dust storms in areas where the mean annual rainfall is less than 100 mm con-
firms a picture that emerges from the Sahara (Middleton and Goudie 2001)
but is at variance with the suggestion of Goudie (1983), based on analysis of
meteorological observations, that the driest areas are not as important for
dust storm generation as those with rather higher amounts.
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Fig. 5.25. a) The annual pattern of dust storm activity in the Middle East in relation to: b) the
topography, c) the precipitation of the region, and d) areas below 200 m. Modified after Goudie
and Middleton (2002, Fig. 3)

When one compares the TOMS picture with that obtained from ground
meteorological observations (Fig. 5.21), certain major differences are appar-
ent. However, it has to be remembered that such differences are partly a
result of the paucity of meteorological stations in some parts of inner Arabia,
most notably in the south-east quarter where TOMS shows the highest AI
values. Nevertheless, some of the highest dust storm occurrences recorded by
ground stations occur in the vicinity of Kuwait, Baghdad and Basra
(Middleton 1986a), yet this is not an area identified by TOMS as having very
high dust loadings, though they are still appreciable.

5.7.2 Dust Transport from the Sahara to the Middle East

Although much dust is raised locally over the Middle East, it is apparent that
substantial amounts of dust come from the Sahara. The type of synoptic
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situation responsible is the passage of an advancing cold front and the
associated strong surface winds ahead of it penetrating south-eastwards from
the Mediterranean Sea deep into the northern Sahara and Libyan Desert
(Michaelides et al. 1999). This can be illustrated by the situation in mid-
March, 1998, when a major dust event caused ports and airports to be closed,
created breathing problems for inhabitants of Amman and led to fatal motor-
ing accidents in Egypt and Jordan. Mean visibility in Amman was reduced to
4.2 km. A large, deep depression moved eastwards from North Africa and
then deepened further over the Middle East as it encountered cold polar air
pushing across Turkey. The progress of this system can be traced by looking
at the daily TOMS maps for the period 14-20 March (Fig. 5.26). The sequence
starts with an area in eastern Algeria, southern Tunisia and north-western
Libya generating Al values greater than 26. The following day, it has moved
across Libya into Egypt and the eastern Mediterranean. On 16 March, the
main area with high Al values covers Cyprus and the Levant. Mean visibility
at Amman airport was reduced to 3.2 km. On 17 March, the area with high Al
values has broken down into a group of small, deep clusters and by 19 March,
most of the area has Al values less than 10.

Another example is provided by a TOMS sequence for late March 1999
(Fig. 5.27). On 27 March, a deep system developed over northern Libya,
and achieved AI values that exceeded 27. The system moved rapidly east-
wards across northern Egypt on 28 March and to northern Saudi Arabia on
29 March. It then weakened as it moved down the Gulf, reaching Bahrain and
Qatar on 30 March.

The Red Sea shore of Africa can be another major source over western
Saudi Arabia, particularly the plain of the ephemeral Baraka river and the
Tokar delta. The TOMS image for 24 March (Fig. 5.28) shows the presence of
an area of relatively high AI values heading across the Red Sea into Saudi
Arabia in the vicinity of Jiddah, Makkah and At Ta’if. Similarly, in late June
2000, a series of dust pulses travelled from the northern Sudan across the Red
Sea into Saudi Arabia and could be traced both on TOMS (Fig. 5.29) and on
AVHRR imagery.

Yet another example of the movement of a dust storm from the northern
Sahara to the Middle East is provided by the events of April 2000 (Fig. 5.30).
On 18 April, TOMS showed a large area of dust over southern Libya and far
western Egypt. On the following day this reached eastern Egypt, Israel and
Lebanon, causing the closure of the port of Alexandria and the cessation of
flights to Aswan. The mean visibility at Cairo airport was reduced to 4.6 km
and that at Luxor to 3.7 km. In Israel, mean visibility in Beersheva was
reduced to 2.6 km. Limassol in Cyprus was also badly affected, as were flights
in southern Turkey.

In March 2002, a large dust storm blew from north eastern Africa across to
Iran (Fig. 5.31). On 19 March, the system had intensified over Israel and
Palestine and by 20 March it had moved eastwards to the Tigris-Euphrates val-
ley and the north-east of Iran. On 21 March, dust remained over southern Iraq.
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Fig. 5.26. The passage of dust systems from North Africa to the Middle East, mid-March 1998,
based on TOMS AI values. Modified after Goudie and Middleton (2002, Fig. 5)
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Fig. 5.27. The TOMS Al sequence for late March 1999. Modified after Goudie and Middleton

(2002, Fig. 6)
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Fig. 5.28. The TOMS AI sequence for 24 March 2000. Modified after Goudie and Middleton
(2002, Fig. 7)

5.8 South West Asia

Dust storms are widespread in the northern part of the Indian sub-continent
and neighbouring areas (Léon and Le Grand 2003; El-Askary et al. 2005).
Middleton (1986b) used ground station observations to examine the fre-
quency and seasonality of dust storms in south-west Asia. Figure 5.32 is his
map of dust storms in the region. It shows that the highest frequencies occur
at the convergence of the common borders between Iran, Pakistan and
Afghanistan. Other high-frequency areas occur on the Arabian Sea coast of
Iran (Makran) and across the Indus Plains of Pakistan into north-west India
(Hussain et al. 2005) and the Indo-Gangetic basin (Dey et al. 2004). Littmann
(1991a) also mapped the frequency of Asian dust storms and examined some
of the climatic factors that control their seasonal occurrence. The geochem-
istry of the dust aerosols in the vicinity of the Thar Desert are discussed by
Yadav and Rajamani (2004).

Multiple dust sources are discernible on the annual mean map of TOMS
data (Fig. 5.34). These sources are broadly concurrent with those mapped by
Middleton (1986b; Fig. 5.32). Figure 5.33 shows four major source areas with
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Fig. 5.30. The TOMS AI sequence for mid-April 2000. Modified after Goudie and Middleton
(2002, Fig. 9)

Al values of >8: (a) the Makran coastal zone, stretching from south-eastern
Iran into neighbouring Pakistan, (b) a broad area of central Pakistan, (c) an
area at the convergence of the borders of Iran, Afghanistan and Pakistan that
comprises the Seistan Basin (Fig.5.35), the Registan sand sea and north-
western Baluchistan and (d) an area approximately coincident with the Indus
delta. A broad “tongue” of dust-raising activity stretching south westwards
down the alluvium of the Gangetic plain is also clearly defined on both maps.
Some of the dust loading in this latter area may come from as far away as the
Arabian Gulf (Dey et al. 2004) or the Sahara (El-Askary et al. 2005).
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Fig. 5.31. The TOMS AI sequence for mid-March 2002. Modified after Goudie and Middleton
(2002, Fig. 10)

Coastal Baluchistan/Makran appears as the most active source area
according to the TOMS data, whereas Middleton’s (1986b) map (Fig. 5.32)
shows the Seistan Basin area to have the most frequent dust storm activity.
Middleton does not record the Indus Delta as a significant area for dust storm
activity, having fewer than five dust storms a year. However, Middleton high-
lights the plains of Afghan Turkestan as an area where annual dust storm
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Fig. 5.32. The number of dust storm days per year in South Asia, based on ground observations.
Modified after Middleton (1986b)

1 1

frequency exceeds 30 and two areas in Iran (around Yazd in the centre and
along the border with Turkmenistan) as having 20 or more dust storm days
annually. None of these areas appears significant according to the TOMS data.

The Makran is a hyperarid area of late-Quaternary uplift (Vita-Finzi 1981;
Reyss et al. 1998). Material is supplied to the coastal strip from the mountains
inland; and silt-sized material blown from ephemeral rivers and alluvial fans
southward over the Arabian Sea (Fig. 5.36) dominates near-shore sediments
(Mohsin et al. 1989).

The Iran/Afghanistan/Pakistan border area is known as the Dasht-i-Margo.
Dust sources are found in lowland parts of this mountainous region, includ-
ing the Seistan Basin. This is a huge closed depression, around 450 km across,
so that by analogy with areas like Bodélé, Taklamakan and Eyre, it is perhaps
not surprising that it is a very active dust source. Sediments available for
deflation are fed into the basin from the surrounding mountains. Specific
source areas are likely to be alluvial fans and ephemeral lakes. Indeed,
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Fig. 5.33. The annual TOMS mean for South Asia. The scale on this and subsequent figures
shows the aerosol index (AI). Modified after Goudie and Middleton (2000, Fig. 2)

MODIS images of the area show that the bed of Lake Hamun and the large
deltaic fan of the Helmand River, which flows into it, are repeated sources of
dust storms. This is probably caused in part by desiccation of the area
brought about by diversion of upstream water for irrigation use (see
www.unep.org/governingbodies/gc22/document/afghanistan4.pdf) and by
extreme droughts in recent years. Dense plumes of dust originating from the
dried lake beds and from the delta of the Helmand are transported by high-
velocity winds coming from the north and funnelled by gaps in the high
mountains. The famous ‘wind of 120 days’ was discussed by early travellers
to the region. McMahon (1906, p. 224), for example, wrote: “ It sets in at the
end of May or the middle of June, and blows with appalling violence, and
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Fig. 5.34. Dust storm hotspots in the north-west Indian Ocean region 1998-2002 from TOMS

with little or no cessation, till about the end of September. It always blows
from one direction, a little west of north, and reaches a velocity over 70 miles
an hour. It creates a pandemonium of noise, sand and dust”. He noted that it
left old irrigation canal beds, which are more resistant than surrounding sed-
iment, standing above the level of the adjacent land, and that there were some
wind scour features around 6 m deep.

5.8.1 The Seasonal Cycle of Dust from Ground Observations

Table 5.10 presents data on dust storm seasonality for a range of climatolog-
ical stations in Afghanistan, India and Pakistan. There is some variability in
the month with maximum dust activity, with all months between March and
October having at least one station where this occurs. Equally, no stations
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Fig. 5.35. A MODIS view of a dust storm blowing off the Seistan Basin of south-west Asia,
17 August 2004

have maximum monthly frequencies between November and February.
When one takes the mean for all 17 stations used, the dustiest period covers
May and June, when just over 40% of all dust storms occur. This is the pre-
monsoon season (Hussain et al. 2005). Only 7.8% of dust storm activity
occurs between November and February.

5.8.2 The Seasonal Cycle of Dust from TOMS

In January, February and March, the area with reasonably high AI values is
small, and the highest AI values are less than 8 (Fig. 5.37). There is one zone
located on the Makran coast of Iran and another in the lower Indus plain
where Al values lie between 6 and 8. By March, April and May (Fig. 5.38), the
situation is transformed and there is now a large belt from Iran across to
north west India where AI values exceed 10. There is a strong zone of dust
activity along the Makran coast where Al values exceed 14 and another along
the Ganges Plain where values exceed 12. In April, May and June, just before
the break of the south west monsoon (Fig. 5.39) the AI values reach their
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Fig. 5.36. Plumes of dust from the Makran coast of Iran and Pakistan are captured in this
MODIS image on 14 December 2003

annual peaks. There is a large expanse of country where they are greater than
15 and two locations (the Makran coast and the Sibi Plain of Baluchistan),
where values exceed 18. By July, August and September (Fig. 5.40), the spread
and intensity of the zone of high dust loadings have contracted. The Ganges
Plain is no longer significant and Al values in the Indus Plain are less than 18.
The Makran, however, continues to be important, with some AI values
greater than that figure. In October, November and December (Fig. 5.41), the
Indian region is at its least dusty condition during the annual cycle. Al values
are low throughout the region, and do not exceed 6. The two hot spots - the
Makran coast and the southern Indus valley - are, however, evident.
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Fig. 5.37. The TOMS monthly mean AI for January, February, March

5.8.3 Climatic Relationships to Dust Seasonality in South Asia

The explanation for the extreme seasonal variation in dust activity revealed
both by ground observations and by TOMS lies with various climatic factors.
The predominant factor is the seasonality of rainfall, which in turn controls
soil moisture content (cohesiveness) and vegetation cover. The south-west
summer monsoon brings a maximum of precipitation to the south and east of
the dry zone, with July and August being especially wet. In the north and west
of the region (e.g. in Baluchistan and the North-West Frontier of Pakistan), the
rainfall maximum may be in late winter. The contraction of the area of dust
activity from the Ganges Plain and elsewhere in July to September (Fig. 5.42)
can be explained by the high number of rainy days at that time.
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Fig. 5.38. The TOMS monthly mean AI for March, April, May. Modified after Goudie and
Middleton (2000, Fig. 3)

Another important control of dust storm activity is the occurrence of
thunderstorms, for these are one of the main factors that can generate dust
from the ground surface. Although for the area as a whole (Table 5.11) the
highest frequency of thunderstorms is during the wet months of July and
August, there is also substantial activity in May and June, prior to major
precipitation occurring with the onset of the southwest monsoon.

Wind activity, a crude measure of which is wind velocity (Table 5.11), is
closely related to thunderstorm frequency, with the highest mean wind veloc-
ities occurring in early summer. Also important are pressure conditions. The
easterly movement of ‘western disturbances’, low-pressure zones either at
the surface or in the upper westerly wind regime north of the subtropical
high pressure belt, are responsible for two distinct synoptic situations that
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Fig. 5.39. The TOMS monthly mean AI for April, May, June. Modified after Goudie and
Middleton (2000, Fig. 4)

cause dust-raising over much of the area. These troughs move across Iran
and Turkmenistan to affect the Indian subcontinent north of 30° N. Weak
circulations, called induced lows, may simultaneously develop over central
parts of Pakistan and Rajasthan and move east-north-eastwards (Rao
1981).The two dust-raising situations commonly caused by these lows are the
creation of a steep pressure gradient, where strong winds may cause deflation
from parched soils, and the creation of an area prone to thunderstorm gen-
eration, where dust is mobilized by the dry thunderstorm downdraft. Dry,
dust-raising thunderstorms are meso-scale phenomena, typically lasting less
than an hour at any one spot, as the thunderstorm system moves with typical
speeds of 60 km h™'. These storms are most common in north-west India,
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Fig. 5.40. The TOMS monthly mean AI for July, August, September. Modified after Goudie and
Middleton (2000, fig. 5)

where they are known as Andhi, the majority of which occur during the pre-
monsoon hot season (April-June).

The pressure-gradient dust storms are synoptic scale features that can
raise dust over large areas throughout Pakistan and north-western India,
often continuing for several days (Middleton 1989). Once raised, dust can
then remain in the atmosphere for several days, being generally transported
towards the east or north-east in the pressure-gradient winds. Such material,
when transported in lighter winds, creates dust haze conditions known as
Loo. This is typically experienced to the east and north-east of Rajasthan, in
Delhi and on the Ganges plain as far east as Bihar.
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Fig. 5.41. The TOMS monthly mean AI for October, November, December. Modified after
Goudie and Middleton (2000, fig. 6)

To the north and east of Rajasthan, the Loo’s role becomes less important
and that of the Andhis more important. Joseph et al. (1980) state that most of
the dust storms occurring at New Delhi are of the Andhi type, a situation
exemplified in Fig. 5.42a, which shows that the peak dust storm months of May
and June correspond to a high frequency of thunderstorms. Although thun-
derstorm frequency rises further in July and August at New Delhi, these
months are also associated with high monsoon rainfall totals. Maximum dust
storm frequencies at Ganganagar are also experienced in May and June
(Fig. 5.42b) but these are not months of elevated thunderstorm frequency.
Dust-raising here is more closely associated with the pressure-gradient winds.
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Fig. 5.42. Plots of mean monthly dust storms, thunderstorms and rainfall for: a) New Delhi and
b) Ganganagar. Modified after Goudie and Middleton (2000, Fig. 7)

To summarize, in the winter, although it is dry over most of the region, dust
storm activity is low. This is because of high-pressure conditions, a lack of
thunderstorm activity and the absence of strong winds. In the pre-monsoon
season, conditions are still dry, but wind velocities and thunderstorm activ-
ity increase. This is a time when strong heating of the landmass generates
unstable conditions and convective low-pressure systems, generating maxi-
mum dust activity. The onset of the monsoonal period in July leads to a sharp
decrease in dust activity. Soil water storage and the persistence of a vegeta-
tion cover ensures that dust storm activity remains at low levels into the
winter months.
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Table 5.11. Monthly frequency of dust storms, thunderstorms and mean wind speeds for the
desert region of the Indian sub-continent

] F M A M ] ] A S (0] N D

Dust storms 1.68 3.59 8.79 10.29 21.81 18.6 1254 9.23 544 6.05 1.72 0.81
(frequency
as % by month)

Thunderstorms 2.35 2.55 7.85 9.31 10.35 14.07 18.64 16.14 10.84 4.46 1.02 24
(frequency
as % by month)

Wind speeds 1.6 1.8 21 23 28 32 31 26 22 15 13 13
(mean
velocity m s™)

5.9 Central Asia and the Former USSR

In the southern portions of the former Soviet Union there is a large zone
where the number of dust storms exceeds 40 per year (Klimenko and
Moskaleva 1979) and some locations where there are more than 80, one of the
highest occurrences in the world (Fig. 5.43). May to August is the period with
greatest activity; and Kazakhstan was identified by Zakharov (1966) as hav-
ing the greatest frequency of occurrence. Human activities have caused dust
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Fig. 5.43. The distribution of dust storms in the former Soviet Union. Based on the work of Kes
and Fedorovich, in Goudie (1983a, Fig. 5)



134 A.S. Goudie and N.J. Middleton

storm frequencies to be raised both by the extension of cultivation,
particularly during the ploughing up of pastures associated with the Virgin
Lands Scheme of the 1950s and as a result of the desiccation of the Aral Sea.
The ‘white’, saline dust from the former seabed of the Aral region is highly
toxic (O’Hara et al. 2000) and links have been suggested between this atmos-
pheric dust and poor human health in the region (Wiggs et al. 2003; see also
Chapter 7). Sixty per cent of storms in the Aral Sea region carry dust towards
the south-west and 25% travel westward over the Ustyurt Plateau (Micklin
1988); and Aral dust has been reported as far afield as Belarus and Lithuania
to the north-west, Georgia to the west and Afghanistan to the south-east
(Létolle and Mainguet 1993).

Orlovsky et al. (2005) give a detailed treatment of the dust storms that
occur in Turkmenistan, where the highest frequency (Fig. 5.44) occurs in the
Karakum Desert, notably at Repetek (62 days per annum). This is an area
where mountains channel strong winds. The plains have the highest inci-
dence of dust storms in the spring months, when the soils dry out and there
is a great incidence of energetic cyclones and cold-wave intrusions.

There have been few detailed studies of dust storms elsewhere in Central
Asia. North of Turkmenistan, in Kazakhstan, dust-raising occurs in the desert
areas between the Aral and Caspian seas (Fig. 5.45). Mineral dust from the
Ryn Peski desert, north of the Caspian Sea, has been detected 2000 km distant
in countries bordering the Baltic (Hongisto and Sofiev 2004).
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Fig. 5.44. Distribution of dust storms (visibility <1000 m) in Turkmenistan. Modified after
Orlovsky et al. (2004, Fig. 2)
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Fig. 5.45. A wall of dust approaching the village of Qulandy, north west of the Aral Sea in
Kazakhstan, from the desert clay plains of the Ustyurt plateau to the west, 26th July 2004 (from
NJM)

5.10 China

Dust storms of yellow dust take on particular importance in China because of
their significance for the formation of loess (Derbyshire et al. 1998; Kar and
Takeuchi 2004). They also appear to have been a major source of the dust in
Late Pleistocene ice layers in Greenland (Svensson et al. 2000) and forested
peat bogs from Kalimantan in south-east Asia (Weiss et al. 2002). Moreover,
according to Kes and Fedorovich (1976), the Tarim Basin has more dust
storms than any other location on Earth, with 100-174 per year. There are
stations to the north-west of the 750-mm annual isohyet that have dust
storms on more than 30 days in the year (Goudie 1983). These dust events can
cover immense areas and transport particles to Japan (where the dust haze is
known as kosa, literally “yellow sand” in Japanese), Korea (where the dust
is called Huang Sa), Taiwan and the Pescadores Islands (Yuan et al. 2004) and
beyond (Ing 1972; Willis et al. 1980; Betzer et al. 1988; Chung et al. 2003;
Fig. 5.46a, b). The dust is highly seasonal in occurrence, with the spring
months being the time of greatest activity (Youngsin and Lim 2003; Laurent
et al. 2005). The question of the trajectories of long-distance dust derived
from China is discussed further in Section 5.12.

Studies of dust loadings (Chen et al. 1999) and fluxes have suggested that
there are two main source areas: the Taklamakan and the Badain Jaran
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(Zhang et al. 1998). In all, it has been estimated that about 800 Tg of Chinese
dust is injected into the atmosphere annually, which may be as much as half
of the global production of dust (Zhang et al. 1997). The prevalence of yellow
dust haze in the Tarim basin has been noted by many travellers and, in his
Pulse of Asia, Huntington (1907, p. 157) reported that: “Dust fell so fast, that
even on a still day one was obliged to brush his letter-paper every ten or fif-
teen minutes to prevent the pen from becoming clogged. Almost every trav-
eler speaks with exasperation or weariness of the persistence with which the
haze shrouds the land for weeks at a time”.

Figure 5.47 shows two of the best available maps of dust storms in the
region. The predominant importance of the Taklamakan (located in the Tarim
Basin) is evident, though other important centres occur north of Urumqui in
the Junggar Pendi and in the Ordos. Sun (2002a, b) draws attention to the
Tengger, Ulan Buh, Hobq and the Mu Us deserts (generally referred to as the
‘Gobi Deserts’) as sources for the loess deposits of the Chinese Loess Plateau.
Indeed, Zhang et al. (2003), Sun (2000) and Xuan et al. (2004) argue that they
may be as important as, or even more important than, the Tarim Basin. Shao
et al. (2003) concur, suggesting the Gobi to be the strongest dust source in the
region, with dust emission rates of up to 5000 ug m=s".

The analysis by Shao and Wang (2003) has it that the highest frequency of
dust events occurs in the Taklamakan but that most of these events are clas-
sified as dust in suspension rather than full-blown dust storms (Fig. 5.48).
The Gobi Desert experiences fewer dust events, but they are often severe and
extensive. These authors found atmospheric dust concentrations in the
Tarim Basin and the Gobi regions to be of a similar order of magnitude, with
average maximum values reaching 1 mg m.

The TOMS data (Fig. 5.49) confirm the primacy of the Taklamakan/Tarim
source. A large area stretching over 75-94° E and 35-42° N has relatively high
AT values, which exceed 11 in the centre. The Junggar Pendi shows up as a
secondary source, as do some small areas to the east of the Taklamakan
towards Beijing. The TOMS mean values are in broad agreement with mod-
elled dust production (Xuan et al. 2000), in that both show an east-to-west
increase in dust, with a primary peak in the Tarim and a springtime maxi-
mum. However Xuan et al. (2000) suggest a secondary peak over West
Mongolia, which is not evident in the TOMS data.

The strength of the Taklamakan as a source is scarcely surprising. It is the
largest desert in China, has precipitation that can drop to <10 mm and con-
sists of a closed basin into which mountain-sourced rivers feed sediments.
There are extensive marginal fans and areas of dune sand from which dust
can be winnowed (Zhu 1984; Wang and Dong 1994; Honda and Shimuzu
1998) and lake sediments associated with the wandering and desiccated lake
of Lop Nor. Above all, with an area of 530 000 km?, the Tarim is one of the
Earth’s largest closed basins. However, the TOMS data do not indicate that it
is a source of similar magnitude to northern Africa. The area with high AI
values is both smaller and less intense.
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Fig. 5.48. MODIS image of suspended dust filling the Taklamakan desert of North West China,
18 April 2003
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Fig. 5.49. Annual average TOMS AI values for China. Modified after Washington et al. (2003,
Fig. 12)
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The atmospheric circulation associated with dust of Asian origin has been
the subject of numerous studies (see, e.g. Iwasaka et al. 1983; Littmann 1991a;
Zaizen et al. 1995; Husar et al. 2001) and is known to be enhanced during the
boreal spring (Prospero and Savoie 1989; Jaffe et al. 1997; Talbot et al. 1997,
Husar et al. 2001). The circulation over the Taklamakan is highly complex,
owing to the influence of the seasonally reversing monsoon and the extreme
bounding topography, thereby obstructing any through flow of the prevail-
ing winds. Dust loadings are highest in late winter and spring and are
probably associated with cold waves or surges of the north-east monsoon.
A local maximum in surface-wind velocity occurs at the southern edge of
the Taklamakan, presumably where the cold-air advance is blocked. An
additional explanation could be that the dust-laden atmosphere is poorly
ventilated, so that dust products remain trapped in the enclosed basin.

Figure 5.50 shows an overlay of TOMS values, potential sand flux (q) and an
elevation derived from a digital elevation model at 0.5° resolution. The largest
potential sand-flux values in the entire domain (20-50° N, 80-110° E) are in
very close proximity to the maximum in AI values (Washington et al. 2003).
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Fig. 5.50. TOMS AI values (white contours, contour interval 2), scaled potential sand flux
(black contours, contour interval 20) and elevation in kilometres (grey scale) for China, long-
term annual means. Modified after Washington et al. (2003, Fig. 13)
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The highest potential sand-flux values are only slightly offset to the south
of the AI values and run up against the Tibetan plateau. As in the case of
the Bodélé depression in the Sahara, high potential sand-flux values relate to
regions of extreme topographic channelling of the winds. In this case, the
channelling occurs through one of the largest closed basins in the world.

5.11 Mongolia

The characteristics of dust storms in Mongolia are discussed by Middleton
(1991), who found the most frequent activity was in the southern region of
the Gobi desert, where Zamiin Uud records an average of 34.4 dust storm
days per year. The spring months of April and May are those with the great-
est dust storm activity. It is then that average wind speeds reach a maximum
and the snow cover is receding. In spring, the Siberian High breaks down and
fronts track across the area. The distribution pattern established by
Middleton has been confirmed by Natsagdorj et al. (2003), as is the spring-
time peak of activity.

5.12 Trajectories of Dust Transport from
China and Mongolia

Dust from the large expanse of desert across northern China and Mongolia
has been found in glacier ice on the northern and western margin of the
Tibetan plateau (Wake et al. 1994), but the transport trajectory that has been
subject to much greater study is eastward, out towards the Pacific Ocean.
Studies of north-east Asian dust outbreaks, occurring particularly in the
spring months and that reach Korea and Japan (Fig. 5.46a, b), include those
of Chun et al. (2001), Ma et al. (2001) and Mori et al. (2002, 2003), while a
study by Osada et al. (2004) examines accumulations in snow banks in
Central Japan. This material also commonly reaches the North Pacific Ocean
(Duce et al. 1980) and the islands of Hawaii (Shaw 1980) and can travel as far
as Alaska (Rahn et al. 1981). Desert dust was found to be the dominant form
of aerosol in the middle troposphere, at 5-6 km altitude, north of 23° N, a
region of prevailing westerlies, during sampling for the Pacific Atmospheric
Chemistry Experiment campaign, in January 1994 (Ikegami et al. 2004).

More south-westerly trajectories also occur and dust from China is often
reported from Taiwan (Chen et al. 2004; Wu et al. 2004). This material may
also return to the Chinese mainland should synoptic conditions allow, as was
observed in Hong Kong in May 1996 (Fang et al. 1999).

Intercontinental transport of mineral dust from some very large dust
events in north-east Asia has been traced to North America in recent years
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(e.g. the April 2001 event; Takemura et al. 2002; Daremova et al. 2005).
Material from a major dust storm in northern China in April 1998 was
observed on satellite imagery crossing the Pacific over a period of five days
(Fig. 5.46b) and being deposited in Canada by large-scale subsidence and
orographic effects (McKendry et al. 2001). Dust-raising occurred across an
area of about 3.3x10° km? of northern China for a period of some ten days;
and an estimated 4.64x108 t of dust was emitted over this period, most of it
from the Gobi (In and Park 2003).

A second, even larger trans-Pacific dust transport episode took place in
April 2001, following extensive dust-raising over the Taklamakan and Gobi
deserts. PM10 concentrations of Asian dust reached 30-40 pg m™ at a large
number of rural sites in the United States and contributed to even larger con-
centrations at some urban locations (Jaffe et al. 2003).

These large trans-Pacific dust events are typical of the spring months, the
time of maximum dust storm activity in northern China, and are relatively
rare: Jaffe et al. (2003) identified just the two large events mentioned above in
15 years of aerosol observations. However, mineral dust from Asia is trans-
ported to North America in smaller quantities all year round. Examination of
data from the Interagency Monitoring of Protected Visual Environments
(IMPROVE) network by VanCuren and Cahill (2002) found Asian dust at all
of the sites in the western United States throughout the year, with a broad
maximum between March and October.

Probably much less frequent are events that transport mineral dust from
Chinese deserts to Europe. Grousset et al. (2003) found evidence of dust from
China in the French Alps, having been transported more than 20 000 km
across the North Pacific, North America and the North Atlantic.

5.13 Australia

Like other parts of the Southern Hemisphere, Australia is not an especially
dusty continent. However, both at the present and in the past, dust activity
has been appreciable and has contributed to sedimentation on- and off-shore
(McTainsh 1989; Knight et al. 1995; Kiefert and McTainsh 1996; Goede et al.
1998). Australia is today the largest dust source in the Southern Hemisphere
and in the Late Glacial Maximum contributed three times more dust to the
South West Pacific than now (Hesse and McTainsh 1999). Notable dust events
of the twentieth century included the great ‘dust-up’ of November 1902, the
series of storms that darkened the midday sky in Adelaide in the summer of
1944-1945 and the huge pall of Mallee-derived dust that swept across
Melbourne during February 1983 (Lourensz and Abe 1983; Fig. 5.51). On
23 October 2002, Australia’s largest reported dust storm caused air pollution
across most eastern parts of the country after 12 months of extreme drought
combined with above-average maximum temperatures to produce severe soil
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Fig. 5.51. Dust storm in Melbourne, Australia, 8 February 1983 (Australian Bureau of
Meteorology)

moisture deficits and reduced vegetation cover (McTainsh et al. 2005).
The storm measured 2400 km long, up to 400 km across and between 1.5 km
and 2.5 km high. The dust load was estimated at between 3.35x10° t and
4.85x10° t; and it caused air quality problems for the inhabitants of several
cities, including Sydney and Brisbane (Chan et al. 2005).

The average distribution of dust storm activity in Australia has been plotted
from meteorological data by McTainsh and Pitblado (1987; Fig. 5.52a) and
shows six areas of above average activity: Central Australia (A), Central
Queensland (B), the Mallee (C), the Eastern and Western Nullarbor plains
(both labelled D) and coastal Western Australia (E), with in excess of five
storms per year. McTainsh et al. (1989) also subdivide eastern Australia with
regard to dust storm seasonality (Fig. 5.53). A northern region (encompassing
Queensland and most of New South Wales) experiences dust storms during
spring and early summer, whereas in the southern region (southern New South
Wales and Victoria) dust storms are prevalent during summer. This relates in
part to the rainfall regimes of these two regions, though in both areas the
months with most frequent dust storms are also the windiest months as well.

Substantial quantities of dust leave Australia in two main plumes
(Fig. 5.52b): one that runs across the Tasman Sea towards New Zealand
(McGowan et al. 2000; Marx et al. 2005a) and another that heads westward
out into the Indian Ocean (McTainsh 1985). The former plume was more
active during the last Glacial Maximum (Thiede 1979) and is an important
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Fig. 5.52. Dust storm activity in Australia. a) Average annual frequency (1957-1984). b) Dust
paths into the Tasman Sea and Indian Ocean in relation to aeolian landforms. Modified after
McTainsh (1989)
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Fig. 5.53. Wind erosion regions of eastern Australia. Modified after McTainsh et al. (1989,
Fig. 1)

contributor to Tasman Sea sediments (Hesse 1994), but dust from Australia
still reaches New Zealand with some regularity. McGowan et al. (2005) and
Marx et al. (2005b) traced New Zealand dust back to the Eyre Peninsula of
South Australia and western New South Wales. The Channel Country north
of Lake Eyre and the Simpson Desert have probably been major sources of
dust in arid phases. Much dust may also be derived from around Lake Eyre
and the Murray-Darling plains. Some dust has accumulated on land, con-
tributing to the formation of ‘parna’, a clay-rich sediment.

The area of greatest dust-storm frequency, as determined from meteoro-
logical station data, has been shown to be broadly coincident with the huge
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(1.3x10° km?) internal drainage basin of Lake Eyre. Indeed, TOMS analysis
indicates that this ephemeral playa is the continent’s main dust source, the
only area where Al values exceed 11. The dustiness of the current playa bed
itself can only be inferred from terrestrial data, due to the absence of meteor-
ological stations.

As an area of sediment supply, the Lake Eyre Basin has been compared to
that of Lake Chad (McTainsh 1985), with deflation operating on alluvial
spreads brought by the southward-flowing Eyre, Diamantina,and Cooper
rivers. The long history of deflation is evidenced by wind-blown deposits,
typically rich in gypsum and clay, found at a number of sites (Magee and
Miller 1998). Indeed, after making an approximate comparison of the sedi-
ment yield of dust transport and river systems in the Lake Eyre and Murray-
Darling Basins, Knight et al. (1995) summed up the overall significance of
dust transport in the evolution of the Australian landscape by asserting that
more sediment is lost from the continent in the air than in rivers.

Throughout the months of maximum atmospheric dust-loadings (October
to March) the surface-wind speeds reach a maximum over the Simpson and
Great Victorian deserts (apart from the west coast of Australia), with a pre-
vailing south easterly to southerly wind. The classic synoptic situation gener-
ating deflation in southern regions of Australia is an eastward moving
mid-latitude frontal system (Sprigg 1982). Anticyclogenesis may follow the
passage of the front, producing marked horizontal wind shear in the easter-
lies to the south of a heat trough (Sturman and Tapper 1996). Material raised
by these systems is occasionally transported as far as New Zealand (Collyer
et al.1984; McGowan et al. 2000).



6 Dust Concentrations, Accumulation and
Constituents

6.1 Dust Contents of Air

In this chapter we discuss the physical characteristics of dust and deal with
such issues as the concentration of dust in the atmosphere, the rates at which
it accumulates and the nature of its constituents.

Numerous observations have now been made on the dust contents of air,
which help to indicate areas where aeolian material is an important atmos-
pheric component (Fig. 6.1). Duce (1995) provides full details over land and
sea, based on measurements in the near-surface boundary layer using high-
volume filtration systems. In areas where dust is raised, such as the Thar
Desert of north-west India and the Great Plains of the United States, dust con-
centrations may be in the range from 10> ug m™ to 10° pg m=. In the Negev,
dust concentrations during dust storms are between 1578 g m™ and 4204 g
m™ (Offer and Azmon 1994), though Ganor and Foner (2001) record one dust
storm in Tel Aviv when a concentration of 23 790 [1g m™ was recorded.

At the other end of the scale as, for example, in the North Atlantic between
Iceland and Newfoundland, concentrations fall to as low as 0.003 pLg m=. Most
oceanic sampling sites are in the range 0.02-1.0 g m™. The major exception to
this, which once again illustrates the importance of the Sahara as a source of
atmospheric dust, is the eastern Atlantic off West Africa where observations
indicate dust concentrations from ca. 2.0 g m™ to ca. 60.0 ug m=, though in
some events airborne dust concentrations off West Africa may reach as high as
13 421 pg m~ (Lepple and Brine 1976), and 13 735 ug m~ (Gillies et al. 1996).

Duce (1995) also recognizes regional differences in dust concentrations
over the Pacific. Very low values are found over the equatorial Pacific, central
South Pacific and the Southern Ocean, while higher concentrations are evi-
dent in the western South Pacific, consistent with moderately high transport
from the Australian deserts. The highest concentrations are generally found
in the mid- and high-latitude North Pacific, where seasonal transport from
the Asian deserts is significant. When Mori et al. (2003) monitored the varia-
tion in mass concentration during a long-range kosa event emanating from
Mongolia in March 2001, they found concentrations dropped by an order of
magnitude as the dust was transported across the interior of China (6700 pg
m™ at about 500 km from source) to a Japanese island (230 g m™ at about
2500 km from source). During a dust storm in April 2000, total concentrations
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Fig. 6.1. Dust concentrations in different environmental settings. Modified after Schiitz (1987,
Fig. 3)

in Beijing reached 3906.2 ug m™= (Zhang et al. 2003) while, during a dust
event in April, total concentrations at Yulin (600 km east of Beijing) reached
4650 ug m (Lasserre et al. 2005).

It is plain that, during dust storm events, levels of particulate matter can
often exceed acceptable levels in terms of air quality and health considera-
tions, even at considerable distances from source. For example, during a dust
event in Beijing in August 2000 (Xie et al. 2005), average daily PM10 values,
that is particles with a diameter <10 wm, reached 720-898 lig m~ which com-
pared with an average daily concentration of 162-190 g m= and a Chinese
National Ambient Air Quality Standard of 150 pg m™. In Korea, Chung et al.
(2003) found that maximum PM10 values from four dust events between 1997
and 2000 ranged from 254 pug m= to 996 ug m=. In the Canary Islands
(Querol et al. 2004), daily PM10 values during Saharan dust events can reach
up to 1000 pg m~3, which compares with a regional background value of only
19 ug m™>. The European Community Air Quality Directive indicates that
daily PM10 values should not exceed 50 ng m~ for more than 7 days year™' or
an annual mean of 20 ug m™> (Rodriguez et al. 2001).

The relationship between the mass concentration of dust in the air and
visibility is illustrated in Fig. 6.2. Some attempts have been made to relate
dust concentrations to the Aerosol Index (AI) determined by TOMS. Alpert
and Ganor (2001) suggested the relationship shown in Table 6.1.
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Fig. 6.2. Plot of total mass concentration versus visibility with the corresponding regression
curve. Modified after Mohammad and Frangi (1986, Fig. 4)

6.2 Dust Deposition and Accumulation

It is important to distinguish between dust deposition and dust accumula-
tion. As Goossens (2005) has pointed out, deposition refers to the amount of
sediment that impacts on a unit surface in a unit time, whereas accumulation

Table 6.1. Relationship between dust concentrations and Al values determined by TOMS

Al value Daily dust concentration at the surface (g m™)
30 4000
25 1900

12 1200
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is the amount of sediment that remains at a unit surface at the end of a
particular time interval.

The information available on the rates of deposition in individual events
(Table 6.2) suggests that these can be of a high order. The 1901 dust fall over
North Africa, for example, is estimated to have deposited 15x107 t and the 1903
dust fall over England is estimated to have deposited ca. 107 t of sediment. The
range of values lies between 10° t and 15x10® t. When expressed in terms of
sediment deposited per unit area, rates can reach as high as 455 t km™ (North
Africa), 300 t km™2 (Nebraska), 162 t km™ (Colorado) and 126 t km (Caspian)
on desert margins. Quantities fall off rapidly towards more humid areas. Data
for a major dust storm in the UnitedStates and Canada in 1933, for instance,
show deposition rates of 39 t km™ in Kansas, 13.5 t km™ in east Nebraska, but

Table 6.2. Dust deposition rates in individual falls

Location Quantity
Absolute quantities Date Reference Tonnes
England 1903 Mill and Lempfert (1904) 10 000 000
England and Wales 1958 Stevenson (1969) 1 000 000
New Zealand 1930 Kidson and Gregory (1930) 200 000
Wisconsin, USA 1918 Winchell and Miller (1918) >1 000 000
Arctic 1976 Rahn et al. (1977) 500 000
North-west Africa 1974 Lepple and Brine (1976) 400 000
Europe 1901 VDL (1902) 800 000-

1 000 000
Europe 1901 Fett (1958) 1 800 000
Sweden 1892 Fett (1958) 500 000
North Africa 1901 Fett (1958) 150 000 000
Poland 1928 Fett (1958) 1 140 000
New Zealand 1928 Fett (1958) 100 000
Kansas, USA 1933 Fett (1958) 131 000
Quantity per unit area Tonnes km™
Towa, USA 1937 Bennett (1938a) 13.2
Michigan, USA 1937 Bennett (1938a) 5.75
New Hampshire, USA 1937 Bennett (1938a) 3.86
Westphalia 1859 Bennett (1938a) 33.1
New Hampshire/ 1936 Robinson (1936) 3.86
Vermont, USA
East Nebraska, USA 1933 Weaver and Flory (1937) 13.5
Philadelphia, USA 1934 Watson (1934) 1.35

Ottawa, Canada 1933 Page and Chapman (1934) 1.11
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Table 6.2. Dust deposition rates in individual falls—cont’d
Location Quantity
Absolute quantities Date Reference Tonnes
Montreal, Canada 1933 Page and Chapman (1934) 0.77
New Hampshire, USA 1933 Page and Chapman (1934) 0.57
Nebraska, USA 1935 Tricart and Cailleux (1969) 300.0
Canary Islands 1973 Logan (1974) 2.0
Canary Islands 1974 Logan (1974) 8.0
Steiermark 1896 Fett (1958) 30.0
Kansas, USA 1933 Fett (1958) 39.0
Caspian Sea 1925 Brouievitch and Goudkov 126.0

(1954), cited by

Tsyganenko (1968)
South-eastern 1969 Walker and Costin (1971) 19.5-170.0
Australia
Europe 1901 Fett (1958) 3.83
North Africa 1901 Fett (1958) 455.0
Poland 1928 Fett (1958) 11.75
New Zealand 1928 Fett (1958) 5.88
England 1903 Mill and Lempfert (1904) 195.0
Egypt 1941 Oliver (1945) 371.0
Sault Ste Marie, 1937 Martin (1937) 4.5
Michigan
Marquette, Michigan 1937 Martin (1937) 5.75
Page Co., Iowa 1937 Martin (1937) 30.6
Fort Collins, Colorado 1937 Martin (1937) 162.2
South-eastern France 1846 Free (in Winchell and Miller 1918) 2.2
Salzburg, Austria 1862 Free (in Winchell and Miller 1918) 0.09
Carmiola, Austria 1862 Free (in Winchell and Miller 1918) 5.52
Madison, USA 1918 Free (in Winchell and Miller 1918) 5.21
Idaho, USA 1917 Larsen (1924) 67.2

only 0.58 t km™ in New Hampshire. Nonetheless, moderately high dust falls

have been recorded in Europe and Britain (3.83-195.0 t km™).

When we turn to annual rates of deposition, estimates of rates of dust
deposition exist for a number of sites at varying distances from the heart of the
Sahara (Fig. 6.3). Others are presented in Table 6.3. As might be expected, there
is a tendency for rates to be lowest at large distances from potential sources.
Thus the values for Western Europe (e.g. Central France and the Alps) are less
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Fig. 6.3. Aeolian sediment budgets for the Sahara. Modified after Schiitz et al. (1981, Figs. 8, 9)

than 1 g m™ Further south, in north-east Spain, a value of 5.1 g m™ is recorded
while, in south-east Spain, a value of 23.06 g m™ has been found. Over Sardinia,
Corsica, Crete and the south-eastern Mediterranean, most values are between
10 g m and 40 g m (Fig. 6.4). On the south side of the Sahara, values in areas
close to Harmattan source regions have values around 100 g m™ to 200 g m™,
but they decline to low values over the Gulf of Guinea. Deposition rates of
Harmattan dust decrease southwards across Ghana (Breuning-Madsen and
Awadzi 2005). More general data on rates of deposition are given in Table 6.4.
Most of these data on long-term rates are probably best viewed as rough
approximations, since records are in many cases short and because of the
difficulties in distinguishing between deposition and accumulation. Other
estimates of dust deposition have been gained by modelling (Prospero
1996a), using dust concentration data (Fig. 6.5). The model indicates deposi-
tion rates for the Mediterranean of 3-14 g m~ year™!, which are comparable
to those obtained from direct measurements. The highest values in the model
are for the 10° box at 10-20° N and 20-10° W, with a value of 30.8 g m™.
Schiitz et al. (1981) modelled the annual mass budget of dust transported
from the Sahara over the Atlantic in the north-east trade wind zone (see
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Table 6.3. Annual dust deposition amounts
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Reference

Location

Annual deposition (g m™)

Saharan related

Drees et al. (1993)

McTainsh and Walker (1982)
Maley (1982)

Herut and Krom (1996)
Herut and Krom (1996)

Herndndez and
Hernéndez (1997)

Breuning-Madsen
and Awadzi (2005)

Tiessen et al. (1991)
Bergametti et al. (1989)
Loye-Pilot et al. (1986)
Torres-Padrén et al (2002)
Nihlen and Olsson (1995)
Pye (1992)

Le-Bolloch et al. (1996)
Avila et al. (1996, 1997)

Fiol et al. (2005)

Measures and Brown (1996)
Biicher and Lucas (1984)
Wagenbach and Geis (1989)

De Angelis and
Gaudichet (1991)

Non-Saharan related
Cattle et al. (2002)

Singer et al. (2003)
Gill et al. (2000)
Reheis and Kihl (1995)

South-west Niger
Northern Nigeria

South Chad

Israeli coast

South-east Mediterranean

South-east Spain
Northern Ghana

Northern Ghana
Corsica

Cosica

Canary Islands
Aegean Sea
Crete

Southern Sardinia
North-east Spain
Mallorca

Gulf of Guinea
Central France
Swiss Alps
French Alps

Northern New South
Wales, Australia

Dead Sea
Lubbock, Texas

California and southern Nevada

200.0
137.0-181.0
109.0

72.0

36.0

23.06

20.0

15.0

12.0

12.5
11.9-30.2
11.2-36.5
10.0-100.0
6.0-13.0
5.1-5.3
4.5
3.4-11.5
1.0

0.4

0.2

31.4

25.5-60.5
25.0-30.0
3.0-30.0

Fig 6.3). A high rate of deposition (up to 20 cm per 1000 years) occurs over
the first 2000 km whereas, when most of the mass of dust plume has fallen out
(at distances greater than 2000 km), a zone of comparatively low accumula-
tion rates (1-2 cm per 1000 years) occurs. Duce (1995) calculated the mean
flux and deposition rates of aerosol minerals over all the oceans (Fig. 6.6,
Table 6.5) and, as might be expected, found that the highest flux values, some
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Fig. 6.4. Saharan dust on the bonnet of a car in Calvi, Corsica, July 1999 (from ASG)

in excess of 10 000 mg m™ year™! occurred downwind of the major arid
regions of Africa, eastern Asia, the Indian sub-continent and Australia. In all
he calculated that around 910 Tg year™ of mineral matter was deposited in
the oceans, of which just over half was into the North Pacific. More recent
estimates yield broadly similar values for the total flux to the global oceans,
ranging up to 1814 Tg year ' (Ginoux et al. 2001).

Various estimates have been made of dust deposition rates in China.
Ta et al. (2004a), based on 15 years of measurements, came up with average
deposition rates of 251.8 kg km™ year™! for the loess region and 365.5 kg km™
year™ for the Gobi desert regions. Deposition rates decline as precipitation
amounts increase. Another detailed study was carried out by Zhang et al.
(1997). They produced figures of a similar magnitude, with mean regional
values ranging from 130 kg km™ year™! to 670 g m™? yr! (Tables 6.6, 6.7).
Rates of deposition of dust in East Asia show a decline with distance from
sources in the west of the country. Data from Gao et al. (1997), plotted in
Fig. 6.7, show this clearly.

Rates of dust deposition in the Pampas of Argentina were estimated by
Ramsperger et al. (1998). They found that dust input was around 400-800 kg
ha™! year™.

However, as will be evident in Chapters 7 and 9, rates of dust deposition
show considerable temporal variability at a whole range of time-scales.
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Location

Reference

Rate (mm per 1000 years)

Based on measurements made on land

Iraq

Caspian Sea
Northern Arabian Sea
Idaho, USA

Illinois, USA

Beersheba, Israel

Israel

Israel

United States
Europe
Caspian Sea
Pyrenees
Kansas, USA

Adelaide, south-eastern
Australia

Kukal and Saadallah (1973)
Brouievitch and Goudkov (1954)
Foda et al. (1985)

Larsen (1924)

Van Heuklon (1977)

Rim (1952), cited by Yaalon and
Ginzbourg (1966)

Yaalon and Ganor (1975)
Yaalon and Dan (1974)
Smith et al. (1970)

Free (in Twenhofel 1950)
Kukal (1971)

Bucher and Lucas (1975)
Brown et al. (1968)

Tiller et al. (1987)

Based on studies of ocean cores and ice caps

North Atlantic

East California
South-eastern Australia
New Zealand

Western tropical Atlantic
North Pacific

Tropical Pacific

Global

Global

Washington State, USA
Greenland

Yukon

Mexico

Arctic Ocean

Arctic Ocean

Antarctica

Prospero and Carlson (1981)
Marchand (1970)

Walker and Costin (1971)
Windom (1969)

Delany et al. (1967)
Ferguson et al. (1970)
Jackson et al. (1971)
Windom (1969)

Judson (1968)

Windom (1969)

Windom (1969)

Windom (1969)

Windom (1969)

Darby et al. (1974)
Mullen et al. (1972)
Windom (1969)

20 100
659-862°
800

500

100

100

22-83
20-80
65-85
70
46-60*
18-23¢
6.6-8.6°
2.5-5.0

5.0-6.0
2.1-2.6*
0.9-1.2¢
0.8

0.6
0.1-0.5
0.4
0.1-1.0
0.25-1.0
0.21
0.14
0.11
0.01-0.09
0.02
0.09
0.01

2 Derived from data expressed as unit mass per unit areas by author, assuming (after Prospero and Carlson
1972) an in situ density of 0.65-0.85 g cm™
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Table 6.5. Atmospheric mass flux of mineral aerosol to the ocean (from Duce 1995, Table 3.4)

Ocean Mean flux (g m= year™) Deposition (Tg year™)
North Pacific 5.3 480
South Pacific 0.35 39
North Atlantic 4.0 220
South Atlantic 0.47 24
North Indian 7.1 100
South Indian 0.82 44
Global 2.5 910

6.3 Particle Sizes

Some of the earliest determinations of dust deposit grain sizes were made in the
United States by Udden (1898). He found that most of his samples were in the
size range from 62.5 um to 15.6 m. Given that suspension is the prime mode
of dust transport, it is to be expected that silt is a dominant component of dust
deposits, though clay and sand fractions can also be present. Also, given that
coarser particles will drop out of suspension first, dust deposits tend to get finer
as one moves away from their source regions. Udden suggested that coarse dust
(31-62 um) might travel around 320 km from its source, that medium dust

Table 6.6. Rates of dust deposition in China. Total atmospheric deposition of mineral aerosol
to Chinese deserts. Source: Zhang et al. (1997, Table 1)

Chinese deserts sampled
in 1991-1994 (area)

Deposition rate (g m™ year™)

Total deposition (Tg year™)

Taklimakan desert
(337 600 km?)

Gurbantunggut desert
(48 800 km?)

Desert in the Tsaidam Basin
(34 900 km?)

Kumutage desert
(19 500 km?)

Badain Juran desert
(44 300 km?)

Ulan Buh desert (9970 km?)
Hobq desert (16 100 km?)
Mu Us desert (32 100 km?)
Tengerr desert (42 700 km?)

450 (110-1900)

130 (37-270)

230 (68-480)

320 (40-1100)

310 (99-750)

670 (14-2100)
420 (73-570)

380 (66-1300)
290 (15-1200)

150.0 (37.0-630.0)

6.2 (1.8-13.0)

7.9 (2.4-17.0)

6.2 (0.8-22.0)

14 (4.4-33.0)

6.7 (0.1-21.0)
6.7 (1.2-9.2)
12.0 (2.1-42.0)
12.0 (0.6-52.0)
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Table 6.7. Rates of dust deposition in China. The 15-year maximum, minimum and mean annual
dust deposition rates in urban cities in Gansu Province, China. Source: Ta et al. (2004a, Table 3)

Average Maximum Minimum
City (tkm™ year™) (tkm™year™) (tkm™ year™)
Desert/Gobi area
Jiuquan 320.22 539.68 201.57
Zhangye 352.84 542.4 197.96
Jinchang 290.22 621.85 133.14
Wuwei 498.64 688.85 366.57
Average rate 365.48 - -
Loess area
Lanzhou 327.02 398.45 249.19
Dingxi 281.63 405.31 181.48
Linxia 256.57 383.93 149.40
Pinliang 256.94 320.24 188.19
Xifeng 207.50 359.93 135.33
Tianshui 180.86 232.46 131.30
Average rate 251.75 - -

(16-31 um) might travel around 1600 km from its source and that dust finer
than 16 wm might “be largely scattered around the globe”.

The wide range of grain sizes that may be present in dust deposits is made
evident by particle analysis of dust collected by passive dust samplers
in Lubbock, Texas (Gill et al. 2000). Seven samples had a mean clay content
(<2 pm) of 23.02%. The average percentage in the size range 2-50 um was
55.08%. The rest was in the size range 50-2000 um. The PM10 percentage,
which is important from the human health point-of-view, was 47.2%.

The particle size characteristics of Saharan dust are summarized in
Table 6.8. It needs to be noted, however, that nearly all the determinations are
for dust storms which are not from major source areas and which have trav-
elled outwards into the moister parts of West Africa, to the Atlantic (Stuut
et al. 2005), to the Mediterranean or to Europe. It is likely, therefore, that dust
storms occurring nearer their source will have coarser grain size characteris-
tics than those listed. Mean modal and median sizes of the travelled dust tend
to be fine silt between 5 wm and 30 um in diameter, though Harmattan dust
at Kano (Nigeria) may have a median diameter that reaches 74 um (McTainsh
and Walker 1982), while that from Tanezrouft reaches 72 um (Coudé-
Gaussen 1981). Conversely, samples from southern Ghana, Barbados,
Bermuda, the United States and parts of Europe may be less than 5 pm.
Although data are sparse, dust storms may transport substantial amounts of
clay-sized material (<2 um).
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Fig. 6.7. Rates of dust deposition in China (g m™ year™). Derived from data in Gao et al. (1997)

Although the modal data presented here are useful, they provide little
information about the maximum sizes of grain that can be transported in
dust storms derived from the Sahara and other source regions. Schroeder
(1985) found aggregated dust particles up to 150 um in diameter in samples
taken on the coastal belt of Sudan, while samples taken over Sal Island



Table 6.8. Particle size characteristics of dust

Modal, mean or

Reference Location median size (Lm) Clay (%; <2 um)
Dust from the Sahara
McTainsh and Walker Kano, Nigeria 8.9-74.3 (median) 2.3-32.0
(1982)
Coudé-Gaussen (1981) Tanezrouft 72 (modal) 9.4
(central Sahara)
Stuut et al. (2005) Off north-west 8-42 (modal) -
Africa
Khiri et al. (2004) Morocco 22-37 (median) -
Coudé-Gaussen (1991) Maghreb 5-40 (median) -
Mattson and Crete 8-30 (modal) -
Nihlén (1996)
Sala et al. (1996) Spain 4-30 (mean) -
Criado and Dorta (2003) Canary Islands 16.9-20.67 (mean) 7.2-9.6
Ratmeyer et al. (1991) Sal Island 11.9-18.6 (mean) -
Fiol et al. (2005) Mallorca 9.3-58.9 (median) -
Breuning-Madsen Ghana 6.8-16.4 (median) -
and Awadzi (2005)
Littmann (1991a, b) West Germany 2.2-16.0 (median) -
Pye (1992) Crete 4.0-16.0 (median) 15.0-45.0
Gillies et al. (1996) Mopti, Italy 16.8 (modal) -

Ozer et al. (1998)
Biicher and Lucas (1984)
Coudé-Gaussen (1991)
Tomadin et al. (1984)

Coudé-Gaussen
et al. (1988)

Wagenbach
and Geis (1989)

Petit et al. (2005)

Talbot et al. (1986)
Arimoto et al. (1997)
Afeti and Resch (2000)
Perry et al. (1997)
Franzen et al. (1994)
Blanco et al. (2003)
Dust from elsewhere
Chen and Fryrear (2002)
Osada et al. (2004)

Liu et al. (2004)

Genoa, Italy

South-western France

South of France

Central
Mediterranean

Paris Basin (France)
Swiss Alps

Guadeloupe
(Caribbean)

Barbados
Bermuda
Southern Ghana
Continental USA
Fennoscandia

Lecce, Italy

Texas
Japan
China

14.6 (median)
4.0-12.7 (median)
8.0-11.0 (median)
2.0-8.0 (modal)

8.0 (modal)

4.5%1.5 (median)

4.0 (modal)

3.2 (median)
2.0-2.3 (mean)
1.16 (mean)
<1.0 (mean)

2.7 (median)
1.7-2.4 (median)

23.0-35.0 (mean)
6.0-21.0 (median)
3.97-93.54 (median)
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(Cape Verde Islands) off West Africa have yielded individual quartz grains up
to 90 wm in diameter and mica flakes up to 350 um in diameter (Glaccum and
Prospero 1980). Prospero et al. (1970) detected individual large particles (>20
wm in diameter) that were carried more than 4000 km from their Saharan
source; and Arimoto et al. (1997) recorded particles 43-57 um in diameter at
Bermuda. Saharan dust collected after numerous fallout events over the
British Isles has shown that large numbers of so-called ‘giant’ dust particles
(>62.5 um) are commonly carried more than 3000 km to Northern Europe
(Middleton et al. 2001). They have also been found over the Canary Islands
and far out into the Pacific, 10 000 km or more from their Chinese source
(Betzer et al. 1988). The mechanisms by which such large particles are kept
aloft over such large distances are far from clear (see also Section 2.8).

6.4 Dust Chemistry

Because the chemistry of the dust involved in dust storms is important in
understanding their possible effects on soils, precipitation chemistry, ocean
biogeochemistry and weathering phenomena (see Chapter 2), data are
presented in Table 6.9 for 23 samples of dust collected from different parts of
the world and derived from different source areas, for which tolerably com-
plete analyses are available. The main component is silica (59.99%), with
ALO, (14.13%), Fe,0, (6.85%), CaO (3.94%), MgO (2.60%), K,0 (2.35%),
water and organic matter also being quantitatively important. Mineralogical
studies indicate that the great bulk of the silica is made up of quartz.

In Table 6.9, we also present the major element concentrations for Saharan
dust as sampled in the southern Sahara/Sahel from the Harmattan source and
over Europe. For comparison, figures are given for Chinese and North
American (Arizona) dust and for dust storms on a global basis, together with
the mean composition of the Earth’s surface rocks.

What emerges from these data is that both Harmattan and European
dusts are dominated by SiO, and Al,O,, a characteristic they share with
North American and Chinese dusts. The concentrations of these two major
elements are similar to those found in world rocks. The dominance of SiO,
probably reflects the importance of quartz in aeolian dust. Saharan dust also
appears to contain appreciable quantities of Fe,0,, MgO and CaO, though
Harmattan dust is less rich in MgO and CaO than Saharan dust transported
northwards to Europe. The CaCO, content of dust from North African
sources has been recognized for its influence in increasing the pH of rainfall
in Corsica (Ldye-Pilot et al. 1986) and at Erdemli in Turkey (Ozsoy and
Saydam 2000), while Saharan dust has also been identified as an important
source of atmospheric P, mainly insoluble, to the Mediterranean (Mignon
and Sandroni 1999).
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Dust storms can transport appreciable quantities of organic material,
because much dead plant debris (leaves, seeds, seed cases, etc.) has a low
density and only requires modest threshold velocities for its entrainment.
Analysis of Argentinian dust in the Pampas by Ramsperger et al. (1998)
revealed that the organic matter content was between 6.7% and 8.3%. Dust
samples from Lubbock, Texas, averaged around 10% of organic carbon (Gill
et al. 2000) and samples from Tempe, Arizona, averaged 11.6% (Péwé et al.
1981) while, in Australia, Boon et al. (1998) found the organic content aver-
aged 31-34%. Such organic material makes a major contribution to the func-
tioning of dryland ecosystems (Zaady et al. 2001). The organic portion may
include large numbers of phytoliths and diatoms (Folger et al. 1967; Abrantes
2003; Breuning-Madsen and Awadzi 2005) and diatomites from desiccated
pluvial lakes in the Bodélé depression seem to be major component of the
dusts that are generated from the dustiest place on Earth (Giles 2005). Dust
may also contain plant waxes (Dahl et al. 2005).

Analyses of samples for constituents, which are not included in
Table 6.9, indicate that some other components may locally be important.
Bucher and Lucas (1975) found that carbonates amounted to 20-30% in
Saharan dust deposited in the Pyrenees; Khiri et al. (2004) found that
Moroccan dust had calcite contents that ranged between 23% and 69%; and
Alastuey et al (2005) found that Saharan dust deposited on the Canary islands
had CaCO, values of 6-9% and gypsum values of 3.5% to 10.0%. Logan (1974)
found that soluble salts in dust landing on the Canaries amounted to
1.2-3.6%; Yaalon and Ginzbourg (1966) reported CaCO, contents in Negev
dust of up to 48% and soluble salts up to 3.1%; Singer et al. (2003) reported
that dust collected in the vicinity of the Dead Sea had calcite contents that
were between 5.2% and 33.1%, and dolomite contents that were between
11.5% and 14.8%; Modaish (1997) found that the calcium carbonate content
of dust in Riyadh, Saudi Arabia, was 31.8%; in Iraqi dust storms Kukal and
Saadallah (1973) found that carbonate amounted to 66.1-69.5%; and, around
the Caspian Sea, Brouievitch and Goudkov (cited by Tsyganeko 1968) found
a calcium carbonate content of 12.3%. Dust samples in Southern Nevada and
California contain 8-31% carbonate and 4-19% for soluble salts (excluding
gypsum; Reheis and Kihl 1995). Warn and Cox (1951) found that at Lubbock,
Texas, carbonate equalled 5-20% and gypsum 5%, while Gill et al. (2000)
found they had highly variable calcium carbonate contents of 0.5-15.3%,
whereas samples from Tempe, Arizona, (Péwé et al. 1981) had contents that
ranged from 1.12% to 3.87%. In northern China, the carbonate content of
dust samples ranged from 2.6% to 12.1% (Wang et al. 2005b).

Dust derived from playa (salt lake) surfaces may be rich in soluble salts
(Blank et al. 1999); and this is the case with respect to dust blowing off the
desiccating floor of the Aral Sea. Australian dusts may contain as much as
50% by weight of salt (Kiefert 1997). This may contribute to groundwater
salinity (Acworth and Jankowski 2001). Dust derived from the Owens (dry)
Lake includes appreciable amounts of arsenic (Reheis et al. 1999).
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6.5 Clay Mineralogy of Dust

The fine fraction of aeolian dust contains various types of clay mineral,
which can sometimes give an indication of source regions of dust pro-
duction. Dusts collected in Texas (Gill et al. 2000) contain three main clay
minerals - illite, smectite and kaolinite. Aeolian clay deposits in south-east
Australia have kaolinite and illite as their most common clay minerals
(Dare-Edwards 1984). In Japan, dust derived from China (Inoue and Naruse
1987) was dominated by kaolinite, illite, vermiculite and montmorillonite.
Dust over the Dead Sea contains smectite, kaolinite, illite and palygorskite
(Singer et al. 2003).

There are now available a large number of studies of the clay mineralogy of
Saharan dust; and Alastuey et al. (2005), for example, found that the three
main clay minerals in Saharan dust over the Canary Islands were palygorskite,
illite and kaolinite. However, there are major geographical variations in the
proportions of different clay minerals derived from different source areas.
Caquineau et al. (1998, 2002) detected variations in the clay minerals present
in dust collected at Sal Island on the basis of the different source areas from
which the dust was derived. Dust originating from the North and West Sahara
exhibited the highest amount of illite, whereas kaolinite became predominant
when air mass trajectories indicate a Sahelian origin. Kaolinite was dominant
in dust originating from the South and Central Sahara, though the amount of
illite could not be detected. Such a latitudinal variation in clay mineralogy is
consistent with the observations of Chester et al. (1972) along the coast of
Western Africa from 25° N to 30° S. Kaolinite concentrations increased
towards the equator, whereas illite decreased. Dust samples collected from
the Niger and Northern Nigeria also displayed a predominance of kaolinite
(Drees et al. 1993; Wilke et al. 1984; McTainsh and Walker 1982).

Along a transect in the Sahara from 19° N to 35° N, Paquet et al. (1984)
identified four different groups or sectors. In Northern Algeria, illite and
chlorite accounted for around 70-75% of the clay content, kaolinite about
15% and attapulgite 10-15%. Further south, around Beni Abbes and In Salah,
attapulgite reached levels of 20-25%. Even further south, around
Tamranrassett, Tessalit and In Guessam, illite and chlorite were dominant
(60-70%), attapulgite was only 5-10% and kaolinite 25-30%. South of
Hoggar and in the Tanezrouft smectites were dominant, followed by kaolin-
ite (20-25%), illite (10-25%), attapulgite (10-15%) and chlorite (5%). They
attributed this variability to the nature of the Quaternary sediments and
bedrock of the sectors concerned. For example, the sediments of the north-
ernmost zone gain some of their characteristics as a result of the deflation of
the inland basins (Chotts), while high kaolinite contents may be derived from
ancient lateritic weathering profiles.

Sarnthein et al. (1982) also drew a distinction between northern and south-
ern source areas. Dust from the South Sahara and Sahel (south of 20-25° N) is
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less rich in carbonate but richer in kaolinite and montmorillonite, whereas in
the North and Central Sahara, carbonate contents are higher (up to 20-50%)
and the dominant clay minerals are illite, chlorite, palygorskite and montmo-
rillonite. Palygorskite has also been recognized as a characteristic mineral of
Saharan dust (Coudé-Gaussen and Blanc 1985) reaching Sardinia and the
Western Mediterranean (Molinaroli 1996), in dust falling on Skye, western
Scotland (Bain and Tait 1977) and in dust reaching the central Mediterranean
(Tomadin et al. 1984). At the eastern end of the Mediterranean, kaolinite is a
more significant aeolian clay mineral input, its African origin indicated by the
northward decreasing abundance in marine sediments (Foucault and Méliéres
2000). Dust reaching north-eastern Spain from the Northern Sahara had the
following clay minerals: illite, smectite, palygorskite and kaolinite (Avila et al.
1996, 1997), while that reaching Mallorca was dominated by illite, kaolinite
and palygorskite (Fiol et al. 2005).

Although the nature of the source region is important for determining the
nature of the clay minerals present in dust, gravitational settling effects
during transport are of secondary significance (Prospero 1981).



7 Changing Frequencies of Dust Storms

7.1 Introduction

Dust storm frequencies vary at a series of temporal scales. In Chapter 9 we
discuss how dust storm activity has changed during the course of the
Quaternary era, using evidence from ocean, lake and ice cores and also from
the great loess deposits that were laid down by dust storms in the past. This
chapter, however, concentrates on the nature and causes of changing dust
storm frequencies in recent decades and is largely based on the analysis of
climatological data, though attempts have been made to use remote sensing
data, such as TOMS, to identify temporal trends (e.g. Barkan et al. 2004).

7.2 The United States Dust Bowl

The Dust Bowl of the 1930s was possibly the most famous case of soil erosion
by deflation (Bonnifield 1979; Worster 1979; see Fig. 7.1), though as Malin’s
(1946) archival studies showed, dust storms were rampant in Kansas in the
nineteenth century, long before the sod had been busted by pioneering farm-
ers. In part the Dust Bowl was caused by a series of hot, dry years which
depleted the vegetation cover so that, in the words of John Steinbeck (1939,
p- 49): “a man didn’t get enough crop to plug up an ant’s ass”. It also made
the soils dry enough to be susceptible to wind erosion. The effects of this
drought were gravely exacerbated by years of overgrazing and unsatisfactory
farming techniques. However, perhaps the prime cause was the rapid expan-
sion of wheat cultivation in the Great Plains. The number of cultivated
hectares doubled during the First World War as tractors (for the first time)
rolled out on to the plains by the thousands. In Kansas alone, the hectares
under cultivation increased from under two million in 1910 to almost five
million in 1919. After the war, wheat cultivation continued apace, helped by
the developments of the combine harvester and governmental assistance. The
farmer, busy sowing wheat and reaping gold, could foresee no end to his land
of milk and honey; but the years of favourable climate were not to last and,
over large areas, the tough sod which exasperated the earlier homesteaders
gave way to friable soils of high wind erosion potential. Drought, acting on
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Fig. 7.1. The concentration of dust storms (number of days per month) in the United States in
1936, illustrating the extreme localization over the High Plains of Texas, Colorado, Oklahoma
and Kansas: a) March, b) April, c) May. Modified after Goudie (1983)
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damaged soils, created the ‘black blizzards’ (Fig. 7.2) which have been so
graphically described by Coffey (1978, pp 79-80):

“There was something fantastic about a dust cloud that covered 1.35 m.
square miles, stood three miles high and stretched from Canada to Texas,
from Montana to Ohio - a cloud so colossal it obliterated the sky ... a four-
day storm in May 1934 ... transported some 300 million tons of dirt 1500
miles, darkened New York, Baltimore and Washington for five hours, and
dropped dust not only on the President’s desk in the White House, but also
on the decks of ships some 300 miles out in the Atlantic ... masses of dust
began to billow into huge tumbling clouds ebony black at the base and
muddy tan at the top, some so saturated with dust particles that ducks and
geese caught in flight, suffocated; some turning the sky so black that chick-
ens, thinking it night, would roost. Oklahoma counted 102 storms in the span
of one year; North Dakota reported 300 in eight months.”

Woodie Guthrie wrote a song about the Great Dust Storm of 14 April 1935:

“The storm took place at sundown, it lasted through the night,
When we looked out next morning, we saw a terrible sight.

We saw outside our window where wheat fields they had grown,
Was now a rippling ocean of dust the wind had blown.

“It covered up our fences, it covered up our barns,

e
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Fig. 7.2. Dust storm approaching Spearman, Texas, 14 April 1935 (NOAA Photo Library)
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It covered up our tractors in this wild and dusty storm.
We loaded our jalopies and piled our families in,
We rattled down that highway to never come back again.”

The core of the Dust Bowl area comprised the western third of Kansas,
south-east Colorado, the Oklahoma Panhandle, the northern two-thirds of
the Texas Panhandle and north-east New Mexico, although most of the Great
Plains experienced Dust Bowl conditions at some time during the 1930s.
Indeed some of the worst conditions were found as far north as Wyoming,
Nebraska and the Dakotas.

The most severe dust storms (the black blizzards) occurred in the Dust
Bowl between 1933 and 1938, with activity being at a maximum during the
spring of these years. At Amarillo, Texas, at the height of the period, one
month had 23 days with at least 10 h of airborne dust and one in five storms
had zero visibility (Choun 1936). For comparison, the long-term average for
this part of Texas is just six dust storms a year (Changery 1983).

The reasons for this most dramatic of ecological disasters have been widely
discussed and blame has largely been laid at the feet of the pioneering farm-
ers and ‘sod busters’ who ploughed up the plains for cultivation. For although
dust storms are frequent in the area during dry years and the 1930s was a
period of drought, with high temperatures and low rainfall, the scale and
extent of the 1930s events were unprecedented (Fig. 7.3a).

The wave of settlers that arrived in the area from 1914 to 1930, in conjunc-
tion with the increasing use of mechanized agriculture, catalysed by high
wheat prices, led to exceptionally large-scale wind erosion when drought hit
the plains in 1931. In 1937 the US Soil Conservation Service estimated that
43% of a 6.5x10° ha area in the heart of the Dust Bowl had been seriously
damaged by wind erosion.

An approximate 22-year drought cycle has been identified in the Western
USA (Mitchell et al. 1979). Major droughts have occurred in the Great Plains
in the 1890s, 1910s, 1930s, 1950s and 1970s; and these droughts are normally
periods of exaggerated dust-storm activity (Fig. 7.3b). Soil loss in the 1970s
was on a scale comparable to that of the 1930s (Lockeretz 1978). This is sig-
nificant for, as Gillette and Hanson (1989) observe, the early 1970s was not a
period when cumulative departures from normal rainfall were as marked as
they had been in the 1930s and 1950s in the Great Plains. Thus other factors
such as the occurrence of strong, erosive wind storms may be as important a
causative factor as simple lack of rainfall.

Land management techniques rather than climate are probably important in
determining the variability of dust storm occurrence (Lee et al. 1993); and
Todhunter and Cihacek (1999) have documented a decline in dust storm occur-
rence in North Dakota (Fig. 7.4), which they attribute to the adoption of practices
such as planting of shelterbelts, conservation tillage, crop residue management
and land retirement programmes. The decline in dust storm occurrence for the
southern High Plains (Stout and Lee 2003) since the 1940s is shown in Fig. 7.5.
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Fig.7.3. a) Frequency of dust-storm days at Dodge City, Kansas (1922-1961) and at Big Spring,
Texas (1953-1970). Modified after Gillette and Hanson (1989). b) Yearly total hours of blowing
dust for Lubbock, Texas (summing August through July of the following year). Modified after
Wigner and Peters (1987)
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Fig. 7.4. Number of dust events at Fargo, North Dakota. Modified after Todhunter and Cihacek
(1999)
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Fig. 7.5. Annual hours of blowing dust from 1947 to 1993 as reported by surface weather
observers at Lubbock, Texas. Modified after Stout and Lee (2003, Fig. 2)
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7.3 Mexico

A study by Jauregui (1960) of dust storms at Tacubaya in Mexico City over
1923-1958 showed a marked inter-annual variability in frequency, but with
no trend over the period. He pointed out in another paper (Jauregui 1969)
that dust-storm intensities are generally lower at Tacubaya than at the airport
on the northeast edge of the urban area; but as Jauregui’s data (1960) for
Tacubaya have no apparent visibility limit, it is not possible to compare his
frequencies with those taken from the airport. Nevertheless, he found that
there was no trend in dust storm frequency from 1923 to 1958, whereas a
marked downward trend was apparent for all visibility classes used in the
data from the airport over the period 1952-1983 (Fig. 7.6). This decrease in
frequency can be explained with reference to three major factors: rainfall,
urban development and lake bed management.

A gradual increase in rainfall over the data period is shown by precipita-
tion figures from Tacubaya. A similar steady increase has been noted at San
Juan Aragon, about 7 km north-north-west of the airport and on the same
side of the urban area, annual rainfall totals here being of the order of 200
mm less than those at Tacubaya (Jauregui and Klaus 1982). Jauregui (1960)
found little correlation between one or two year’s rainfall and the following
year’s dust storm frequency, so that a year or two of low rainfall did not nec-
essarily result in a high number of dust storms the following year. For the
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Fig. 7.6. Annual rainfall totals and dust-day frequencies for Mexico International Airport
(1952-1984). Modified after Goudie and Middleton (1992, Fig. 2)
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data period analysed at the airport, correlations with antecedent annual
rainfall were also poor. Comparing annual dust-event frequency (visibility
<5000 m) with the previous year’s rainfall produced a Spearman’s rank
correlation coefficient of —0.14 (56% probability of a relationship) and a cor-
relation with the average annual rainfall over the preceding three years was
also poor: r = —0.22 with 23% probability. Nevertheless, a gradual increase
in rainfall can reasonably be expected to have led to a concomitant decline in
duststorm frequency over the same period when considered with the other
factors outlined below.

The growth and spread of the urban area around the airport may have had
some impact on dust storm activity. Although perhaps in the short term
urban sprawl may act to further destabilize dust sources during phases of
construction, the encroachment of the urban area around the airport that has
occurred since the 1950s will have acted to protect susceptible soil surfaces
after the initial stages (Jauregui 1989).

The identification of the dried bed of Lake Texcoco as a major source of
dust storms resulted in the initiation of a project in 1972 that aimed to stabi-
lize this area. Lake Texcoco, at low levels during dry years, has been a source
of dust storms over Mexico City for at least 100 years (Jauregui 1960), but
drainage for industry, agriculture and human use resulted in its complete
desiccation in the early 1950s. During this decade the lake, situated immedi-
ately north-east of the present airport, became a major source of dust storms
over both the airport itself and the city. The project has planted pastures of
zacate salado (Distichlis spicata) irrigated with recycled urban waste water
and has constructed a number of reservoirs on the former lake bed. In 1971,
the area accounted for 40% of Mexico City’s dust storms (SARH 1985); that
percentage was reduced to zero by 1984. It is interesting to note that the aver-
age annual number of dust storm days occurring at Mexico City shown by
Goudie and Middleton (1992) is very much less than that quoted by Jauregui
(1973) and subsequently referred to in a number of more general texts on
dust storms (e.g. Goudie 1978; Coudé-Gaussen 1984). The value used here is
4.5 days year™'. Jauregui’s (1973) value of 68 is quoted from a previous paper
(Jauregui 1960) which, as noted above, uses no visibility limit in the dust
storm data. Further, Jauregui (1973) uses the value 68 as the average number
of dust storms, whereas in the original 1960 paper, he shows an average 68
dust storm days.

7.4 Saharan Dust Events

The changing frequencies of Saharan dust events over recent decades has
been noted by several authors, using data on dust storms observed at mete-
orological stations, satellite observations (e.g. Barkan et al. 2004), data on
atmospheric dust concentrations and dust fall deposition rates monitored at
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distance from source areas (e.g. Chiapello et al. 2005). Increases in dust storm
frequency concurrent with drought periods have been noted in the Sahelian
zone since the mid-1960s by Middleton (1985a) and by Goudie and Middleton
(1992), using data from Mauritania, Senegal, Nigeria and Sudan. N’Tchayi
et al. (1997) have also shown an increase in both the frequency of occurrence
and annual duration of dust conditions since the late 1950s, particularly for
stations in the Sahel; and (N’Tchayi et al. 1994) have demonstrated that as
rainfall has diminished the frequency of dust haze has increased (Fig. 7.7a).
These trends have been reflected in rising concentrations of Saharan dust
monitored at Barbados between 1965 and 1992 (Zhu et al. 1997) and subse-
quently (Chiapello et al. 2005). The Barbados dust concentrations are
inversely related to the previous year’s rainfall in Sahelian Africa (Prospero
1996b), but winter transport to that island is related to the North Atlantic
Oscillation (NAO) as well (Chiapello et al. 2005).

Atmospheric dust loadings are a function of several climatic parameters
that operate on the decadal scale, including drought as mentioned above but
also the deflational power of the wind. In the Sahel there is some evidence
that this increased between 1970 and 1984 (Clark et al. 2004). Another cli-
matic forcing factor that has attracted recent attention, as mentioned above,
is the NAO. Moulin et al. (1997) showed that, between 1982 and 1996, there
was a clear similarity in trends between atmospheric optical depth, dust con-
centrations and the NAO index (Fig. 7.7b). Variations in dust event frequen-
cies could be an indicator of climatic change and this aspect has attracted the
attention of several studies in recent years. Observations in north-western
Italy have shown an increasing trend of Saharan dust events since 1975
(Rogora et al. 2004). Data from the Mediterranean coast of Spain, south of
Alicante, over the period 1949-1994 also showed a marked increase in the
number of dust-rain days since the 1970s (Sala et al. 1996). The long-term
average there was approximately two dust-rain days per year, but from 1985
to 1994 the annual total averaged 6.5 dust-rain days, with 9.0 dust-rain days
per year recorded for the period 1989-1994. In Mallorca, there has also been
an increase in dust rains over the period from 1981 to 2003, except for a
decrease between 1991 and 1996 (Fiol et al. 2005). Several other authors ha