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[1] Atmospheric mineral dust has recently become an
important research field in Earth system science because of
its impacts on radiation, clouds, atmospheric dynamics and
chemistry, air quality, and biogeochemical cycles. Studying
and modeling dust emission and transport over the world’s
largest source region, the Sahara, is particularly challenging
because of the complex meteorology and a very sparse obser-
vational network. Recent advances in satellite retrievals
together with ground- and aircraft-based field campaigns
have fostered our understanding of the spatiotemporal vari-
ability of the dust aerosol and its atmospheric drivers. We
now have a more complete picture of the key processes in
the atmosphere associated with dust emission. These cover
a range of scales from (1) synoptic scale cyclones in the
northern sector of the Sahara, harmattan surges and African

easterly waves, through (2) low-level jets and cold pools of
mesoscale convective systems (particularly over the Sahel),
to (3) microscale dust devils and dusty plumes, each with
its own pronounced diurnal and seasonal characteristics. This
paper summarizes recent progress on monitoring and analyz-
ing the dust distribution over the Sahara and discusses impli-
cations for numerical modeling. Among the key challenges
for the future are a better quantification of the relative impor-
tance of single processes and a more realistic representation
of the effects of the smaller-scale meteorological features in
dust models. In particular, moist convection has been recog-
nized as a major limitation to our understanding because of
the inability of satellites to observe dust under clouds and
the difficulties of numerical models to capture convective
organization.

Citation: Knippertz, P., and M. C. Todd (2012), Mineral dust aerosols over the Sahara: Meteorological controls on emission and
transport and implications for modeling, Rev. Geophys., 50, RG1007, doi:10.1029/2011RG000362.

1. INTRODUCTION

[2] Atmospheric aerosols are an important component of
the climate system by virtue of their direct radiative impacts,
indirect effect on cloud properties, the semidirect effect of
these on atmospheric dynamics [Forster et al., 2007], and
finally their role in global terrestrial and oceanic biogeo-
chemical cycles [e.g., Jickells et al., 2005; Mahowald et al.,
2010]. Of the aerosol species, mineral dust is the dominant
type by mass [Textor et al., 2006], yet many processes
associated with atmospheric dust and the associated climate
impacts are poorly understood. Uncertainty in the magnitude
of radiative forcing from dust aerosols remains high, espe-
cially at the regional scale [Uno et al., 2006; Todd et al.,
2008a]. Efforts to quantify these processes and their repre-
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sentation in models are at the cutting edge of climate science
and represent one of the major challenges for Earth system
modeling. In addition, dust affects living conditions for
humans through affecting air quality, aviation and road
safety, and human health by fostering respiratory diseases
and meningitis epidemics [Molesworth et al., 2002]. As a
result, there is increasing demand for dust storm forecasts.
[3] The Sahara Desert is by far the most important dust
source globally [Prospero et al., 2002; Washington et al.,
2003], as such there is a critical need to understand aerosol
processes in this region. The Saharan atmosphere is partic-
ularly interesting as it is characterized by extreme features,
notably (1) record high temperatures and the deepest plane-
tary boundary layer (PBL) on Earth reaching up to 5—6 km
above ground [Gamo, 1996]; (2) very high aerosol optical
thickness (AOT) during most of the year (Figure 1); and
(3) the summertime Saharan heat low (SHL), which colo-
cates with aerosol maxima and is pivotal for the West
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Figure 1. Aecrosols over the Sahara as estimated by satellite. (a—c) Average seasonal AOT from MISR
(gray shaded), MODIS Deep Blue (cyan contour), MODIS collection 5 (green contour, over ocean and dark
land surfaces south of ~15°N only), and the absorbing A7 from TOMS (red contours). Seasons shown are
the January—March (Figure 1a) and June—September dust seasons (Figure 1b) and the October—November
dust-minimum season (Figure 1c). AOT shading and contour intervals are 0.4, 0.6, and 0.8; A/ contours
are 1.5, 2.0, and 2.5. To illustrate structural controls on dust distribution, the plots also show the mean
925 hPa winds (arrows), the mean position of the intertropical discontinuity (solid blue line, as defined
by the 10 g kg~' contour of 925 hPa specific humidity from ECMWF Re-Analysis (ERA)-Interim data),
and the 1000 m surface elevation contour (dashed black contour). In Figure 1b, the mean position of the
Saharan heat low core is indicated by the 1008 hPa contour of mean sea level pressure (thick black solid
line). The Bodélé Depression (yellow dot) and the West African summertime dust hot spot (yellow box)
are marked. Note that particularly during winter months, the AOT estimates south of ~13°N include con-
tributions from both dust and biomass burning aerosols. (d) Mean annual dust source activation frequency
as estimated from the SEVIRI dust product [Schepanski et al., 2009, Figure 1].

African monsoon system [Peyrillé et al., 2007; Biasutti
et al., 2009]. The Sahara is also a key location for tropical-
extratropical interactions [Knippertz, 2007].

[4] Until recently, the climate of the region remained rel-
atively poorly understood, in part because of a lack of
observations. However, there have been a number of impor-
tant recent developments, which have combined to advance
our understanding of the emission and transport of Saharan
dust. Several field studies have provided invaluable observa-
tional data, which illuminate our understanding of dust pro-
cesses. These include the Bodélé Dust Experiment (BoDEx)

in 2005 [Washington et al., 2006; Todd et al., 2007], the
African Monsoon Multidisciplinary Analysis (AMMA) in
2006 [Redelsperger et al., 2006], the Dust and Biomass
Experiment (DABEX) in 2006 [Haywood et al., 2008], Dust
Outflow and Deposition to the Ocean (DODO) in 2006
[McConnell et al., 2008], the Geostationary Earth Radiation
Budget Intercomparison of Longwave and Shortwave
Radiation (GERBILS) in 2007 [Haywood et al., 2011a],
the Saharan Mineral Dust Experiment (SAMUM) in 2006
and 2008 [Heintzenberg, 2009; Ansmann et al., 2011], and
Fennec in 2011. Figure 2 gives an overview of the study
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Figure 2. Study areas of recent dust field campaigns (in
blue, see text for more details). The map also shows surface
topography (shaded) and the locations of currently or for-
merly active radiosonde stations of interest for Saharan dust
emission (in black). Map developed by U.S. Geological
Survey EROS Data Center.

areas of these campaigns showing a bias toward the desert
margins that are logistically more accessible. Only Fennec
took measurements in the central Sahara, a region more than
half the size of Europe. Eastern parts have received even less
attention, so that the Sahara as a whole still remains a vastly
undersampled region.

[5] The advent of new satellite sensors with improved
observing capabilities for dust (notably the Meteosat Second
Generation (MSG) Spinning Enhanced Visible and Infrared
Imager (SEVIRI) [Brindley and Ignatov, 2006; Thomas
et al., 2007], Multiangle Imaging Spectroradiometer (MISR)
[Kalashnikova and Kahn, 2008; Kahn et al., 2009], and
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
[Winker et al., 2009]) as well as new algorithms for other
satellite data (e.g., Moderate Resolution Imaging Spectro-
radiometer (MODIS) Deep Blue [Hsu et al., 2004]) have
combined to radically improve our ability to monitor and
understand aerosol processes. At the same time, there has
been a rapid development of off-line and coupled dust
aerosol-atmosphere models for operational weather, air
quality, and dust hazard forecasting and for Earth system
research purposes.

[6] Aided by these developments there has been a sub-
stantive advance in our understanding of dust aerosols from
the Sahara. This review will provide a synthesis of these
developments and provide a comprehensive account of the
state-of-the-art knowledge of the meteorological processes
by which Saharan mineral dust aerosol is generated, dis-
tributed, and transported over the region as well as impli-
cations for representation of these in models and for weather
forecast and climate prediction. This paper focuses on the
most fundamental stages of the dust “cycle”: the lifting of
dust aerosol and the subsequent vertical and horizontal
mixing and advection. It is these processes that determine
the fine detail of the 3-D structure of the large-scale dust
plumes over the region. This in turn strongly influences the
nature of the direct, indirect, and semidirect effects on cli-
mate. Specifically, this paper considers recent advances in
understanding the various multiscale meteorological phe-
nomena that generate dust plumes, from microscale dry
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convective vortices; through mesoscale circulation features
including low-level jets (LLJ) and those associated with
moist convection; to synoptic scale weather systems in the
tropical, subtropical, and midlatitude atmosphere. These
processes characteristically have a strong relationship with
diurnal and seasonal cycles. The recent advances listed
above are such that we now have a more complete picture of
dust generation processes, although many details and their
relative importance are still unclear.

[7] This paper is organized as follows: Section 2 provides
the relevant background information that motivates our
interest in this topic, including an overview of the role of
mineral dust in the Earth system and the state of the art in
monitoring and modeling the global dust budget. More
detailed discussions of these aspects can be found in recent
review articles by Maher et al. [2010] and Shao et al.
[2011]. Section 3 then provides detail on the spatiotempo-
ral structure of the dust plume and its meteorological drivers
as well as implications for modeling. We conclude with a
reflection on the state of the art and perspective on priorities
for the future in Section 4.

2. THE CONTEXT

2.1. Dust in the Earth System

[8] The direct and indirect effects of aerosols constitute
the largest uncertainties in our knowledge of the radiative
forcing of the climate system [Forster et al., 2007]. Mineral
dust released from natural soils through wind erosion is
estimated to contribute at least 80% to the total dust budget
[Forster et al., 2007] and more than half to the total global
aerosol burden [Textor et al., 2006]. Once airborne, dust can
be mixed to great heights and can be transported over long
distances. Dust in the atmosphere affects both climate and
weather through the following processes:

[9] 1. Dust aerosols have a direct effect on the shortwave
and longwave radiative flux through scattering and absorp-
tion. The global net top-of-the-atmosphere direct radiative
forcing is on the order of —0.3 W m ™2 with a range of —0.56
to +0.1 on the basis of model studies [Forster et al., 2007].
There are large regional variations depending on the char-
acteristics of the underlying surface [Haywood et al., 2001,
2011b].

[10] 2. Dust aerosols have an indirect effect on the radia-
tion budget through affecting cloud microphysical processes.
Dust particles that have undergone chemical or physical pro-
cessing in the atmosphere, for example, through coating with
sulphates, can act as cloud condensation nuclei, affecting
radiation indirectly through factors such as cloud albedo,
precipitation efficiency, cloud lifetime, and cloud height
[e.g., Rosenfeld et al., 2001; Kaufinan et al., 2005; Min et al.,
2009; Kliiser and Holzer-Popp, 2010]. In addition, mineral
dust particles are the dominant natural ice-nucleating aerosol,
leading to a faster glaciation of convective clouds [Richardson
et al.,2007].

[11] 3. A semidirect effect of dust is generated by
absorptional heating within dust layers, which changes rel-
ative humidity and vertical stability with potential effects on
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clouds, precipitation [Solmon et al., 2008; Kliiser and
Holzer-Popp, 2010], and even tropical cyclone develop-
ment [Dunion and Velden, 2004].

[12] 4. Dust provides a surface for atmospheric chemistry
and can thereby mediate chemical cycles of, e.g., sulphates
[Desboeufs and Cautenet, 2005; Kandler et al., 2007] and
ozone [de Reus et al., 2000; Michel et al., 2003].

[13] It has been shown that including effects of airborne
dust into numerical models has a positive impact on weather
and climate simulations [Tompkins et al., 2005; Pérez et al.,
2006; Chaboureau et al., 2007; Rodwell and Jung, 2008].

[14] Dust is removed from the atmosphere through gravi-
tational sedimentation and turbulence (dry deposition) and
through scavenging in precipitating clouds (wet deposition).
Deposition affects climate by changing the albedo of snow
and ice surfaces [Warren and Wiscombe, 1980; Painter
et al., 2007] and through biogeochemical processes in the
ocean (phytoplankton) [Erickson et al., 2003; Fasham,
2003; Jickells et al., 2005] and on land [Swap et al., 1992;
Okin et al., 2004] with important ramifications on the carbon
cycle (see Shao et al. [2011] for a review on this topic).
Swap et al. [1992] were the first to suggest that Saharan dust
contributes to the nutrient budget of the Amazon ecosys-
tems, which has been quantified in more recent studies
[Koren et al., 2006; Ansmann et al., 2009a; Ben-Ami et al.,
2010; Bristow et al., 2010]. The amount and characteristics
of dust deposited in soils, glaciers, and sediments are used as
indicators of climate and environmental changes on long
timescales [Lambert et al., 2008; Sima et al., 2009; Stuut
et al., 2009; Maher et al., 2010, and references therein;
Mulitza et al., 2010]. Dust has been discussed as a potential
climate feedback in glacial-interglacial cycles [Krinner et al.,
2006; Winckler et al., 2008] and for the modern climate
because of interactions between dust, precipitation, and the
land surface [Rosenfeld et al., 2001; Yoshioka et al., 2007;
Hui et al., 2008]. Given the complex role of dust aerosols in
the Earth system, reliable quantitative estimates of the three
main processes of the global dust budget, emission, transport,
and deposition, are necessary for a full understanding of its
role in the Earth system.

2.2. Monitoring the Dust Distribution

[15] Scientists utilize ground-based, airborne, and satellite
instruments to measure various aspects of atmospheric dust
including AOT, size distribution, mass concentration, verti-
cal distribution, shape, and optical properties. Particularly
because emission and deposition are rarely measured in situ
and difficult to estimate from space, the current network
does not provide enough observational constraints for a
complete quantification of the dust budget [Tegen and
Schepanski, 2009]. Nevertheless, advances in satellite sen-
sors in recent years have illuminated our understanding
considerably. A summary of existing satellite records of
relevance with their relative strengths and weaknesses is
provided in Table 1. For a more detailed review of recent
developments, see Mishchenko et al. [2007] and Tanré
[2010]. By their nature, satellite instruments provide indi-
rect observations of radiances, from which parameters such
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as amount, size, shape, optical properties, and elevation must
be inferred. The most important products of the now exten-
sive satellite record are (1) a near-global, long-term record of
aerosol indices and AOT available from early satellite sen-
sors such as Total Ozone Mapping Spectrometer (TOMS);
(2) the ability to distinguish aerosol types in transport plumes
on the basis of physical properties; and (3) more spatially and
temporally resolved properties of atmospheric aerosols from
the more recent sensors, including estimates directly over the
Sahara desert, most notably from MODIS Deep Blue, MISR,
Ozone Monitoring Instrument (OMI), CALIOP, ICESat, and
SEVIRI (see Table 1 for more details). Recent developments
of particular relevance to understanding Saharan dust pro-
cesses are (1) the ability to retrieve quantitative AOT esti-
mates over bright desert surfaces at high spatial resolution
from nadir-viewing MODIS data (the “Deep Blue” algorithm
of Hsu et al. [2004]) and from multiangle visible data from
MISR [Diner et al., 2005]; (2) estimates of AOT at 15 min
temporal resolution from SEVIRI visible and infrared chan-
nels [Brindley and Ignatov, 2006; Thomas et al., 2007,
Carboni et al., 2007], in addition to the qualitative SEVIRI
dust product (see “Best practices for RGB compositing
of multi-spectral imagery,” European Organisation for the
Exploitation of Meteorological Satellites guide, available at
http://oiswww.eumetsat.org/SDDI/html/doc/best practices.pdf;
an example is shown in Figure 3a); (3) estimates of aerosol
properties from Polarization and Anisotropy of Reflectances
for Atmospheric Sciences coupled with Observations from
a Lidar (PARASOL); and (4) remarkably detailed vertical
profiles of aerosol backscatter from the CALIOP (and to a
lesser extent ICESat) spaceborne lidar, albeit with a limited
temporal sampling. The example given in Figure 3b demon-
strates clear evidence of a widespread deep dust layer over
the Sahara. The remainder of the paper will further illustrate
how these new data sources have enabled notable advances
in our understanding of aerosol emission and transport pro-
cesses as well as our ability to validate model performance
and highlight model limitations.

[16] It should be pointed out, however, that no single sat-
ellite instrument or retrieval is without limitations. Uncer-
tainties have manifold causes including cloud contamination
and assumptions on optical properties and perhaps most
importantly by variability in surface albedo and emissivity
over land. No current sensor can detect aerosols beneath
thick cloud layers and thick dust is difficult to distinguish
from cirrus clouds at visible wavelengths [Roskovensky and
Liou, 2005]. All AOT products are originally designed to
sample all aerosol types together and only a few studies have
attempted to filter out a dust signal by making certain
assumptions about optical properties [Evan et al, 2006;
Ginoux et al., 2010; Kliiser et al., 2011]. The desert dust
retrieval intercomparison (initial results of Carboni et al.
[2009]) compared a sample of 15 satellite algorithms over
the Sahara for a limited period during March 2006. Results
show that although most algorithms correlate well with
Aerosol Robotic Network (AERONET) AOT, the standard
error in mean monthly AOT between the methods varied
between ~0.5 and 1.0, broadly proportional to mean AOT,
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Figure 3. Example of a recent advance in Earth observation of dust aerosols. (a) MSG SEVIRI IR dust
product for 0115 UTC 10 June 2006. Dust appears pink in these images and clouds appear red (deep,
high), black (shallow, high), orange (midlevel), and green/blue (low). (b) The 532 nm total attenuated
backscatter (km ' sr ") from CALIOP with latitude marked on the x axis (horizontal track shown in black
in Figure 3a, only section between Nigeria and the Libyan coast shown) around the same time. The deep
dust layer over the Sahara between 20°N and 25°N and Saharan dust overriding the shallow monsoon
layer over southern West Africa south of ~19°N stand out in Figure 3b.

such that absolute uncertainties remain relatively high.
Global scale intercomparisons indicate far greater agreement
between aerosol algorithms over ocean than land [Poulsen
et al., 2009; Mishchenko et al., 2010; Kittaka et al., 2011].
There is a clear need for more extensive, quantitative inter-
comparison and understanding of the sources of uncertainty,
especially over deserts. We can anticipate that further
advances in Earth observation of aerosols will emerge from
new algorithm development and integration of multiple
sensors [e.g., Christopher et al., 2011].

[17] While satellites provide unparalleled spatial and
temporal coverage, surface-based sensors play an important
role too (not least as validation for satellite products). The
global AERONET network of almost 500 surface-based Sun
photometers [Holben et al., 1998] provides high-quality
retrievals of AOT and of aerosol optical and physical prop-
erties. However, coverage in the Sahara is particularly
sparse. The recent field campaigns over North Africa listed
in section 1 (see Figure 2) have involved the deployment of
sophisticated surface-based instrumentation to directly
measure aerosol and related meteorological properties with
high precision. These include standard meteorological
instruments, aerosol lidar, optical particle counters, and

various dust samplers to measure emission and deposition as
well as detailed optical and physical properties of aerosols
(see Figures 5a and 14b for examples). In many cases
(AMMA, DABEX, SAMUM, and Fennec), these surface
observations are complemented with similar measurements
from airborne instruments on research aircraft, providing
very detailed information on processes in horizontal and
vertical directions. All, however, are limited by relatively
short observation periods over limited domains.

2.3. Issues in Modeling Dust Processes

[18] Recent years have seen a veritable boom in the devel-
opment and implementation of dust modules in weather and
climate models for a large range of applications reaching
from modeling systems for regional or global air quality and
dust forecasting (e.g., Global and Regional Earth-System
Monitoring Using Satellite and In Situ Data (GEMS)
[Hollingsworth et al., 2008], Monitoring Atmospheric Com-
position and Climate (MACC) [Morcrette et al., 2008], Dust
Regional Atmospheric Model (DREAM) [Nickovic et al.,
2001], and Integrated Community Limited Area Modeling
System (ICLAMS) [Solomos et al., 2011]), through global
off-line aerosol-chemistry transport models used for process
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Figure 4. Uncertainty in model estimates of dust emission at the global and local scales. (a) AeroCom
model intercomparison of annual global (gray bars) and North African (black bars) dust emission based
on data from Huneeus et al. [2011]. (b) Time series of model simulated dust concentration in lowest layer
(ug m™>) at the location of Chicha, Chad, during the BoDEx field campaign in March 2005 showing
marked model disagreement and temporal trends [7Todd et al., 2008a, Figure 8]. Only one observation is
available for this period (marked as a black diamond).

studies (e.g., Global Model of Aerosol Processes (GLOMAP) Earth System (QUEST) Earth System Model (QESM,; http://
[Sprackien et al.,2005] and CHIMERE-DUST [Menut et al., www.quest-esm.ac.uk/) and Community Climate System
2009)), to fully coupled Earth system models employed for Model (CCSM) [Mahowald et al., 2011]). It is notable that
climate projections (e.g., Quantifying and Understanding the the World Meteorological Organization (WMO) recently

5000

(a) Banizoumbou

—=—Cinzana

—=—M'Bour

Concentration (pg.m‘s)
X
8

O By =

0.0 0.01 0.05 0.1 0.2 0.3

Figure 5. Diurnal cycle of dust emission. (a) The 5 min mean PM, concentrations measured along the
AMMA Sahelian dust transect at Banizoumbou (Niger), Cinzana (Mali), and M’Bour (Senegal) from 7 to
12 March 2006 [Marticorena et al., 2010, Figure 10]. The time evolution shows rapid changes in surface
concentrations due to changes in local wind speed and advection from sources upstream. Frequencies
of dust source activation as identified from the infrared channels of SEVIRI during boreal winter
(December—February) for (b) 0300—0900 and (c) 1200-0000 UTC [from Schepanski et al., 2009, Figure 2].
The shorter morning period shows substantially more emission events across large parts of the southern
Sahara.
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established the Sand and Dust Storm Warning Advisory
and Assessment System (SDS-WAS; http:/www.wmo.int/
pages/prog/arep/wwrp/new/Sand_and Dust Storm.html) to
enhance the ability of countries to deliver timely and quality
sand and dust storm forecasts, observations, information,
and knowledge to users. Within this program, the Northern
Africa-Middle East-Europe Regional Center aims to lead
the development and implementation of a system for dust
observation and forecast and currently distributes forecasts
over North Africa from eight modeling centers.

[19] In the framework of the Global Aerosol Model
Intercomparison (AeroCom) initiative [Schulz et al., 2009],
the dust budget in 15 global models driven by prescribed or
nudged analyzed meteorological fields were compared
[Textor et al., 2006; Huneeus et al., 2011]. All diagnostic
parameters characterizing the dust budget show a large
spread with estimates for both global and North African
dust emissions differing by a factor of about 5 (Figure 4a).
These uncertainties are attributed to differences in (1) dust
emission parameterization [Zender et al., 2004]; (2) soil
properties, including soil moisture; and (3) representation
of peak winds. Because of the high sensitivity of dust flux
to the high tail of the wind speed distribution, the usage
of different meteorological “driver” fields (e.g., European
Centre for Medium-Range Weather Forecasts (ECMWF)
versus National Centers for Environmental Prediction reanal-
ysis) alone can produce larger differences than different dust
emission schemes [Luo et al., 2003; Menut, 2008]. Using
wind fields generated by free running regional or global
models, as necessary for air quality forecasts or climate
projections, further enhances the wind-related uncertainties
[Timmreck and Schulz, 2004]. A regional dust model inter-
comparison for the Bodélé Depression during BoDEx by
Todd et al. [2008a] shows differences in emission and load-
ing of around 1 order of magnitude (Figure 4b). Major
obstacles to reducing these uncertainties are the lack of
available dust emission measurements to validate emission
parameterizations near source areas (see section 2.2 for
more details).

[20] Uncertainties in emissions have impacts on the entire
dust budget. Because of a stronger observational constraint
on dust burden through satellite AOT retrievals, models are
often “tuned” with respect to this parameter (see section 2.3.1
for more details), resulting in a diversity among the AeroCom
models of 40%, which is smaller than that for emission and
deposition [Textor et al., 2006]. Prescribing emissions has a
surprisingly small effect on dust burden [Textor et al., 2007,
Table 2], suggesting that tuning creates compensational
effects between emission and deposition. It is, therefore,
believed that source strength is one of the major limiting
factors in simulating aerosol fields [Zextor et al., 2006].
Any improvement in the representation of dust emission in
models will therefore improve estimates of both dust load-
ing and deposition, calling for a better understanding of the
involved mechanisms at the process level [Textor et al.,
2007]. This in turn is crucial for radiative forcing and
cloud effects (loading) and biogeochemical and surface
albedo effects (deposition).
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2.3.1. Dust Emission Parameterization

[21] Dust emission involves complex, nonlinear processes
governed by meteorology and the state and properties of
land surfaces. Direct in situ field measurement typically
observe emission over a few tens of square meters at most
[e.g., Houser and Nickling, 2001], so that measurement at
the scale of most atmospheric models are rather difficult.
The currently ongoing project DO4 Models: Dust Obser-
vation (http://www.geog.ox.ac.uk/research/climate/projects/
do4models.html) aims to observe emission at a coarse,
model-relevant scale at a field site in Botswana. To date,
much of what is known about these processes has been
obtained from microscale (local) experiments in the field
and wind tunnels and theoretical studies [e.g., Marticorena
and Bergametti, 1995; Alfaro et al., 1998; Shao and
Mikami, 2005; Ishizuka et al., 2008; Okin, 2008; Li
et al, 2010; Kok, 2011]. The early work of Bagnold
[1935, 1937] suggested that dust particles are released to the
atmosphere through three mechanisms: (1) the direct acrody-
namic entrainment or suspension of particles, (2) saltation
bombardment, and (3) aggregate disintegration. Emission
schemes parameterize some or all of these processes and
are classified as more or less physically based, depending
on the number of processes explicitly represented. Dust
emission models are too numerous to describe here individ-
ually, but, in general, global models tend to incorporate
simple schemes and regional models utilize more physically
based schemes (see short summary in chapter 6.1 of Shao
etal [2011]).

[22] Simple schemes parameterize the vertical flux of
emitted mineral aerosols into the atmosphere as a function of
the third (or fourth) power of the difference between the
surface wind speed u and a fixed threshold u, for u > u,.
Other schemes use the friction velocity, ux, instead. Here ux
is the square root of the kinematic stress at the surface and is
usually calculated from wind at 10 m and surface roughness.
In contrast, more physically based schemes [Marticorena
and Bergametti, 1995; Shao et al., 1996] explicitly calcu-
late (1) the size-resolved horizontal flux (saltation) as a
function of friction velocity above the threshold, which
depends on the surface characteristics of soil grain size dis-
tribution, crusting, moisture content, snow, and vegetation
cover and then (2) the resulting vertical dust fluxes from soil
aggregate bombardment and disintegration, either as a
function of particle kinetic energy [Shao et al., 1996; Alfaro
and Gomes, 2001] or through a volume removal relationship
[Lu and Shao, 1999; Shao, 2004]. Many schemes include a
scaling parameter to represent source “intensity” to tune
emissions. For example, preferential sources have been
identified by colocation of peak TOMS aerosol index (A4[)
and topographic lows [Ginoux et al., 2001; Prospero et al.,
2002]. Others use more physical parameters such as the
grid cell erodible fraction, i.e., the part of the surface
which is not protected from wind erosion by roughness
elements [e.g., Laurent et al., 2006]. Generally speaking
there is a substantial disagreement between different meth-
ods to identify sources [see Formenti et al., 2011, Figure 1].
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[23] Dust emission schemes require both meteorological
and land surface characteristics at the temporal and spatial
scales pertinent to dust emission processes such as high-
resolution surface stresses, particle size distribution, binding
energies, etc. Such information is hardly ever available, even
for the highest-resolution regional models (a few kilometers
grid spacing). As a result, because of remaining large
uncertainties associated with representing the very hetero-
geneous soil and land surface physical characteristics and
wind regimes, many modelers have introduced explicit or
implicit tuning parameters into the schemes, which enables
emission to be calibrated such that the resulting dust burden
in the atmosphere is consistent with measured AOTs from
surface or satellite [Cakmur et al., 2006]. Even in applying
the most physically based schemes many parameters, espe-
cially soil characteristics, are not sufficiently well con-
strained, so empirically derived constants are commonly
used in process equations. Examples include the constants in
the soil moisture correction and in the derivation of vertical
dust flux from horizontal saltation flux (the “sandblasting
efficiency”) [Marticorena and Bergametti, 1995; Alfaro and
Gomes, 2001; Shao, 2004]. It is highly likely that these
constants are in effect scale and location dependent and that
varying these could be used to tune emission.

[24] Not surprisingly, model intercomparison projects
typically indicate high uncertainty in dust emission estimates
[e.g., Textor et al., 2006; Todd et al., 2008a; Huneeus et al.,
2011], but identifying and ranking the specific sources of
model error is difficult. To address this, a number of recent
studies have sought to systematically quantify the uncer-
tainty associated with each stage in various physically based
dust schemes. Darmenova et al. [2009] noted from the
sensitivity experiments of the Marticorena and Bergametti
[1995] and Shao et al. [1996] schemes that horizontal dust
flux is most sensitive to friction velocity, with land surface
parameters important only for lower wind speed events,
highlighting the priority need to reduce uncertainty in
meteorological fields. Nevertheless, sensitivity experiments
using identical meteorology show that differences in
monthly emission over the main Asian dust source regions
can greatly exceed a factor of 2 as a result of the combined
differences between two schemes. Kang et al [2011]
explicitly analyzed the sensitivity to three different vertical
flux parameterizations for a 5 day Asian dust event. Total
emission estimates vary by more than a factor of 6. Note that
differences in scale and location between these two studies
make direct quantitative comparison difficult. It is clear,
however, that uncertainty associated with parameterization
of the dust emission processes remains very high, resulting
from incomplete physics coupled with a lack of critical land
surface information.

[25] Whatever dust scheme is used, a key requirement is
an accurate representation of the high tail of the u« distri-
bution. Despite the high sensitivity of emissions to near-
surface peak winds [Uno et al., 2006] and the comparatively
large amount of available measurements of this parameter in
source regions, surprisingly few studies have addressed the
problem of improving the representation of wux, which is
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often simply considered as an external driving parameter.
Atmospheric models used for dust simulations are mostly
based on numerical weather prediction or climate models,
which have not been optimized for the complex and highly
energetic desert PBL. It has been suggested that coarse-
resolution models cannot sufficiently represent many mete-
orological processes crucial for peak wind generation and
that a parameterization of subgrid wind variance is desir-
able [e.g., Cakmur et al., 2004]. First attempts to tackle this
problem in a physical way by computing probability density
functions for wind speed using turbulent kinetic energy
(TKE) estimates from the model’s PBL scheme report sig-
nificant improvements [Cakmur et al., 2004; Grini et al.,
2005], consistent with higher correlations of dust loadings
with gustiness than with mean wind [Engelstaedter and
Washington, 2007].
2.3.2. Deposition

[26] Dust deposition occurs through both dry deposition
and wet deposition associated with cloud and precipitation
processes. As such, deposition involves a complex set of
physical processes for which understanding requires detailed
knowledge of dust size distribution, density, particle shape,
hygroscopicity, and cloud and precipitation microphysics.
As it is not a focus of this review, only a very short summary
is given here for completeness. Overall, the uncertainty in
deposition processes and rates are at least as great as those
for emission processes but have received far less attention in
the literature, and there has been limited systematic evalua-
tion in dust models [Huneeus et al., 2011]. Estimates of total
deposition based on global aerosol models range from about
700 to over 4000 Tg yr~', with wet deposition contributing
from over 60% to well under 20% [Huneeus et al., 2011,
Table 3]. Measurements of dust deposition are conducted
with traps over land and ocean but are generally few and
incomplete, particularly for dry deposition. McTainsh
[1999], for example, measured deposition rates of about
200 g m % yr ' in Niger. Observations established during
AMMA [Rajot et al., 2008] and the International Global
Atmospheric Chemistry - Deposition of Biogeochemically
Important Trace Species Africa (IDAF) network (http://idaf.
sedoo.fr/spip.php?rubrique3) have improved our knowledge
over Sahelian and tropical West Africa. There is a large
interest in the magnitude of dust input into the world’s
oceans because of biogeochemical implications, but current
estimates disagree by a considerable amount [see Shao et al.,
2011, Table 2]. Because of the great source strength of
the Sahara and predominant easterly flow at low levels, the
North Atlantic is one of the regions with the largest dust
input (on the order of 180-260 Tg yr ).

3. METEOROLOGICAL CONTROLS ON DUST
DISTRIBUTION

[27] In this section, we summarize the key characteristics
of the dust distribution over the Sahara (section 3.1) and
review the recent research, which has sought to provide a
physical explanation of these structures (section 3.2).
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3.1. Spatiotemporal Structure of Saharan Dust

[28] Despite the growth of integrated surface-based
observational networks such as AERONET, there remains
precious few direct in situ observation of the dust budget
from the Sahara. However, advances in satellite systems (see
section 2.2) have facilitated new insights into the character-
istic patterns of Saharan dust emission and transport and the
associated effects on climate. Here we describe some of the
key features of the mean horizontal and vertical dust dis-
tributions as well as their seasonal and diurnal cycles.
3.1.1. Mean Dust Distribution and Associated
Seasonal Cycle

[29] Annual mean dust burden derived from all the long-
term satellite data sets currently available (TOMS, OMI,
MISR, and MODIS Deep Blue; see Table 1 and section 2.2
for details) show similar spatial patterns with peaks (“hot
spots”) immediately downwind of the Bodélé Depression in
Chad and a larger area over the western Sahara (WS) with a
large downwind transport plume extending from the conti-
nent over the subtropical east Atlantic (Figure 1). Ben-Ami
et al. [2011] have recently described the mean seasonal
pattern of emission and transport over the subtropical North
Atlantic as an annual “triplet” of two strong dust seasons and
one season with low dust loadings. The first dust season
extending from November to March (Figure 1a) involves
episodic dust emission events, notably from the Bodélé
Depression, and dust transport within a more southern lati-
tude and over West Africa and the Atlantic at ~5°N, where
the dust often mixes with biomass burning aerosol [e.g.,
Knippertz et al., 2011]. The second dust season during May—
September (Figure 1b) has more uniform emission fre-
quency with strong contributions from the Bodélé Depres-
sion and WS. At this time of year, the broad WS dust hot
spot is colocated with the SHL (Figure 1b). Smaller areas of
high dust loadings are located along the southern foothills
of the Atlas Mountains and in Libya and Egypt. The west-
ward dust transport plume advances northward to reach
about 20°N. The third season of October—December
experiences low dust loadings (Figure 1¢). Differences in the
satellite products shown in Figure 1 are nicely illustrated by
the different size of the Bodélé Plume during this season,
illustrating the uncertainties discussed in section 2.2.

[30] Regarding the location of continental dust sources,
work in the last decade sought to interpret the patterns
of dust burden in terms of local source regions [Prospero
et al., 2002; Washington et al., 2003; Engelstaedter and
Washington, 2007]. This is relatively unproblematic in the
case of the Bodél¢ Depression, where the extraordinary
frequency of emission during winter from localized lacus-
trine deposits combined with a dominant southwestward
transport ensures that the hot spot in satellite fields directly
represents the activity of this singular source. Recent work
on the Bodélé Depression has provided a comprehensive
climatological and geomorphological explanation for its
dominance as a dust source [Washington et al., 2006; Koren
et al., 2006; Todd et al., 2007]. Of course, other sources are
active in winter too (notably those in the great event of
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March 2006 [Slingo et al., 2006; Cavazos et al., 2009]), but
their frequency of emission is so much lower than that of the
Bodélé Depression that their emission does not emerge
strongly in mean aerosol burden fields (Figure 1a).

[31] Explaining the existence of the WS hot spot is more
difficult and has been a source of lively debate in the liter-
ature for a number of reasons: (1) the high dust burden is
dispersed over a wider area (Figure 1b), (2) there is no single
major source region with a well-understood geomorpholog-
ical history [Prospero et al., 2002; Washington et al., 2003],
(3) the few available surface station observations are not
fully consistent with the strong increase in summer that
some satellite products show [Klose et al., 2010], and (4) the
dust “season” occurs during the West African summer
monsoon when the atmospheric circulation in the region
leads to multiple meteorological emission mechanisms and
trajectories of dispersion [Knippertz and Todd, 2010] (see
also section 3.2). High-temporal-resolution imagery from
the MSG SEVIRI has enabled more precise identification of
sources through a qualitative backtracking of specific dust
plumes to their sources of origin [Schepanski et al., 2007].
The resulting maps of dust source activation frequency
(DSAF; irrespective of magnitude, Figures 1d, 5b, and 5c¢)
confirm the importance of the Bodélé Depression and
broadly the WS but illustrate the importance of the margins
of topographic features, notably the Hoggar and Air Moun-
tains for the latter region. The disparity over WS between
DSAF and the satellite-derived mean aerosol burden is
consistent with the explanation of Knippertz and Todd
[2010], which suggests that multiple, multiscale emission
mechanisms associated with the climatological distribution
of synoptic and mesoscale processes activate the various
dust sources identified in the DSAF and drive the subse-
quent vertical and horizontal transport processes over the
WS and West African sector, with the resulting distribution
exhibited in Figure 1b. In the following, we will examine the
meteorological processes of emission and transport that in
effect drive this complex seasonal pattern in more detail.
3.1.2. Diurnal Cycle

[32] Early studies on the diurnal cycle of dustiness used
synoptic station observations of horizontal visibility as an
indicator and found an increase during the daytime hours
with some variations between the Sahel and Sahara
[N’Tchayi Mbourou et al., 1997]. High-resolution surface
concentrations from the AMMA Sahelian dust transect show
remarkably complex diurnal changes with abrupt increases
but generally confirm the daytime maximum (Figure Sa).
Until recently, satellite aerosol products were limited to a
fixed daily observation time by either characteristics of the
satellite platform (polar-orbiting satellites in the case or
TOMS, OMI, MISR, and MODIS) or the algorithm (the
Infrared Difference Dust Index) [Legrand et al., 1994]. As
such our perspective on dust was strongly biased toward the
near-noon time period. Analysis of the twice daily time
series of MODIS data revealed a strong diurnal pulsing of
emission from the Bodélé Depression during winter, indi-
cating discrete “packets” of emission during daytime hours
[Koren and Kaufinan, 2004]. Subsequent analysis of the
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Figure 6. Schematic of the mechanisms which control the structure of the Saharan PBL and dust vertical
redistribution [Cuesta et al., 2009, Figure 1]. Shading (yellow or light blue) indicates air mass origin and
temperature. Abbreviations stand for intertropical discontinuity (ITD), Saharan air layer (SAL), Saharan
atmospheric boundary layer (SABL), Saharan convective boundary layer (SCBL), and Saharan residual
layer (SRL). The numerical labels in the figure refer to sections of Cuesta et al. [2009]; the associated

processes are described here in section 3.2.4.

number of plume trajectories across the entire Sahara from
the novel 15 min SEVIRI imagery [Schepanski et al., 2007,
2009] revealed the dominance of the midmorning period for
dust plume initiation in all source regions in all seasons
(Figures 5b and 5c show boreal winter as an example).
3.1.3. Vertical Distribution

[33] Most passive satellite and ground-based instruments
can only provide column-integrated information on dust
loading such as AOT (see section 2.2). Most of our knowl-
edge on the vertical structure of dust plumes results from
aircraft, surface-based, and satellite-borne aerosol lidars.
While the former two are usually restricted to field cam-
paigns or locations relatively far away from Saharan dust
sources, spaceborne CALIOP now provides north-south
cross sections through Saharan dust plumes in cloud-free
regions (e.g., Figure 3b). Although the temporal resolution
of CALIOP is poor, the widespread distribution and rela-
tively slow dust transport allows a robust picture to emerge.
These measurements have added substantial detail to our
knowledge of the characteristic vertical patterns in the dust
distribution, first investigated through aircraft measurements
in the 1970s, particular over the continent. During winter,
dust plumes remain close to the surface during transport
from sources across the Sahara [Chiapello et al., 1995;
Johnson et al., 2008; Peyridieu et al., 2010; Knippertz et al.,
2011], with high concentrations at stations in the Sahel
[Klose et al., 2010; Marticorena et al., 2010]. South of 10°N
there is evidence of dust aerosol (often mixed with biomass
burning aerosol) above 1.5 km, probably associated with
vertical transport around cumulus congestus cloud systems
over southern West Africa [Knippertz et al., 2011].

[34] During the boreal summer, the PBL and therefore the
dust layer over the Sahara and the adjacent Atlantic Ocean is
substantially deeper and frequently reaches altitudes of up to
6 km above sea level [Gamo, 1996; Léon et al., 2009;
Tesche et al., 2009; Cavalieri et al., 2010; Peyridieu et al.,
2010]. This deep, hot, and dusty air mass has been termed
the Saharan air layer (SAL) by Carison and Prospero
[1972]. Toward the fringes of the Sahara the SAL usually
glides up onto the cooler low-level air masses of the south-
westerly monsoon flow to the south and the maritime air of
the subtropical Atlantic and Mediterranean Sea to the west
and north, leading to an elevated dust layer [Prospero and
Carlson, 1972; Karyampudi and Carlson, 1988]. For the
continent, this behavior is nicely summarized in a schematic
by Cuesta et al. [2009], reproduced as Figure 6 here. The
example aerosol profile from CALIOP shown in Figure 3b
clearly shows (1) dusty air that appears well mixed
throughout the PBL (“SCBL” in Figure 6) over the Sahara,
thereby extending from the distinct “cap” at about 6 km
height all the way to the ground and (2) how this dust air
layer overrides the low-level monsoonal southwesterlies to
the south of about 18°N. Observations of surface concentra-
tions in the Sahel show relatively low values in summer [e.g.,
Marticorena et al., 2010, Figure 4] despite considerable
AOTs, confirming the upgliding of dusty air over the mon-
soon layer.

3.2. Meteorological Conditions for Dust Emission
and Vertical Mixing

[35] Analysis of dust and driving meteorological fields
from a combination of observations from satellite and field
campaigns with model simulations has advanced our
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understanding of the role of the multiscale meteorological
processes involved in dust emission and transport. This new
knowledge provides at least qualitative explanations for the
observed spatiotemporal characteristics of the Saharan dust
distribution described in section 3.1. To summarize these
findings, we will structure this section according to the scale of
the meteorological processes from synoptic (section 3.2.2),
through mesoscale (section 3.2.3), to microscale aspects
(section 3.2.4). In addition, section 3.2.1 will discuss the
diurnal cycle of the PBL over the Sahara and how it influ-
ences wind speed near the surface, focusing on the role of
LLJs. Section 3.2.5 will conclude with some remarks on
vertical and horizontal transports. Each of these sections
will also discuss implications for modeling the respective
process.

3.2.1. Low-Level Jets

[36] Recent studies have indicated that LLIJs play a key
role in Saharan dust emission and transport. The peak
morning emission from the single greatest dust source of the
Bodélé Depression [Washington et al., 2006] and more
widely across the Sahara [Schepanski et al., 2009]
(Figures 5b and 5c¢) is now known to be phase locked to the
LLJ diurnal cycle. The mechanism of LLJ formation, which
is found in all subtropical desert regions and which governs
the (out of phase) diurnal cycles of LLJ and surface winds
(and hence dust emission), is described as follows. In the
free troposphere, wind speed and direction for a given
location is mainly controlled by the ambient pressure gra-
dient, leading to flow close to geostrophic balance away
from the equator. Closer to the surface, turbulence and fric-
tional effects create substantial deviations from geostrophy
depending on factors such as surface roughness, wind shear,
and vertical stability. Particularly, the last factor can create
substantial systematic differences between day and night
within the PBL and surface layer. Cloud-free and dry con-
ditions in desert regions cause most of the high insolation
during the day to be converted into sensible heating at the
surface, leading to a hot, often rather deep, dry convective
PBL.

[37] During the night, strong radiative cooling stabilizes
the very lowest layers and effectively decouples most of the
air that used to be within the PBL during the day from sur-
face friction [Todd et al., 2008b]. In areas of sufficient
background pressure gradient, this decoupling leads to an
inertial oscillation around the equilibrium wind (usually well
approximated by the geostrophic wind) [Blackadar, 1957,
Van de Wiel et al., 2010] as schematically depicted in
Figure 7a. The amplitude of the oscillation depends on the
magnitude of the ageostrophic component at the time of
decoupling (D in Figure 7a) and therefore on the background
pressure gradient, latitude, and roughness of the underlying
surface. Rough surfaces exert a strong frictional force and
therefore a high-amplitude inertial oscillation. The oscilla-
tion period is given by 27 divided by the Coriolis parameter,
f. For 23°N, a typical latitude in the Sahara, the oscillation
period is 30.7 h. Assuming a decoupled period of 10-12 h,
only about 1/3 of the oscillation can be completed, leading
to highly supergeostrophic LLJ peaking before sunrise
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(as shown from model experiments over the Bodélé
Depression in Figure 7b).

[38] The importance of the LLJ to dust results from its
relationship with surface winds. After sunrise, surface heat-
ing causes the PBL to grow in depth and mixes momentum
from the jet level down to the surface. This creates the dis-
tinctive diurnal cycle with peak surface winds and dust
emissions from morning to midday (Figures 5a, 7c, and 8)
and the resulting erosion of the LLJ above and hence the out
of phase diurnal cycle of LLJ and surface winds (Figure 7c)
[Knippertz, 2008, Todd et al., 2008b]. There are very few
radiosonde observations of LLJs in the Sahara (Figure 2),
but analysis data suggest a frequent occurrence throughout
the year (Figure 7d shows January as an example). It should
be noted here that the degree of decoupling critically
depends on factors suppressing turbulence near the surface
during the night. On one hand, clouds or high-column water
vapor weaken the radiative cooling and therefore keep sta-
bility relatively low, leading to generally less decoupling in
summer. This can lead to one or several breakdowns of the
jet during the night, when the vertical shear underneath the
jet core has reached a critical level, creating so-called inter-
mittent mixing events [Banta et al., 2003]. On the other
hand, in situations of very strong background pressure gra-
dients, stability might never become high enough to sup-
press the mechanically induced turbulence near the surface
and therefore impedes a complete decoupling (see, for
example, Figure 8a showing surface winds during the main
dust storm days during BoDEx and Figure 5a showing a dust
emission case over the Sahel).

[39] The close spatial similarity in the frequency of LLIJs
(Figure 7d) and dust source activation (Figures S5b and 5c¢)
provides compelling evidence of the often dominant role of
LLJs in emission, most notable in winter. Accurate model
representation of the LLJ processes is therefore crucial.
While state-of-the-art numerical models usually reproduce
the large-scale pressure gradients that drive LLJs satisfac-
torily, they often struggle to reproduce the distinct diurnal
cycle in near-surface winds (Figure 8a). Several studies have
shown problems with temperature inversions over arid areas
being too weak, leading to an underestimation of stability
in the lowest layers, too little decoupling, and therefore
too much vertical dispersion during the night resulting in
large wind forecast errors and even phase errors [Hanna
and Yang, 2001; Zhong and Fast, 2003]. These results are
sensitive to vertical resolution, PBL scheme, and rough-
ness length [Zhang and Zheng, 2004; Todd et al., 2008Db]
(Figure 8b), suggesting that there is an opportunity to opti-
mize forecast models for the Saharan sector. The work of
Todd et al. [2008b] notwithstanding, a systematic investi-
gation of the representation of LLJs in dust models and
potential implications for emission and transport strength
and diurnal cycle remains lacking.

3.2.2. Synoptic Scale

[40] It has long been known that the episodic nature of
large dust events is primarily controlled by synoptic scale
meteorological features [e.g., Dubief, 1979; Washington and
Todd, 2005; Schepanski and Knippertz, 2011], but more
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Figure 7. The LLJ and its role for dust emission. (a) Schematic showing a low-level wind vector in the
evening (U) together with the geostrophic (G) and ageostrophic (D) wind components [Van de Wiel et al.,
2010, Figure 1]. The decoupling from surface friction during the night causes a clockwise (in the Northern
Hemisphere) inertial oscillation of the wind vector following the dashed circle with a period of 27/f.
(b) Mean diurnal cycle of winds at 940 hPa from numerical simulations over the Bodélé Depression during
BoDEXx in February and March 2005 providing clear evidence of an inertial oscillation [7Todd et al., 2008b,
Figure 9a]. (c) Schematic depiction of typical changes in the vertical profile of low-level wind, gusts,
potential temperature, and turbulence over the Sahara during morning hours [Knippertz, 2008, Figure 1]
(http://www.schweizerbart.de/). The key for dust emission is the downward mixing of momentum from
the nocturnal LLJ during the morning buildup of the PBL. (d) Frequency of LLJ events during January
for ERA-Interim reanalysis data showing widespread occurrence through large parts of the Sahara
[Schepanski et al., 2009, Figure 4]. Note similarity of LLJ frequency and dust storm activation frequency
in Figure 5. Figures 7a and 7b are © American Meteorological Society. Reprinted with permission.
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recent analysis of the space-time distribution of dust AOT
has added considerable detail to our understanding. The
most important prerequisite for dust storms on this scale is
the establishment of a sufficiently large surface pressure
gradient to drive strong winds capable of dust emission and
long-range transport. From many analyses of case study
events and statistical analysis of long-term records, we now
have more evidence to identify the dominant synoptic types
by season.

[41] During the cool season from November to April,
two patterns appear especially important. First, upper level

troughs over northern Africa can trigger intense Saharan
cyclones along the northern margin of the Sahara [Alpert
and Ziv, 1989; Bou Karam et al., 2010]. These systems are
often related to lee cyclogenesis to the south of the Atlas
Mountains and then track eastward along the Mediterranean
coast (Figure 9a). They are often referred to as Khamsin
cyclones in Libya and Egypt and Sharav cyclones in the
Middle East. Many tracks turn northward into Turkey, but
some systems continue moving eastward. Incorporating
moisture from the Mediterranean Sea can lead to a rapid
intensification of the system and cause significant rainfall.
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Figure 8. Modeling low-level jets and associated surface
winds over the Bodélé Depression. (a) Comparison between
observations (solid line) and simulations with five different
regional models (horizontal resolutions between 7 and
26 km [Todd et al., 2008a, Figure 4]). Most models tend to
underestimate the diurnal cycle and the absolute magnitude
of the winds. (b) Mean diurnal cycle in observations (solid)
and simulations with the same model in different PBL con-
figurations [Todd et al., 2008b Figure 7a]. Different PBL
representations can lead to large differences in wind magni-
tude and diurnal cycle. Figure 8b is © American Meteoro-
logical Society. Reprinted with permission.

This type of event is most frequent during spring, when the
baroclinicity along the Mediterranean coast is maximized
and supports cyclone intensification [Alpert and Ziv, 1989].
Figure 9b shows an example of a Khamsin cyclone with its
core over Turkey, which caused widespread dust emission
over Libya and Egypt. The dust emitted by Khamsin
cyclones often gets carried over the Mediterranean Sea and
sometimes even into Europe with the southerly winds ahead
of the system.

[42] Second, ridging of the subtropical high increases the
south-north pressure gradient over the Sahara and leads to a
surge in the northeasterly harmattan or Etesian winds with
strong effects on the central and southern Sahara and the
Sahel [Washington and Todd, 2005; Knippertz and Fink,
2006; Knippertz et al., 2011]. Examples for this type of sit-
uation include an intensified Libyan high associated with
dust outbreaks from the Bodélé Depression [Washington
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and Todd, 2005; Washington et al., 2006] (Figure 10) as
well as an intensified and southeastward extended Azores
high activating dust sources in Mauritania, Mali, and Algeria
[Knippertz et al., 2011]. In both cases, dust emission and
surface winds show a clear diurnal cycle affected by the
formation of LLJs (see section 3.2.1). Long-lasting, exten-
sive events with high dust amounts are often associated with
explosive anticyclogenesis behind a surface cold front pen-
etrating into the northern Sahara. Prominent examples of this
type, which generated considerable research interest,
occurred during 2—7 March 2004 [Knippertz and Fink, 2006;
Min et al., 2009; Mangold et al., 2011; Shao et al., 2010]
and 7—13 March 2006 [Slingo et al., 2006; Tulet et al., 2008;
Cavazos et al., 2009; Mallet et al., 2009; Stanelle et al.,
2010]. The evaporating precipitation along the cold front
can play an important role in the early stages of these events
[Knippertz and Fink, 2006]. Generally, numerical models
satisfactorily reproduce such large-scale dust outbreaks
[Cavazos et al., 2009; Shao et al., 2010] (Figure 11) in that
the meteorological drivers of emission and transport provide
accurate depiction of timing/transport of dust and AOT with
respect to satellite observations. Indeed, in the study of
Cavazos et al. [2009], model dust estimate errors are domi-
nated by poor representation of specific local sources as a
result of inadequate soil information.

[43] In summer, there is a large background pressure gra-
dient into the SHL (Figure 1b), which frequently generates
high surface winds, often associated with LLJ formation.
This is particularly true for the dry northerly, westerly, and
easterly inflow [Knippertz, 2008; Grams et al., 2010]. On
the moist side of the “intertropical discontinuity” (ITD),
which separates Saharan and tropical air masses over Africa,
surface inversions are weaker, leading to less decoupling and
LLJ formation (see section 3.2.1). Nevertheless, the often
large monsoon pressure gradient allows a substantial accel-
eration of the near-surface wind in stable conditions during
the night [Parker et al., 2005], which can lead to dust
emissions near the leading edge of the monsoon flow
[Flamant et al., 2007; Bou Karam et al., 2008], possibly
associated with intermittent LLJ mixing events. The exam-
ple north-south lidar transect across southern West Africa
shown in Figure 12 indicates two regions of dust uplift
within the northward progressing monsoon flow. One is the
actual leading edge of the monsoonal air; the southern one
has been speculated to be the remnants of a convective cold
pool (see section 3.2.2) [see also Marsham et al., 2008a].
Rather little is known about the vertical wind structure of
these events. The representation of this feature in numerical
models has not been systematically investigated but will be
closely linked to the representation of the monsoon circula-
tion, which is a large challenge for many coarse-resolution
models [Cook and Vizy, 2006, Marsham et al., 2011].

[44] The dominant synoptic scale weather systems over
summertime West Africa are African easterly waves
(AEWs). It has long been known that AEWs modify dust
transport over the tropical Atlantic [Karyampudi and
Carlson, 1988; Westphal et al., 1988], but their role for the
dust distribution over the continent is less clear. Recently,
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Figure 9. Characteristic synoptic scale weather system associated with dust emission: the Saharan
cyclone. (a) Climatology of Saharan cyclone counts in 2.5° x 2.5° grid boxes for March—-May 1958-
2006 showing maximum activity across the Algerian and Libyan Sahara [Hannachi et al., 2010, Figure 6].
With kind permission from Springer Science + Business Media. (b) Example of a Saharan cyclone on
22 January 2004 in the SEVIRI dust product overlaid with synoptic station reports from Libya and
Egypt. The dark red colors show the main cloud mass of the cyclone and cold front, while pink colors

indicate dust emission behind the front (also see the Figure 3 caption).

Knippertz and Todd [2010] suggested that AEWs contribute
to the synoptic scale variability of the WS hot spot through
(1) the organization of dust transport, (2) dust emission
around the AEW surface vortex if it is strong enough, and
(3) dust emission in connection with convective cold pools
(see section 3.2.2) forming in the moist southerlies to the
cast of the AEW trough upstream of the WS (Figure 13).

The same authors provide evidence that interactions between
AEWs and subtropical upper level troughs play a role in
creating extended areas of southerly moisture advection into
the Sahara and northerly dust advection into the WS. Such
interactions have been proposed to create dust-generating,
traveling surface disturbances called Soudano-Saharan
Depressions, but this concept has recently been questioned

45N 1

(a)

40N 1

35N 1

830
30N 820
810
25N A 800
20N 790
780
15N 770
760

10N

5N

0 SE

10E 15E 20E 25E 30E 35E 40E

Figure 10. Characteristic synoptic scale weather system associated with dust emission: ridging of sub-
tropical high. (a) Composite mean geopotential height at 925 hPa (geopotential meters, shading) and wind
vectors (m s~ ) for 10—-12 March 2005 associated with dust outbreaks from the Bodélé Depression in
Chad. The strong anticyclone over Libya increases the north-south pressure gradient and causes a surge
in the northeasterly harmattan flow [Todd et al., 2008a, Figure 2b]. (b) Visible satellite image of a Bodélé
Depression dust outbreak [Washington and Todd, 2005, Figure 1].
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weather system associated with dust emission: explosive

anticyclogenesis. (a) SEVIRI false color dust composite at 1200 UTC 7 March 2006 (see the
Figure 3 caption for explanation) overlain with 925 hPa winds from a regional climate model version 3
(RegCM3) simulation. (b) Corresponding AOT from the same model simulation showing good qualitative
agreement with the observations. Figures 11a and 11b are from Cavazos et al. [2009, Figure 3].

on the basis of modern reanalysis and satellite data
[Schepanski and Knippertz, 2011]. AEWs are reasonably
well represented in state-of-the-art weather prediction mod-
els, although interactions with moist convection and the land
surface can lead to errors in both strength and propagation
[Sander and Jones, 2008; Shen et al., 2010]. Systematic
evaluation of model representation of tropical-temperate
interactions over the Sahara in relations to these specific
synoptic scale features has yet to be conducted.
3.2.3. Mesoscale

[45] A prominent dust storm type on scales of several
hundred kilometers is the so-called “haboob,” which is
caused by evaporationally driven, cold near-surface outflow
from organized moist convection. In particular, the squall
lines of the Sahel have long been connected to this kind of
dust storm [Sutton, 1925; Farquharson, 1937; Freeman,
1952]. The strong gust winds at the leading edge of the
cold pool can lead to dramatic moving “walls of dust”
(Figure 14a) and very sharp increases in wind speed and
particle concentrations (Figure 14b). Haboobs have been
documented for the northern [Knippertz et al., 2007; Emmel
et al., 2010] and southern margins of the Sahara [Lawson,
1971; Marsham et al., 2008a; Williams et al., 2008;
Knippertz and Todd, 2010] and other deserts worldwide
[Ldso et al., 1972; Membery, 1985; Chen and Fryrear, 2002;
Takemi, 2005; Miller et al., 2008]. Because of the diurnal
cycle of deep moist convection haboobs tend to cluster in the
late afternoon until early morning [Emmel et al., 2010].
There is an ongoing debate in the scientific community on
how much haboobs contribute to total dust emission, partly
caused by the difficulties of satellites to detect dust under-
neath convective cloud shields and problems in distin-
guishing and tracking specific events [Engelstaedter and
Washington, 2008; Williams, 2008]. Another aspect of
debate is subsequent wet deposition of dust particles by
convective rains, but SEVIRI dust imagery has recently
revealed that at least the northern parts of many large dusty

cold pools can move sufficiently far away from the precip-
itation area (see Knippertz and Todd [2010] for examples).
Figure 14d shows a CALIOP lidar cross section through the
cold pool of an extended haboob penetrating from Niger into
southern Algeria (Figure 14c). The sharp, inclined leading
edge is clearly visible in the lidar profile connecting with an
elevated dust layer from the previous day further south.
Their enormous spatial scale and vigor make haboobs one of
the most spectacular features in dust research.

[46] Modeling haboobs is a great challenge closely tied to
a realistic representation of organized moist convection with
a clear dependence on horizontal resolution and convection
parameterization [Knippertz et al., 2009a; Reinfried et al.,
2009; C. Cavazos and M. C. Todd, Model simulations of a
complex dust event over the Sahara during the West African
monsoon onset, submitted to Advances in Meteorology,
2011] (Figures 14e and 14f). Recent results by Marsham
et al. [2011] have shown that the contribution from
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Figure 12. Characteristic summertime dust emission pro-
cess: the monsoon nocturnal surge. Airborne lidar-derived
atmospheric reflectivity at 732 nm along a vertical cross sec-
tion between Niamey (Niger) and southern Algeria observed
during the AMMA special observation period 2 peak mon-
soon (0602-0658 UTC 7 July 2006) [Bou Karam et al.,
2008, Figure 7]. The high reflectivity between 18°N and
19°N marks the leading edge of the southwesterly monsoon
flow that accelerates in the course of the night. The black
lines are lines of constant potential temperature indicating
the stable stratification in the early morning hours.
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Figure 13. Characteristic summertime dust emission pro-
cesses: the synoptic scale surface trough. (a) Mean sea level
pressure and 925 hPa wind anomalies associated with large
positive perturbations in TOMS A7 over the western Sahara
(black box in all figures) during June—September 1979—
1993. The patterns indicate enhanced cyclonic winds in
the area of the surface trough of an African easterly wave
during dust events. (b) SEVIRI dust product (see the
Figure 3 caption for explanation) for an example case on
18 July 2006 showing a marked dust plume over the western
Sahara. (¢) OMI A/ (shading), 925h Pa winds (vectors), and
the intertropical discontinuity (red line) for the same time.
Strongest dust signals occur in the northeasterly flow around
the cyclonic center and are associated with convection and
haboob dust events in the southerly flow [Knippertz and
Todd, 2010, Figures 4g, 5c, and 5d].
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haboob dust emission changes dramatically between
simulations using the same model with and without con-
vective parameterization. There are examples of large
haboobs over the Sahara, which are not even represented
in analysis data because of a lack of observations and
difficulties with getting the model to generate the parent
convection [Knippertz et al., 2009b]. The key problem is
that convective parameterizations are designed to release
convective instability within a model grid box and there-
fore do not allow for the spatial separation of the up- and
downdrafts that are crucial to the mesoscale organization
and the formation of cold pools, which in reality can
easily reach dimensions of many grid boxes of a typical
regional model as shown by Figures 14c—14f. Another issue
is the correct initiation of convection in the model, which
is sensitive to surface topography and soil moisture hetero-
geneity [Taylor et al., 2011]. Moist convection can also
be associated with very small-scale and short-lived intense
wind events, sometimes referred to as “dry microbursts”
[Wakimoto, 2001]. These can be expected to cause dust
emission too, but there is very limited research on this topic
so far. These results, in particular, those of Marsham et al.
[2011], suggest that an important dust emission mechanism
is not satisfactory represented in the majority of dust models,
which has important ramifications on the diurnal cycle and
the activation of source regions in the Sahel, where haboobs
are most common. There is a need to better quantify the
contribution of haboobs to dust emission, transport, and
deposition and to explore cost-effective ways to better rep-
resent their impacts in models.

3.2.4. Microscale

[47] On scales of a few to several hundred meters, turbu-
lent circulations in the dry convective daytime PBL over
deserts can cause considerable emission over bare dry lands
on days with high insolation and weak background winds
[Sinclair, 1969; Ansmann et al., 2009b]. These can take
the form of more compact rotating dust devils and larger,
longer-lived nonrotating dusty plumes [e.g., Koch and Renno,
2005]. There are relatively few high-quality observations
of these features over the Sahara. Satellite data is clearly too
coarse to monitor microscale systems and in situ measure-
ments are challenging because of logistics. Figure 15a shows
lidar measurements from summertime southern Morocco,
which give a good indication of the frequency and depths of
dusty plumes that stand out as areas of high depolarization
(red colors). Clearly identifiable plumes occur on timescales
of 10-30 min. Maximum depth increases in the course of
the morning reaching values of up to 2 km above the
ground (3 km above sea level) around midday.

[48] The contribution of dust devils and dusty plumes to
the global dust emission is unknown, but extrapolations of
limited observations in North America suggest values of up
to 35% [Koch and Renno, 2005]. The applicability of these
measurements to the Sahara, however, is not clear because
of differences in land surface and PBL characteristics and
most evidence from satellite data and field campaigns sug-
gests that synoptic and mesoscale processes dominate. The
increase in computer capacities in recent years has made it
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Figure 14. Characteristic summertime dust emission process: haboobs. (a) Photograph of the leading
edge of a haboob in Hombori, Mali (photo courtesy of Frangoise Guichard, CNRS Photothéque). (b) Sur-
face measurements of PM;, concentrations and wind speed at Cinzana (Mali) showing the passage of two
haboobs during 5-7 June 2006 [Marticorena et al., 2010, Figure 15]. View from space of a haboob around
0130 UTC 3 July 2010 showing (¢) MSG SEVIRI and (d) CALIOP data as in Figure 3. Going south to
north the CALIOP section shows altocumulus clouds over southern West Africa, elevated dust from the
previous day around 17°N, the sharp inclined leading edge of the haboob, and possibly dust gliding onto
cooler Mediterranean air in the north. (e and f) Simulations of a haboob near the High Atlas in Morocco on
3 June 2006. Shown are model topography, 10 m winds, and precipitation. While the simulation using
7 km grid spacing and the Kain-Fritsch convection scheme (Figure 14e) struggles to reproduce the event,
a 2.8 km simulation with explicit deep convection (Figure 14f) performs much better [Reinfried et al.,
2009, Figure 8].
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Figure 15. Microscale emission processes. (a) Observations of dusty plumes by lidar taken on 16 May
2006 between 1040 and 1258 UTC in Ouarzazate, southern Morocco, during SAMUM-1. The dust
plumes stand out as regions of high depolarization reaching up to 2 km above ground level [4nsmann
et al., 2009b, Figure 2]. (b) High-resolution large eddy simulations of dry convection in an active daytime
desert boundary layer with a forming dust devil marked by a black dot. Shown is vertical motion at 40 m
above ground. (c) Flow visualization using trajectories with colors showing horizontal wind speed [from

Raasch and Franke, 2011, Figures 2 and 11].

possible to generate idealized large eddy simulations of dust
devils with resolutions down to a few meters for research
purposes [Kanak, 2005; Ohno and Takemi, 2010; Raasch
and Franke, 2011; Sullivan and Patton, 2011]. An exam-
ple from such a conceptual simulation is shown in
Figure 15b. The structure of vertical motions at 40 m above
ground indicates PBL eddies bounded by areas of strong
uplift. The associated horizontal convergence at the surface
is most likely associated with dusty plumes in the more
intense regions. In addition, the model shows the formation
of a rotating dust devil at the intersection of several uplift
branches (marked by a black dot). Theoretical, observa-
tional, and modeling studies show that dust devils are sen-
sitive to sensible heat flux, background wind, and PBL depth
[Rennd et al., 1998]. The effects of dust devils are not con-
sidered in dust models so far and are unlikely to be reflected
in TKE approaches as the one by Cakmur et al. [2004] (see
end of section 2.3.1), as these assume isotropic eddies in the
PBL.
3.2.5. Vertical Dust Transport

[49] As described in section 3.1.3, the summertime verti-
cal structure of the dust distribution is complex. Recent

measurements have revealed a variety of dynamical control
mechanisms for mixing and transport. These are summarized
by Cuesta et al. [2009] and schematically depicted in
Figure 6. Dust emitted over the Sahara (most often in the
hours after sunrise, see section 3.1.2) will be mixed verti-
cally through the Saharan convective boundary layer
(SCBL). This occurs most strongly during the hot summer
season when observations reveal that the SCBL extends up
to ~5-6 km across a vast extent of the central Sahara north
of the ITD (Feature I in Figure 6). Dust is typically well
mixed throughout this layer within a day or two of emission
as exemplified in Figure 3.

[50] Dynamical lifting occurs when cooler air intrudes into
the Sahara most commonly along the ITD where the mon-
soon flow undercuts the SAL or when midlatitude weather
systems advect cooler air from the Atlantic sector (Features
IL.b and Il.a, respectively, in Figure 6). The resulting slanting
isentropes cause an upgliding of the dusty SAL over the
monsoon or midlatitude air. The elevated SAL is clearly
visible as a ubiquitous feature in CALIOP lidar profiles
south of the ITD (Figure 3). Further, more detailed features
in the vertical structure of the SCBL are associated with the
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effects of topography and surface albedo patterns. Horizon-
tal flow over and around major topographic barriers (e.g., the
Hoggar and Tibesti Mountains) can induce variations in
wind speed and in the depth of the SCBL (a hydraulic
“jump”) downwind of mountains [e.g., Drobinski et al.,
2005] (Features Il.a and ILb in Figure 6). Localized heat-
ing over regions of low albedo associated with particular
geological features and mountains can result in hot spots
driving deeper convection during daytime (Features III.c and
II.d, respectively, in Figure 6). This has implication for
vertical mixing in those areas and for the compensating
circulation and vertical structure of the SCBL in the sur-
rounding areas [Marsham et al., 2008b].

[s1] Fine detail on the vertical structure of dust was pro-
vided by lidar observations during SAMUM-1 in southern
Morocco, providing the first surface lidar observations of the
full diurnal cycle of dust transport and mixing. These
observations have shown that during stable nighttime con-
ditions differential advection can lead to complicated layer-
ing in the lowest ~5 km of the atmosphere, which are then
mixed vertically in the course of the following day
[Knippertz et al., 2009b]. The different layers can be sepa-
rated by weak lids, which are often poorly resolved in
numerical models because of insufficient vertical resolution.
This can cause a too early mixing of air from difference
layers. Similarly, simulations of summertime dust events
with the Weather Research and Forecasting (WRF) regional
model reveal that too weak inversions at the SCBL top allow
dust to be mixed to excessive heights (Cavazos and Todd,
submitted manuscript, 2011).

4. CONCLUSIONS AND FUTURE DIRECTIONS

[52] Mineral dust aerosol is an important component of the
Earth system and efforts to incorporate the effects of dust in
weather and climate models is at the cutting edge of the
discipline. The Sahara desert is by far the world’s dominant
dust source with implications for the local, regional, and
global climate. This paper summarizes the advances made in
recent years in our understanding of mineral dust processes
over the Sahara, emerging primarily from analysis of (1) new
satellite observations, (2) intensive field and airborne obser-
vational campaigns, and (3) high-resolution regional model
simulations. The emphasis here is specifically on the mete-
orological processes of dust emission and transport. What has
emerged from this research is (1) a greatly improved quan-
titative representation of the 4-D structure of Saharan dust
plumes, (2) a more complete list of the multiscale meteoro-
logical processes responsible, and (3) a deeper understanding
of the utility and key limitations of models in representing
these processes.

[53] There are fundamental differences between the winter
and summer conditions. The former is characterized more
by synoptic scale processes and often dry dynamics leading
to episodic strong dust events affecting mostly the lowest
1.5 km of the atmosphere. Cyclonic storms in the northern
Sahara and surges in the harmattan or Etesian winds farther
south associated with a pulsing of subtropical high-pressure
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systems are dominating. The summertime is more complex
involving a wider range of sources and mechanisms, leading
to a much deeper dust layer that frequently gets elevated
when advected over cooler air surrounding the Sahara.
Important meteorological features include AEWs and inter-
actions with midlatitude troughs, the SHL, the monsoon
circulation, haboobs, and dust devils and dusty plumes in the
dry convective PBL. Nocturnal LLJs are common during
both winter and summer and are an important control on
diurnal variations in dust distribution.

[54] We can identify a number of critical challenges that
should be addressed in future research substantially associ-
ated with the representation of peak winds.

[s5] 1. The role of moist convective processes and cloud/
precipitation systems is clearly central to dust emission,
transport, and deposition in the Sahara and the Sahel during
summer, most vividly expressed through the dramatic
haboob dust events. However, even regional models running
at grid spacings as low at 10 km do not adequately represent
these processes, neither in climatological terms nor for
weather forecasting. Addressing this is especially problem-
atic as it requires improvements both in models and in
detailed observations of aerosols under cloud systems,
which is not currently possible from any of the satellite or
ground-based observational systems. Representing moist
convective processes has long been recognized as a chal-
lenge to models and was part of the rationale for the AMMA
and other campaigns. However, the overwhelming emphasis
in previous research has understandably been on represent-
ing precipitation processes and there is a clear need for a
focused effort to observe and simulate the extreme wind
events associated with moist convective processes.

[s6] 2. The role of dry convective processes in the PBL on
dust emission and mixing. There are two components to this.
First, the contribution of dry convective eddies (dust devils)
to dust emission remains essentially unknown. During
summer, in particular, the deep SAL has a high background
aerosol load. It is not clear to what extent this is the result of
mixing and transport of dust from episodic synoptic and
mesoscale events or from microscale dust devil-like pro-
cesses. The latter are not at all well observed from satellite
and existing surface observations over the Sahara are not
adequate to resolve them. The “Fennec” project, combining
detailed surface observations and high-resolution, eddy-
resolving modeling, should provide valuable insights in this
regard. Second, while the LLJ features have been high-
lighted as central to dust emission and transport, there
remain substantial uncertainties in model representation of
LLJs through inadequate handling of the fine detail of the
nocturnal stable PBL as well as the downward mixing of
LLJ momentum during the buildup of the PBL in the
morning. The timing and height of vertical mixing of dust
during the day is controlled by often subtle layering in the
atmosphere, which models struggle to resolve. In addition,
there remains the problem of a lack of detailed information
on land surface characteristics (soil texture, moisture,
roughness, and land cover characteristics) and its temporal
variations, required by physically based emission schemes.
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[57] Addressing these challenges requires a combination
of (1) more extensive, fine-grained observational programs,
such as the recent Fennec field campaign; (2) further
advances in satellite retrievals with high-resolution model-
ing; (3) more thorough testing, evaluation, and sensitivity
studies of model parameterization of meteorological pro-
cesses (e.g., PBL, convection, and microphysics schemes)
and dust processes (emission and deposition); and (4) a
concerted effort to develop model parameterizations spe-
cifically tested for the unique conditions of the Sahara
desert. The last is the goal of the recently started “Desert
Storms” project at the University of Leeds (http:/www.see.
leeds.ac.uk/research/icas/working-groups/knippertz/projects/
desert-storms/). Representing subgrid-scale wind variability
through probability density functions on the basis of mea-
sures of turbulence [Cakmur et al., 2004] is a promising
general concept that will be followed in this project. This
approach, however, is of limited advantage if the process
generating the turbulence (the LLJ or its breakdown, the
haboobs, the dust devil, etc.) is not satisfactorily represented
in the model in the first place, calling for further parameter-
ization efforts on the level of single meteorological processes
involved in peak wind generation. We expect that for the
time being, dust modeling will have to rely on some degree
of tuning to account for the lack of high-resolution soil
information, but that the new insights gained in recent
years will lead the way to a more physical representation
of smaller-scale meteorological processes that will ulti-
mately improve geographical variations, vertical structure,
seasonality, and the diurnal cycle of the dust distribution
in models as well as short-term forecasts of dust hazards and
air quality.
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