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Glossary

Aerosol optical depth (AOD) (or Aerosol optical Thickness (AOT), the two are synonyms;
unitless, wavelength—dependent): the integrated optical extinction (scattering plus absorption) at
a specific wavelength, usually in the mid-visible spectral region, through the vertical atmospheric

column.

African easterly jet (AEJ): mid—tropospheric easterly jet stream driven by the moisture—thermal
gradient between the Sahara Desert and the coast of Guinea. It is part of the mid—tropospheric

anticyclonic circulation above the Sahara Desert.

Angstrom exponent (or Angstrém coefficient; unitless): the slope of spectral AOD across a
certain wavelength range on a logarithmic scale. A parameter which describes the relationship

between AOD and wavelength; larger particles tend to have smaller Angstrém exponent values.

Arctic Oscillation (AO): main mode of variability of the atmospheric circulation in the mid—to—
high latitudes of the Northern Hemisphere. It accounts for the variability of the pressure difference
between the Arctic region and North Atlantic and North Pacific, and influences the meridional

location of the mid—latitude jet stream.

Backscatter coefficient (unit of length~*solid angle™, typically m-sr*; wavelength—dependent):
the strength of scattered radiation returned to a light source, the quantity which is retrieved by an

elastic lidar system.

Complex refractive index (m=n-ik) (unitless, wavelength—dependent): the intensive optical
guantity defining the capacity of a medium (bulk material, small particles) to interact with radiation:
at each wavelength the real part accounts for scattering, while the imaginary part accounts for

absorption.

Depolarization ratio (unitless, wavelength—dependent): in the context of lidar measurements,
the ratio of the cross—polarized to the parallel-polarized backscatter signals (can be used to

derive particle microphysical properties).

Dust: solid particles ranging in size from below 1 ym up to hundreds of micrometers that are
projected into the air by both natural and anthropogenic processes. Natural emissions arise by
wind acting on undisturbed soils, while anthropogenic emissions result from human activity, such
as crushing, grinding, drilling, demolition, etc., but also include land—use changes that modify soll
surface conditions, and climate modifications to wind fields, precipitation, etc., altering dust

emission processes.



Effective diameter (unit of length, typically nm, 10-° m, or um, 10-° m): the area weighted mean

diameter of an aerosol population.

El Nifio/Southern Oscillation (ENSO): main mode of variability of the sea surface temperature
(SST) in the Equatorial Pacific, tightly associated with the variability of the equatorial trade winds.
El Nifio (La Nifia) conditions refer to positive (negative) SST anomalies and weak (strong) easterly

regime and negative (positive) phases of the Southern Oscillation Index (SOI).

Intertropical convergence zone (ITCZ): location in the Tropics where northeasterly and
southeasterly trade winds converge, approximately coincident with the thermal equator. It is
characterized by deep convection and intense precipitation.

North Atlantic Oscillation (NAO): main mode of variability of the atmospheric circulation in the
North Atlantic. It accounts for the variability of the pressure gradient between the Azores high and
the Icelandic low, and influences the intensity and tilt of the subpolar jet stream.

Pacific decadal oscillation (PDO): main mode of variability of the Pacific SST at the decadal
time scale, accounting for the thermal gradient between equatorial and extratropical Pacific. It can

be considered as the low—frequency component of ENSO.

Pacific/North America (PNA) pattern: variability of the atmospheric pressure gradient between
the North American continent and North Pacific. The PNA positive (negative) phases feature
anomalous high (low) pressure over North America, anomalous low (high) pressure in the North

Pacific, and stronger (weaker) East Asian jet stream.

Saharan Air Layer (SAL): an atmospheric layer which forms over the East Atlantic during
summer and which provides a stable transport route for dust travelling westwards from the

Sahara.

Saharan heat low (SHL): atmospheric thermal depression developing in response to the heating
of the Sahara Desert in boreal summer. It is characterized by shallow dry convection and cyclonic

circulation in the lower troposphere.

Single scattering albedo (unitless, wavelength—dependent): the ratio of the scattering efficiency
to the overall extinction efficiency for an aerosol particle at a given wavelength. It provides the
evaluation of the absorbing capacity of the aerosols: an SSA=0 corresponds to purely absorbing

particles and an SSA=1 is for fully scattering particles.



Southern Oscillation Index (SOI): standardized difference of mean sea level pressure between
Tahiti and Darwin, Australia. Positive (hegative) phases are associated with strong (weak)

easterly wind regime in the Equatorial Pacific and La Nifia (El Nifio) conditions.

West Pacific (WP) pattern: variability of the atmospheric pressure gradient between northern
Asia and the West Pacific. WP positive (negative) phases are associated with stronger (weaker)

East Asian jet stream.

Keywords (10-15): mineral dust aerosols, global deserts, atmospheric circulation, remote
sensing, satellites, field campaigns, climate index, Mediterranean, Atlantic and Pacific Oceans,
Southern Ocean, Arabian Sea, size distribution, mineralogical composition, chemical aging,

climatic impact



Abstract

Mineral dust aerosols are transported for thousands of kilometers in the atmosphere, and have
global effects on the Earth’s climate and ecosystems. The development of satellite technology
and numerical modelling, several intensive field campaigns performed in different areas of the
world, and laboratory experiments, have led to the development of a significant knowledge of dust
transport dynamics and spatio—temporal variability, as well as particle physico—chemical and
climate-relevant properties and their possible modification with atmospheric aging. In this
chapter, we revisit and discuss some of the past and recent literature results to provide an

overview of acquired knowledge and missing gaps in dust transport research.

Change History Statement: this is not an article update.



1. Introduction

With teragrams of annual emissions, mineral dust aerosols from arid and semiarid regions all over
the world are one of the dominant tropospheric aerosol species by mass (Huneeus et al., 2012).
Once suspended in the atmosphere, mineral dust aerosols can be transported up to thousands
of kilometers away from their sources before being deposited to the Earth’s surface, which is
usually referred to as the long—range transport of dust (Prospero, 1999; Goudie and Middleton,
2006). The atmospheric residence time of dust aerosols may range from few days up to 1-2

weeks (e.g., Uno et al., 2009; Huneeus et al., 2011; Ménégoz et al., 2012).

The global distribution of dust aerosols in the atmosphere is controlled by the geographical
distribution of active sources and the meteorological fields determining emission and transport
routes (e.g., Knippertz, 2014). The largest and most persistent sources of mineral dust are located
in the subtropical Northern Hemisphere, mainly in a broad “dust belt” ranging from North Africa,
across the Middle East, Central and South Asia, to China, and including major global deserts
(Ginoux et al., 2012; Prospero et al., 2002; Washington et al., 2003; Choobari et al., 2014). Dust
from the Sahara Desert and the Sahel in Northern Africa is efficiently transported towards the
Atlantic Ocean reaching both North and South America (e.g., Swap et al., 1992; Prospero, 1999;
Reid et al., 2003a; Prospero et al., 2014) and the western to eastern sides of the Mediterranean
basin including continental Europe (e.g., Pace et al., 2006; Meloni et al., 2008; Di Mauro et al.,
2019). Sources from the Middle East are efficiently transported towards the Arabian Sea, the Red
Sea and the Mediterranean, as well as towards India with a transport route over land (e.g.,
Kalenderski and Stenchikov, 2016; Banks et al., 2017). Asian dusts from the Gobi and the
Taklimakan Deserts have been observed up to 5000 km away from sources on the western coasts
of the Pacific Ocean and even to perform a full circuit transport pattern around the globe (Uno et
al., 2009). Dust from North Africa and Asia is also identified in Arctic ice cores (Han et al., 2018)
whereas emissions from sources in Southern Africa and South America are documented in
Antarctic sediments (e.g., Biscaye et al., 1997, Petit et al., 1999). Together with sources in the
hot arid and semiarid subtropics, dust is also produced in high latitude (> 50°N, > 40°S) cold
environments, such as Alaska, Canada, Eurasia, Greenland and Iceland in the Northern
Hemisphere and Antarctica, New Zealand, and Patagonia in the southern Hemisphere. These
sources contribute to about 5% of global dust emissions (Bullard et al., 2016). High—latitude dust
is composed of mineral particles, re-suspended glacier sediments and volcanic ashes and it has
been documented to undergo long—-range transport across the Arctic and Antarctic regions (e.g.,
Prospero et al., 2012; Bullard et al., 2016).


https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2016RG000518#rog20104-bib-0225

In the past several decades, the long—distance transport of mineral dust aerosols has gained
tremendous attention because of the many important impacts that dust exerts on the Earth’s
climate and planetary ecosystems. Compared to other aerosol types whose mass is dominant but
widespread over the global atmosphere, for example sea salt (the most abundant emitted species;
Huneeus et al., 2012), the crucial aspect that makes dust long—range transport relevant as a
global scale phenomenon is the fact that the large atmospheric mass loads involved are
concentrated over frequent but episodic outbreak events. During these events the mass
concentration of dust aerosols may reach a few mg m= close to source regions (Kandler et al.,
2007), but remain of the order of tenths to hundreds of ug m= after thousands of km of transport
in the atmosphere (e.g., Zhou et al., 1996; Marconi et al;, 2014; Zuidema et al., 2019). These
concentrations are large enough to make dust dominate the aerosol optical depth (AOD) even
thousands of km downwind of sources, and to play a primary role in affecting radiative transfer of
solar (or shortwave) and infrared (or longwave) radiation in the atmosphere (the direct radiative
effect), cloud formation and properties (the indirect radiative effect), atmospheric chemistry, air
guality, transport, human health, and solar energy production (e.g., Christopher et al., 2003;
Haywood et al., 2003; Meloni et al.,, 2015; Rieger et al., 2017). Once removed from the
atmosphere, dust is deposited over ocean and land surfaces where it influences the oceanic and
terrestrial biogeochemistry through the transport of nutrients, such as iron (Jickells et al., 2005)
and phosphorus (Nenes et al., 2011). For instance, North African dust transport has emerged
over recent years as a major contributor to the nutrient input to the Atlantic Ocean and to many
islands in the Caribbean, the Bahamas (Muhs et al., 2007), Bermuda (Muhs et al., 2012) and the

Amazon basin (Ben—Ami et al., 2010).

Because of its episodic nature, the emission, transport, and deposition processes of the global
dust aerosols are strongly influenced by meteorology, causing strong seasonal, inter—annual, and
decadal variability (Prospero and Lamb, 2003; Knippertz et al., 2014). Additional spatio—temporal
variability in dust mobilization and transport may arise from land use changes or changing climate
conditions affecting surface properties and meteorological fields (e.g., Moulin and Chiapello,
2006; Hsu et al.,, 2012). Moreover, significant correlations have emerged between dust and
climate variability. As an example, studies based on long term dust datasets report that the dust
distribution over the Atlantic is largely influenced by the North Atlantic Oscillation (NAO) in
wintertime and the EI-Nifio/Southern Oscillation (ENSO) in summertime (Hsu et al., 2012),
because of the link between major ENSO events and the occurrence of droughts in the Sahel
(Prospero and Lamb, 2003; Chiapello et al., 2005). In contrast, the Sahara, receiving much less

rainfall than the Sahel, is less influenced by the year to year variability in precipitation.



The first indications of the long—range transport of mineral dust aerosols over the Atlantic Ocean
were reported by Charles Darwin about 170 years ago (Darwin, 1846). Despite this, it was only in
the early 1970s, about 120 years after Darwin’s initial observations, that we had the first
guantitative evidence of the long—range transport of mineral dust over the Atlantic Ocean. This
was provided by in situ surface monitoring of the aerosol composition at Barbados showing that
African dust routinely reached the Caribbean region 5000 km away (Delany et al., 1967; Prospero
et al., 1968). The in situ surface monitoring at Barbados was followed by similar measurements
in Miami. Starting in 1974, Miami observations further demonstrated that African dust regularly
reached the eastern coasts of the United States (Prospero, 1999). The surface observations
initiated at Barbados and Miami never stopped, by now reaching almost 50 years of continuous
daily observations (Zuidema et al., 2019). These data constitute the longest and most famous
time series of dust surface concentration observations at long—range distance deposition sites
and initiated the first studies of the dust transport intensity and seasonal and inter—annual
variability in the 1970s and 1980s (Prospero, 1968; Prospero and Carlson, 1980; Prospero and
Nees, 1986).

Following the approach of Prospero’s group, other ground—based monitoring stations of surface
dust concentration were set up during the 1980s and 1990s in other regions of the world to
document the mid— and long—range transport of mineral dust aerosols (Zhang et al., 1993; Kubilay
et al., 2000; Derimian et al., 2006; Marconi et al., 2014). In the mid—1990s the AERONET (Aerosol
Robotic Network. https://aeronet.gsfc.nasa.gov/) ground-based network was also initiated
(Holben et al., 1998), with nowadays hundreds of sun/sky photometers located all around the
world quantifying the presence and load of dust aerosols by retrieving integrated information over

the entire atmospheric column.

Starting from the mid—1970s the investigation of the long—range transport of dust aerosols has
significantly advanced thanks to the development of satellite technology. Because of their spatial
and temporal resolution and coverage, satellites present intrinsic advantages to characterize
regional— and global-scale aerosol transport compared to ground—based observations. Satellites
can provide spectacular imagery of major dust events, showing the plumes crossing the oceans
and reaching remote areas. Examples of satellite images are provided in Fig. 1 showing a dust
plume being transported across the Atlantic Ocean (Fig. 1a), a dust plume over the Arabian Sea
(Fig. 1b), a dust plume across the Mediterranean Basin (Fig. 1c), and dust plumes off the coast

of Namibia (Fig. 1d). Advances in satellite imagery over the years have provided increasingly



realistic portraits of the intensity and extent of dust transport episodes all over the world and the

ability to track individual dust storms along their transport paths.

Figure 1. Visible images from the Suomi NPP — VIIRS (National Polar—orbiting Partnership —
Visible/Infrared Imager and Radiometer Suite) instrument for a dust plume a) being transported across
the Atlantic Ocean (top left, 04 July 2014), b) dust over the Arabian Sea (top right, 30 July 2018), c) dust
plume across the Mediterranean Basin (bottom left, 21 February 2017) and d) dust plumes off the coast
of Namibia (bottom right, 25 September 2019). Images obtained from NASA Worldview

(https://worldview.earthdata.nasa.gov).

Satellite technology has continuously advanced over the last decades and particularly during the
Earth Observing System (EOS) era starting around 2000 (Yu et al. 2013). Satellites are at present
capable of providing global land and ocean measurements of AOD, therefore allowing the large—
scale quantitative estimates of the horizontal distribution of atmospheric dust. The AOD retrievals
over the oceans have shown that oceanic areas with the largest optical depths are those located
downwind of active desert sources (Husar et al., 1997; Kaufman et al., 2005), clearly highlighting


https://worldview.earthdata.nasa.gov/

the role of dust in the global aerosol load linked to transport processes. Many more advanced
products derived from satellite measurements nowadays permit not only the identification of the
presence of dust in the atmosphere but also the retrieval of diverse information on the dust
emission strength and properties, including information on the dust size distribution, and optical
depths at visible and infrared wavelengths (Diner et al., 2001; Hsu et al., 2004; Pierangelo et al.,
2004; Remer et al., 2005; Torres et al., 2007; DeSouza-Machado et al., 2010; Kluser et al., 2011,
Banks et al., 2013). Satellites are able to observe small and large dust events over both land and
ocean surfaces, by day and night. The vertical distribution of aerosols in the atmosphere can be
obtained at high spatial resolution thanks to regular space-borne lidar observations since 2006
(Winker et al., 2009), allowing the tracking of dust transport (Liu et al., 2008) and providing
information on the three-dimensional (3D) distribution of dust aerosols at seasonal and inter-
annual scales (Yu et al.,, 2010). More recent products based on hyper-spectral satellite
observations enable the tracking of the 3D structure of dust plumes at high temporal resolution
(Cuesta et al., 2015). Satellite sensors can also prove complimentary observations for aerosol
transport studies, as for example by measuring trace gases such as SO,, NO; and CO (Martin,
2008). These species originate from different sources than the dust aerosols but can mix within
the dust plume when travelling far from arid sources and cause atmospheric aging of the dust
particles by heterogeneous chemical reactions and formation of coatings at the particle surface
(Usher et al., 2003).

The availability of systematic observations of atmospheric dust at the global scale has supported
the development of chemistry and aerosol modules in climate models. Based on the possibility of
assimilating aerosol data, several reanalysis products have been made available to the scientific
community from the 2000s, allowing studies of aerosol concentrations, optical properties, and
direct and indirect radiative effects, in relation to meteorological and climate evolution. From the
pioneering Goddard Chemistry Aerosol Radiation and Transport (GOCART) model (Ginoux et al.
2001), simulating the major tropospheric aerosol components, the NASA Goddard Space Flight
Center (GSFC) has later implemented the Modern Era Retrospective analysis for Research and
Applications Aerosol Reanalysis (MERRAero), providing data back to 2002 (Buchard et al., 2015).
In Europe, the European Centre for Medium Range Weather Forecasts provides aerosol
reanalysis products dating back to 2003 (the Monitoring Atmospheric Composition and Climate
(MACC) and Copernicus Atmosphere Monitoring Service (CAMS) reanalysis; Flemming et al.,
2017). Nowadays, dust is routinely monitored and forecast on a regional and global basis by the
Barcelona Supercomputer Center (https://ess.bsc.es/bsc-dust-daily-forecast), and the role of dust

and its evolution in historical and future climate is simulated by climate models participating in the
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Aerosol Comparisons between Observations and Models (AEROCOM) project (Huneeus et al.
2011) and the Coupled Model Intercomparison Project (CMIP) phase 5 and 6 (Taylor et al., 2012;
Eyring et al., 2016).

Starting from the 1970s and intensifying in the 2000s, a large number of field campaigns have
been carried out in regions close to dust sources or across and downwind of dust transport
pathways. Conducted either from the ground and/or from the air, and combining remote sensing
and in situ techniques, field observations during intensive campaigns have documented dust
emission and uplift processes, physico—chemical and climate—relevant (optical, hygrocopicity,
solubility) properties of airborne particles, and provided estimates of their direct and indirect
radiative perturbations, therefore crucially contributing to a regional description of the dust
transport conditions, extent, and impacts. Most past field campaigns on dust aerosols have been
concentrated in North and West Africa (Redelsperger et al., 2006; McConnell et al., 2008;
Heintzeberg, 2009; Haywood et al., 2008, 2011; Ryder et al., 2015) and along transport routes of
North African dust in the Mediterranean (Meloni et al., 2015; Mallet et al., 2016), the Atlantic
Ocean off the coast of Africa (Raes et al., 2000; Tanré et al., 2003, Ansmann et al., 2011; Ryder
et al., 2018), and on the west side of the Atlantic Ocean (Formenti et al., 2001; Reid et al., 2003a;
Denjean et al., 2016b; Weinzierl et al., 2017). Field campaigns have been also performed in past
years in the Middle East (e.g., Reid et al., 2008), East Asia (Mikami et al., 2002; Hansell et al.,
2012), and across the Pacific Ocean (Huebert et al., 2003). There has also been growing attention
in recent years on sources in the Southern Hemisphere (e.g., Formenti et al., 2019), in particular
Namibia as a source of long—range transport of mineral dust to the central tropical South Atlantic
(Swap et al. 1996). Some of the past dust campaigns were (or included) scientific cruises
documenting the surface and atmospheric concentration and properties of mineral dust in remote
oceanic areas (Duce, 1995; Kanitz et al., 2014). In this sense, cruise observations have been
particularly useful to investigate and quantify the contribution of dust deposition to nutrient input

into the oceans which is of relevance for understanding the biogeochemical impact of dust.

When travelling in the atmosphere, as anticipated, dust aerosols can mix with air masses carrying
other aerosol types and gas constituents, which can initiate a chemical processing of the particles.
The investigation of the “fresh” and “aged” dust properties and of the mechanisms leading to the
interaction of dust with the atmospheric constituents, started by field observations, has also been
complemented by the laboratory approach, particularly increasing, in the last two decades,. The
use of laboratory techniques is useful, in some cases even essential, to explain processes

occurring in the atmosphere which are difficult to isolate and understand based solely on field or
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remote sensing observations and to retrieve quantities that cannot easily be accessible in the
field. In recent years laboratory flow tube or simulation chamber experiments have been realized
to investigate the dust chemical aging from the interaction with other atmospheric constituents
(e.g., de Reus et al., 2000, 2005; Hatch et al., 2008; Gibson et al., 2007; Sullivan et al., 2009a,b)
and laboratory setups have been used to explore the spectral optical and hygroscopic properties
of the particles, leading to their direct and indirect climatic effects (i.e., Linke et al., 2006 ; Wagner
et al., 2012; Atkinson et al., 2013 ; Laskina et al., 2013; Augustin-Bauditz, 2016; Di Biagio et al.,
2014, 2017, 2019).

The combination of these diverse sources of information (surface and satellite observations,
intensive field campaigns and laboratory investigations), complemented by the consistent
development of numerical regional and global modelling over the past decades, has allowed the
scientific community to develop a global picture of the main transport patterns of dust , as well as
to identify the main processes affecting the evolution of dust properties relevant to their climatic,
environmental and health impacts during transport. As of today, we have acquired a large body
of knowledge, but many guestions are still open. In particular, many aspects of the dust cycle of
relevance for the dust—climate effects, such as the effectiveness and impact of the interaction of
dust with gaseous compounds or the mechanisms allowing for the conservation of the dust coarse
mode during transport, remain speculative (e.g., Ansmann et al. 2011; Ryder et al. 2015;
Weinzierl et al., 2017).

In this chapter, which is an update of the first version provided by Marticorena and Formenti
(2013), we revisit and discuss some of the recent literature results to provide more insight on dust
transport studies, including the most recent outcomes from in situ field and laboratory experiments
and observations from the new generation of available satellite products. The focus here is on
subtropical dust sources, and high—latitude dust will be not discussed further. Section 2 analyses
the horizontal, vertical and seasonal distribution of dust transport based on the observational
record combining surface and satellite AOD observations, and the discussion of illustrative case
studies. Section 3 discusses the main meteorological processes responsible for dust emission
and long-range transport patterns in different regions and the influence of climate indices on the
seasonal and interannual variability of dust episodes and their transport. Section 4 focuses on the
role of dust transport in affecting the particle size distribution, composition and morphology, in
particular by taking advantage of the body of observations from recent intensive field campaigns.
The impact of aging on the optical, hygroscopicity and solubility properties of dust and their

climatic effects along transport are also discussed in Section 4 by combining the observational
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evidence from field and laboratory studies. The role of dust transport as a tracer of past climate
variability and future projections of dust emission and global distribution are discussed in Section

5. Conclusions are drawn in Section 6.
2. Observations of Dust Transport Patterns and Pathways

The distribution of dust and its transport routes in the atmosphere, as previously introduced, is
spatially and temporally heterogeneous, governed primarily by the distribution of the major source
regions and the associated prevailing wind patterns. Depending on the intensity of the sources
and the meteorological processes acting on the lofted dust layers, dust may be transported across
continents and oceans (e.g. Prospero et al., 1970; Koren et al., 2006; McKendry et al., 2007). In
this Section we explore these patterns and the observations which have revealed and described
them, with reference to the global satellite observations and surface measurements (e.g. dust
samplers, sunphotometers, and lidars) which have been used to track the long—range transport
of dust. In Section 4 we will discuss recent field campaigns which have explored dust activity and
properties.

2.1 Spatial Patterns of Dust derived from the Observational Record

On the global scale, our knowledge of the spatial patterns of transported dust is underpinned by
developments in observational techniques over recent decades, techniques which are diverse
and inter—disciplinary, and which are made from the surface (land and ocean), the air, and from
space. For obvious practical reasons, as already described in the introductory section, some of
the earliest measurements of dust were performed near the surface in numerous locations around
the world, using dust samplers. Collating some of this information over the global oceans, Duce
(1995) reported near—surface dust concentrations varying from as low as 0.001 ug m= in the
Southern Ocean to as much as 1000 pg m= in the Arabian Sea and in the mid—Atlantic

atmosphere downwind (i.e. westwards) of the Saharan African coast.

An invaluable resource for global dust measurements is provided by AERONET, a network of sun
photometers which has been making ground—based remote sensing measurements of aerosols
for over 25 years (Holben et al., 1998; Giles et al., 2019). As of 2018, the network contained over
600 sites worldwide, with a ship—based maritime network (Smirnov et al., 2009) also in operation.
Sun—photometers measure aerosol presence by observing the Sun and contrasting the measured
direct—beam irradiance with that for a pristine—sky atmosphere of known atmospheric path length,
taking into account the solar elevation above the horizon. Using this information, under clear—sky

conditions AERONET sites retrieve the AOD, representing the extinction of solar radiation due to
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aerosols within the atmospheric column. The measurements are spectrally resolved, with
channels ranging from 340 to 1640 nm in wavelength, i.e. from the upper end of the ultraviolet to
the lower end of the infrared parts of the spectrum. By convention, AODs are often reported by
various sensors at 550 nm, in the middle of the visible spectrum. AERONET sun photometers
make direct measurements of the effect of aerosols on solar radiation and hence they have low
uncertainties on their AOD retrievals, leading to estimates being commonly considered to be
‘ground—truth’ measurements. Additional retrieved optical aerosol properties include the aerosol
Angstrom exponent, which describes the spectral dependence of the AOD and hence can be
used to distinguish between aerosol types, and the single scattering albedo, providing a
quantification of the aerosol absorbing capacity. The retrieval method for calculating the single
scattering albedo is derived from almucantar scans (Dubovik and King, 2000) made at defined
measurement angles offset from the Sun so as to measure the multiple scattering of aerosols,
and is therefore a qualitatively and quantitatively different method to retrieve aerosol properties
compared to the direct—-Sun observations used to retrieve the AOD. The almucantar scans also
enable the retrieval of aerosol size distributions and the sphericity of the aerosol particles, useful
for estimating the dust loading. Due to its sparse but globally—distributed coverage and the long—
term record of observations available, AERONET high—quality data have been used to investigate
dust variability and properties over different regions of the world (Dubovik et al., 2002; Kim et al.,
2011). An important caveat is that its sparse coverage across desert regions, and also across
oceanic regions downwind of the dust sources, does leave large spatial gaps in the dust

measurement record.

Complementary to AERONET, developments in lidar (light detection and ranging) technology
have seen an increase in their use for atmospheric aerosol research (e.g. Ansmann et al., 2009;
Baars et al., 2016; Marinou et al., 2017). As an active remote sensing instrument, lidars provide
more information on the vertical distribution of aerosols in the atmosphere by measuring the
height-resolved aerosol backscatter. Further discrimination of the aerosol type, size and shape
is provided by the depolarization ratio (Haarig et al., 2017). Moreover, ground-based atmospheric
lidars are often collocated with AERONET sites, for example the NASA Micro—Pulse Lidar
Network (MPLNET, e.g. Welton et al., 2001), allowing for a synthesis of the AERONET AOD

retrievals in order to help constrain the lidar aerosol retrieval.

In order to obtain a truly global perspective, however, it is necessary to make use of satellite
observations. Satellite imagery was first used for identifying atmospheric dust in the 1960s, when,

for example, Prospero et al. (1970) used images from the ESSA 5 satellite to identify dust
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transport from the Sahara westwards over the Atlantic. Carlson (1979) provided one of the first
satellite tracking of a dust plume transport across the Atlantic Ocean based on VHRR (Very High
Resolution radiometer) brightness data from the NOAA (National Oceanic and Atmospheric
Administration) 3 satellite. These authors followed the outbreak of a Saharan dust plume for seven
days during summer 1974 over a portion of the eastern equatorial North Atlantic. Their analysis
first demonstrated that radiometric observations from satellite platforms could be used to resolve
the large—scale patterns of dust optical depth and their spatio-temporal evolution. Further
developments in aerosol retrievals using satellite data were prompted by the AVHRR (Advanced
High—Resolution Radiometer) instruments, which have sufficient spectral resolution to attempt
aerosol retrievals (Stowe et al., 1997), and which have provided a data record which stretches
back to the 1980s. At solar wavelengths dust is highly scattering (e.g. Dubovik et al., 2002), with
a relatively small absorption component, meaning that in visible imagery sufficiently thick dust
may be readily observed over darker oceanic surfaces.

The MODIS (MODerate resolution Imaging Spectroradiometer) instruments onboard NASA’s
Terra and Aqua satellites have provided one of the longest, and most widely used, records of dust
AOD, starting in 2000 and still ongoing as of 2020. In sun—-synchronous orbit at an altitude of 705
km and with a swath width of 2330 km (Levy et al., 2013), MODIS provides global coverage daily.
MODIS has 36 spectral channels, from 0.41 to 14.5 um, i.e. from the near-UV through the visible
to the infrared (IR) part of the spectrum. The ‘Dark Target’ pair of algorithms are used to retrieve
AOD separately over water (Tanré et al., 1997; Remer et al., 2005) and over vegetated or dark
land (Levy et al., 2007), based on a lookup—table approach which compares the measured
spectral reflectance with values that would be expected given the surface properties of the
measured pixel and the possible aerosol types and loadings. The land algorithm tends not to
attempt retrievals over desert regions, where the reflectance under dusty conditions is generally
very similar to the clear—sky reflectance. Adapting to this problem, the ‘Deep Blue’ algorithm has
been designed to retrieve AOD over desert regions (Hsu et al., 2004, 2013; Sayer et al., 2013)
using near-UV channels, at which wavelengths desert surfaces have much lower clear—sky
reflectance and hence airborne dust has a clearer contrast with the background surface. Finally,
the Multi-Angle Implementation of Atmospheric Correction (MAIAC, Lyapustin et al., 2018)
algorithm is also applied to MODIS data to retrieve AOD, and other parameters including the
surface bidirectional reflectance distribution function. All of these retrievals are also being applied
to data from the VIIRS (Visible Infrared Imaging Radiometer Suite) instruments onboard the
Suomi NPP (National Polar-orbiting Partnership) satellites, first launched in 2011 and ongoing,

eventually providing a consistent multi-decadal record of dust AODs.
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Also onboard Terra is the MISR (Multi-angle Imaging SpectroRadiometer) instrument, which has
four spectral channels in the visible to the near—infrared, but whose advantage is the multi—angle
viewing geometries, with nine cameras mounted between 70.5° fore and aft. This has enabled
the development of an aerosol retrieval which can retrieve not only the dust AODs but also the
aerosol model (type, shape and size) that produces the best fit to the data (Kahn et al., 2009).
Another satellite with the capability to retrieve AODs (total, and discriminated by the coarse and
accumulation modes) is the PARASOL (Polarization & Anisotropy of Reflectances for
Atmospheric Sciences coupled with Observations from a Lidar) mission, which makes use of the
polarization properties of aerosols in order to infer microphysical properties, for example using
the GRASP (Generalized Retrieval of Aerosol and Surface Properties) algorithm (Dubovik et al.,
2011).

The Deep Blue algorithm has also been applied to measurements taken by the Sea—viewing Wide
Field—of—view Sensor (SeaWiFS) in order to retrieve AOD over land (Sayer et al., 2012). These
have been merged with AOD retrievals over ocean to provide a global AOD product (Hsu et al.,
2012), an example of which is displayed in Figure 2. The global patterns of dust presence are
represented by the mean AODs at 550 nm and Angstrom coefficients retrieved by SeaWIFS for
the period 2000-2010. Over both ocean and land it is readily apparent that the aerosol loading is
more widespread over the northern hemisphere than over the south, reflecting the greater land
surface area in the north. The major desert dust sources are also in the north, with the Sahara,
Arabia and the Middle East, and some of the desert regions in western China all showing up in
Figure 2 as regions with persistently high AODs together with associated low values of the
Angstrém exponent. Particularly noticeable as an AOD ‘hotspot’ is the Bodélé Depression (17°N,
18°E) in Chad, well known as one of the most significant dust sources in the world (e.g. Todd et
al., 2007). Meanwhile areas such as Central Africa and India also show up as aerosol hotspots,
although these are more likely to be dominated by biomass burning or urban/industrial aerosols.
In the case of eastern China, urban/industrial aerosols (characterized by higher Angstrém

exponents) are joined by dust aerosols blown eastwards from the Gobi Desert.
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Figure 2. Global maps of AOD at 550 nm and Angstrém exponent from SeaWIFS observations averaged
over the period 2000 to 2010 (analysis and visualization produced by the Giovanni online data system,
https://giovanni.gsfc.nasa.gov/giovanni/, developed and maintained by the NASA GES DISC).

As evident from Fig. 2, the Sahara Desert is substantially the largest dust source in the world, and
as a consequence of its vast geographical extent, the Sahara sends dust in several typical
transport routes: south-westwards from the Bodélé Depression in Chad across Nigeria to the
tropical Atlantic and towards South America (e.g. Swap et al., 1992; Todd et al., 2008); westwards
from the Mauritanian Atlantic coast towards the Caribbean (e.g. Gro3 et al., 2016), clearly distinct
in Figure 2; north—westwards from Algeria towards Iberia and the European East Atlantic (e.g.
Osborne et al., 2019); northwards from Libya towards southern Europe, as well as north—
eastwards and eastwards across Egypt to Cyprus and the countries of the eastern Mediterranean
(e.g. Pace et al., 2006); and finally eastwards across the Red Sea from Sudan and Egypt to the
Arabian Peninsula. Meanwhile the noteworthy aerosol plume in Fig. 2 off the western coast of
Central Africa is dominated by biomass burning aerosols.
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Figure 3. Aqua MODIS visible image over the eastern Mediterranean from 8th September 2015. Image

obtained from NASA Worldview (https://worldview.earthdata.nasa.gov).

Dust outflow from the Middle East is also apparent in Fig. 3, heading into the Red Sea (e.g.
Kalenderski and Stenchikov, 2016), the Mediterranean (Gasch et al., 2017), the Persian Gulf
(Banks et al., 2017), and onwards into the Arabian Sea where it can affect the development of
the Indian Monsoon (Vinoj et al., 2014). An example of a Middle Eastern dust storm is shown in
Fig. 3, with MODIS AODs during this event exceeding the value of 5 over the city of Limassol in
Cyprus, as reported by Mamouri et al. (2016). Using ground—based lidar measurements from
Cyprus, the same authors report a double—layering structure in the dust plume in the period
leading up to the peak in dust loading, with one particularly concentrated layer between 1 and 1.5
km above sea level, and with a higher level occurring at around 3 km. In general, MODIS AODs
over the Mediterranean show a north—south gradient in aerosol properties and loading, with higher
average AODs in the northern Mediterranean where anthropogenic aerosols dominate, whereas
the southern Mediterranean is dominated by dust, as has been reported by, e.g., Floutsi et al.
(2016).

Active since 2004, the SEVIRI (Spinning Enhanced Visible and InfraRed Imager) instruments
onboard the European Meteosat Second Generation (MSG) series of satellites (Schmetz et al.,
2002) have proved invaluable for tracking dust transport from Africa and the Middle East into the
Atlantic and the Mediterranean, and across to the Americas and to Europe. SEVIRI has the

advantage of its 15 minute temporal resolution, enabled by the MSG satellites’ geostationary
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orbits stationed over the Gulf of Guinea. Using a succession of consecutive false—color RGB
composite images in the visible and in the IR (Lensky and Rosenfeld, 2008), SEVIRI is a powerful
tool to track the origin and progression of dust storms (e.g. Schepanski et al., 2007; Ashpole and
Washington, 2012), both over desert (using the IR composite, ‘Desert Dust’) and over ocean
(using a visible composite, e.g. ‘Day Natural Colours’). It is also possible to retrieve AODs from
SEVIRI, using visible channels over ocean (Brindley and Ignatov, 2006; De Paepe et al., 2008),
and using IR channels over desert (Brindley and Russell, 2009). Similar instruments are
positioned in geostationary orbit over the Americas (on the US GOES satellites, e.g. Wang et al.
(2003)) and over the West Pacific (onboard the Japanese Himawari—8 satellite, e.g. Wang et al.
(2019)). Meanwhile MSG—-1 was moved eastwards to over the Indian Ocean in early 2017 in order
to provide the Indian Ocean Data Coverage service, providing also a new perspective on dust
activity over Central Asia and including new observations of dust from the desiccating Aral Sea,
a known developing dust source (Xi and Sokolik, 2016). Between all of these satellites, there is

now near—global coverage of the Earth’s surface and atmosphere from geostationary satellites.

An example of SEVIRI’s perspective on the world and specifically on dust is provided in Fig. 4,
which depicts a visible and a thermal SEVIRI image of several simultaneous dust storms over
North Africa and the Middle East, for a day in June 2012. June is a common month for severe
Saharan dust activity (e.g. Marsham et al., 2013). In the Desert Dust composite image (right), hot
desert surfaces appear light blue (e.g. Brindley et al., 2012; Banks et al., 2019), moister tropical
regions appear darker blue, deep clouds often appear red, while dust is apparent with a
characteristic pink colour. In this rendering scheme, dust has an especially vivid contrast against
hot and dry desert surfaces. In the west, a very large dust storm is in the process of being swept
into the Atlantic over the Moroccan coast, a dust storm which extends south deep into Mauritania.
This dust storm is also apparent in the visible composite image over the Atlantic, pale grey against
the black ocean to the west of the cloud mass. Back—tracking this event through preceding
imagery, it had its initial origins two days previously in western Niger and eastern Mali. Several
smaller dust storms can still be seen in this area. Three further dust storm clusters can be seen
further to the east: one large event is crossing the Red Sea from Egypt and Sudan; another set
of dust storms is travelling southeastwards from Irag over the Arabian Peninsula; and finally on
the limb of the image there appears to be a set of dust storms in western Pakistan, with outflow

into the Arabian Sea.
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Figure 4. MSG-2 SEVIRI false—color RGB composite images from 1200 UTC on 24th June 2012: (left)
‘Day Natural Colours’; (right) ‘Desert Dust’ (Lensky and Rosenfeld, 2008). Data courtesy of EUMETSAT.

SEVIRI provides also an excellent view over southern Africa. In Namibia, there are discrete
patterns of dust transport away from the Etosha Pan and the Namib Desert along the Atlantic
coast, including a set of seasonally dry riverbeds (e.g. Bryant, 2003; Vickery et al., 2013).
Typically, such dust storms are ejected into the Atlantic, and can be very clearly observed as
streaks in visible satellite imagery (see Fig. 1d), although the dust loadings are minor in

comparison with dust transported from the Sahara.

A pioneering satellite perspective on dust has been provided by the CALIOP (Cloud—Aerosol Lidar
with Orthogonal Polarization) lidar instrument aboard NASA’s CALIPSO satellite (Winker et al.,
2009; Omar et al., 2009), active since 2006. As with the ground based lidars, this provides
information on the aerosol vertical distribution, along with estimates of the aerosol type.
Compared to MODIS, the swath width is very narrow, with a 16—day repeat cycle. It is also worth
mentioning here the CATS lidar (Cloud—Aerosol Transport System, Pauly et al., 2019) which was
located on the International Space Station from 2015 to 2017: this was in a lower orbit than
CALIPSO, and as such was able to sample a different diurnal cycle of aerosol activity. A major
feature of dust transport that spaceborne lidars can observe is the Saharan Air Layer (SAL, e.g.
Carlson and Prospero (1972)). The SAL caps the turbulent marine boundary layer, which is
dominated by marine aerosols, while the SAL has been estimated by recent aircraft lidar
measurements to extend from approximately 2 to 3 km in altitude (e.g. Gutleben et al., 2019). An
example CALIPSO profile over the SAL is displayed in Fig. 5, along with the co—located visible
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image from Agua MODIS. The dust plume ejected off the coast of Mauritania in Fig. 5a is clearly
apparent in Fig. 5b with increased backscatter signals (appearing yellow to red in the plot) at an
elevated altitude of 3—6 km between 14-27°N. Clouds are apparent further south, and are

characterized by particularly high backscatter values.
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Figure 5. (a) Aqua MODIS visible image over the eastern Atlantic and western Sahara from 10th July
2018, with the CALIPSO track overlaid; the image extends from 10 to 30°N. (b) CALIPSO image of the
height-resolved total attenuated backscatter at 532 nm along the orbital track. MODIS image obtained
from NASA Worldview (https://worldview.earthdata.nasa.gov); CALIPSO image obtained from the lidar

image browse tool at https://www-—calipso.larc.nasa.gov.

In eastern Asia, it is apparent from Fig. 2 that there are discrete patterns of dust transport from
the Gobi Desert in China and Mongolia to the East China Sea and towards the Korean Peninsula.
This region has been the testing—ground for the AEROIASI (Cuesta et al., 2015) retrieval
algorithm, designed to retrieve aerosol properties and height from the IASI instrument. Onboard
the European Metop satellites, IASI (Infrared Atmospheric Sounding Interferometer) is a hyper—
spectral instrument counting over 8000 spectral channels, which have been used to retrieve dust
(e.g. Kluser et al., 2011). Uniquely, the AEROIASI algorithm makes use of this spectral resolution
to estimate not only the dust AOD (at 10 um) but also the aerosol extinction profiles and the dust
layer heights: it therefore seeks to estimate three—dimensional dust distributions from two—
dimensional spatial measurements. Using a case—study from March 2008, Cuesta et al. (2015)
described the evolution of a dust plume transported eastwards from China, with estimated plume
heights of ~2.5 km over the Yellow Sea, plausible in comparison with CALIPSO measurements.
The AEROIASI algorithm has also been applied to IASI measurements of Middle Eastern dust

storms (Francis et al., 2019) and to the whole dust belt area (Kylling et al., 2018). An example of
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AEROIASI retrievals is provided in Fig. 6. Inversions can be applied twice a day in clear—sky

areas to the ensemble of IAS| data since 2007 and are ongoing.

3D Distribution of dust extinction 10 ym (km") July 2010 - AEROIASI / LISA
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Figure 6. Altitude—resolved spatial map of the dust extinction coefficient at 10 um wavelength, averaged

over 1 to 12 July 2010 from the AEROIASI algorithm applied over the dust belt area (courtesy J. Cuesta).

2.2 Seasonal Patterns of Dust transported from the Global Source Regions

Seasonal patterns are also apparent in the observational record. Figure 7 displays the AERONET
monthly AOD climatology for eight sites affected by Saharan and Middle Eastern dust, including
four oceanic sites remote from the source regions. Meanwhile Fig. 8 displays the global MODIS
AODs, here subdivided by season. Downwind of the Sahara to the west across the Atlantic are
the Cape Verde (Fig. 7a) and Guadeloupe (Fig. 7¢) sites, both of which see annual peaks in AOD
during June and July. The minima in the Angstrém coefficient values help to confirm that these
peaks are due to dust (such high AODs are not characteristic of sea salt aerosols, although these

have similarly low Angstrém coefficient values). The Cape Verde AODs are generally higher than
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at Guadeloupe, indicative of its relative proximity to the source regions and the longitudinal
gradient across the Atlantic. This seasonal pattern is corroborated by the trans—Atlantic MODIS

AODs, which peak in spring and summer (Fig. 8a and b).

Even closer to the Saharan sources, Zinder Airport (Fig. 7h) is downwind of the Bodélé
Depression and is close to local sources in Niger, and displays its peak in spring and early
summer, characterized also by the low Angstrom coefficient values during this period. Meanwhile
llorin (Fig. 7d), also downwind of the Bodélé, displays its peak AODs in winter. The winter months
are the dry season in southern West Africa, so the high AODs combined with the high Angstrém
coefficient values at this time are a clear signature that biomass burning aerosols are a significant
contributor to the aerosol loading along with dust outbreaks. Dust is less prevalent across the
Sahara in winter (Fig. 8d) compared to the other seasons, except over the Bodélé, and it is readily
apparent that dust activity across the desert regions of the Sahara and the Arabian Peninsula
peaks in spring and summer. This is corroborated by the monthly AODs over KAUST Campus
(Fig. 7e) and Solar Village (Fig. 7g), whose AODs are greatest during these seasons. The MODIS
AODs are especially high over the Red Sea and the Arabian Sea in summer. During the winter
months the Arabian AERONET AODs are lower and the Angstrom coefficients are higher,
indicating the greater relative contribution by urban/industrial aerosols to the overall aerosol

loading.

The Mediterranean sites CUT-TEPAK (Fig. 7b) and Lampedusa (Fig. 7f) display weaker AODs
than the other sites, with peak monthly AODs not greatly exceeding 0.2. The Angstrém coefficient
values are also rather higher than at the other sites, with monthly values always greater than 0.6:
this is an indication that these sites are often more affected by anthropogenic pollution than by
dust, despite their relative proximity to the Saharan and Middle Eastern dust source regions. This
is also indicative of the episodic nature of long—range transported dust events. MODIS AODs are
in general greatest over the Mediterranean during spring (Fig. 8a), the season when Sharav
(known as Khamsin in Arabic) cyclones are most active along the North African coast (Alpert and
Ziv, 1989; Abed et al., 2009) and which are often responsible for generating dust storms over the

southern Mediterranean.
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Figure 7. Climatological monthly AERONET AODs at 500 nm (black), along with the climatological
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Figure 8. Seasonal averages of Terra MODIS monthly mean AODs, from the MODO08_M3 product
(Collection 6.1), using merged Dark Target and Deep Blue AODs. Time-period is 2001-2018. Data
obtained from NASA’s LAADS DAAC service.

3. Atmospheric processes associated with dust long—range transport patterns

The mineral dust lifecycle in the atmosphere is characterized by emission, transport and
deposition, which are in turn tightly linked to atmospheric conditions at different spatial and
temporal scales. Dust availability for emission is primarily controlled by soil moisture and
vegetation cover, and is higher in desert environments and shrublands (Engelstaedter et al.,
2003). Winds blowing over dry erodible sediments trigger dust emission when exceeding a
threshold (which may vary in the range 6-20 m s, depending on the location (Chomette et al.,
1999; Laurent et al., 2006; Marticorena et al., 1997), making instantaneous meteorological
conditions the main driver of dust emission. In addition, strong winds necessary to trigger dust
emission are favored in closed topographic depressions where the wind is channeled into low
level jets (Evan et al., 2016; Washington et al., 2006; Washington and Todd, 2005). Once dust is
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emitted, it can be uplifted to heights of up to 8-10 km, where it is transported over distances
reaching thousands of km embedded into the mid—tropospheric circulation (Uno et al., 2009), to
be removed from the atmosphere by means of wet and dry processes. Long—range transport and

deposition is then associated with atmospheric processes at synoptic—-to—global scale.

This section focuses on the influence of the atmospheric dynamics of the long—-range transport
paths of dust from the main sources worldwide (Ginoux et al., 2012; Prospero et al., 2002;
Washington et al., 2003). Depending on the latitudinal position of the sources, the main transport
routes point to the east or to the west. Namely, from North African sources in the Sahara and the
Sahel towards the Atlantic and the Mediterranean (Prospero, 1996), from East Asian sources in
the Gobi and the Taklimakan Deserts towards the Pacific (Uematsu et al., 1983), from the Middle
East and the Arabian Peninsula towards the Arabian Sea and the Mediterranean (Zhu et al., 2007)
and from sources in Australia, Patagonia and the Kalahari desert towards the Southern Ocean
and Antarctica (Li et al., 2008)
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Figure 9. Northern Hemisphere: 2003-2017 climatology computed using data from Copernicus Aerosol
Monitoring System (CAMS) reanalysis. (a) Dust AOD at 550 nm (shadings) and wind at 700 hPa (arrows);
seasonal cycle of AOD in (b) North Africa, (c) Middle East and (d) Asia, computed as the average AOD in

the blue boxes. CAMS data are available at the European Centre for Medium-range Weather Forecast

(ECMWF) data portal: https://apps.ecmwf.int/datasets/.
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3.1. North African dust transport towards tropical Atlantic and the Mediterranean

North Africa is estimated to emit about 400—2,200 Tg yr? of mineral dust each year, more than
half of the global total, from sources located in the Sahara Desert and the Sahel (Fig. 9a;
Chiapello, 1997; Evan et al., 2015; Ginoux et al., 2012; Huneeus et al., 2011; Yu et al., 2018). By
means of a soil-derived emission scheme, Marticorena and Bergametti (1996) estimated the
annual dust emission in the western Sahara at 665 Tg in 1991 and 586 Tg in 1992, with the
minimum in December 1992 (8 Tg) and the maximum in March 1991 (163 Tg). This variability
reveals a pronounced seasonal cycle, peaking in spring—to—summer (Fig. 9b; Ginoux et al., 2012;
Prospero et al., 2002) and associated with different atmospheric processes leading to the
activation of sources at different locations (Knippertz and Todd, 2012). Location and seasonality
of the sources shape the main transport routes from North Africa. During boreal winter and spring,
dust emission is relatively weak and mainly originates from sources in the extremely dry Bodélé
Depression (north of Lake Chad), driven by Harmattan surges shaped into low—level jets by local
topography (Washington and Todd, 2005). Dust uplifted in the Bodélé Depression is then
transported southwestward by the semi—permanent Harmattan northeasterly wind regime which
dominates the regional circulation in winter (Marticorena et al., 2010). Spring—to—summer
emissions from the northern sector of the Sahara are controlled by synoptic scale cyclones (the
Sharav cyclones (Alpert and Ziv, 1989) developing south of the Atlas and travelling eastward
along the Mediterranean coastline (Karam et al., 2010). Simultaneously, the development of the
monsoonal circulation in West Africa leads to the activation of dust sources in the western Sahara
and the Sahel, triggered by cold pools associated with mesoscale convective systems travelling

westward across West Africa (Marsham et al., 2008).

The main long-range transport path of North African dust is over the tropical Atlantic, where dust
uplifted from sources located in Algeria, Mali and Mauritania travels towards North and South
America embedded within the prevailing easterly regime (Glaser et al., 2015), the so—called SAL
layer (Fig. 9a). In boreal summer and autumn, the preferred pathway is to the Caribbean, with
dust transported within an atmospheric layer up to 5—6 km height, while in winter and spring, dust
is mainly transported closer to the surface to South America (Glaser et al., 2015; Huang et al.,
2010). A long—term climatology of the route over northern tropical Atlantic is provided by in—situ
observations of African dust in Barbados, which date back to 1965 (Delany et al., 1967; Prospero,
1968; Prospero and Carlson, 1980). African dust samples have been also collected in the Yucatan
Peninsula, French Guiana and the Amazon Basin (Das et al., 2013; Prospero et al., 1981; Swap

et al., 1992). The integration of satellite products with in—situ and proxy observations of
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atmospheric dust allows the development of decade—long datasets and provides evidence for the
seasonal cycle, the interannual variability as well as the decadal variability and trends of dust
emission and transport from North Africa, in connection with the controlling atmospheric dynamics
(Chiapello et al., 2005; Evan and Mukhopadhyay, 2010). The amount of dust deposition into the
tropical Atlantic Ocean has been recently estimated at 136-222 Tg yr?* (Yu et al., 2019). Dust
deposition is highest in boreal summer and lowest in fall, whereas the interannual variability is
largest in spring (28-41%) and smallest (7-15%) in summer (Yu et al., 2019). Dust export to the
Atlantic in summer is controlled by the geopotential difference between tropics and subtropics
over North Africa, which regulates the mid—tropospheric easterly flow and precipitation in West
Africa (Rodriguez et al., 2015). The modulation of the geopotential field by the mid—latitude
Rossby wave regime generates an intra-seasonal pulsation of the dust flux, via the longitudinal
displacement of the mid-tropospheric Saharan anticyclone: when the anticyclone is displaced
over the western Sahara, the export is westward to the Atlantic, when the anticyclone is displaced
over the eastern Sahara dust is exported to the central-western Mediterranean (Cuevas et al.,
2017). Dust outbreaks over the Atlantic are associated with warm phases of the Saharan heat
low (SHL), which favor the emission from dust sources in the western Sahara and simultaneously
intensify the mid—tropospheric African easterly jet (AEJ), opening the route to the west
(Schepanski et al., 2017; Wang et al., 2017). The interannual variability of dust transport and
deposition in the Caribbean appears to be linked with the meridional position of the intertropical
convergence zone (ITCZ) (Doherty et al., 2014, 2012). Specifically, an anomalous southward
displacement of the ITCZ during boreal summer in West Africa favors dry conditions and stronger
northerly winds over the southern Sahara and the Sahel, which in turn trigger higher than average
dust emission. A contribution from global climate variability, such as the ENSO and the NAO, has
been also proposed to explain the interannual variability of the Atlantic dust route (DeFlorio et al.,
2016; Moulin et al., 1997b). During strong La Nifia conditions, the intensification of the lower
troposphere easterlies favors the transatlantic transport (DeFlorio et al., 2016). Moreover, during
positive NAO phases, North Africa tends to be drier and the subtropical Atlantic anticyclone
intensifies, resulting in favorable conditions for dust uplift and westward transport (Moulin et al.,
1997b). During the second half of the 20th century, Atlantic dust pathway showed a marked
decadal variability (Chiapello et al., 2005; Evan and Mukhopadhyay, 2010). Evan et al. (2016)
show that these decadal fluctuations can be explained by the variability of the surface wind pattern
in North Africa, which reflects the orographic acceleration of the surface flow necessary for dust
emission. A role for the monsoonal dynamics in West Africa has also been suggested to explain

the dust peak in the 1980s and the subsequent negative trend. On the one hand, the
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environmental and climatic conditions which accompanied the weakening of the West African
monsoon during the 1970s—-80s, such as a devastating drought in the Sahel (Chiapello et al.,
2005; Prospero and Lamb, 2003) and an anomalous southerly position of the ITCZ (Doherty et
al., 2014, 2012), were particularly favorable for large emissions from sources in North Africa. On
the other hand, the recent intensification of the SHL and associated low tropospheric cyclonic
circulation resulted in a weakening of the wind field, and the consequent dust emission, from the
major “hotspots” in the Sahara (Wang et al., 2015). In Fig. 10, the monthly anomalies of CAMS
dust AOD in the African-Atlantic sector are correlated with the NAO index and the Sahelian
precipitation index. Correlation maps show that dust emission from Saharan sources and the
export above the Tropical Atlantic is favored (inhibited) by positive (negative) NAO phases (Fig.
10a) and dry (wet) precipitation anomalies in the Sahel (Fig. 10b), which are in turn associated
with a southward (northward) displacement of the ITCZ.
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Figure 10. North African dust: monthly correlation map for the period 2003-2017 of the dust AOD at 550
nm from CAMS and (a) the North Atlantic Oscillation (NAO) index and (b) the Sahelian precipitation index.
Significant correlations (p<0.10) are displayed as shadings. CAMS data are available at the European
Centre for Medium-range Weather Forecast (ECMWF) data portal: https://apps.ecmwf.int/datasets/. The
NAO index time series is available at the National Ocean Atmosphere Administration (NOAA) Earth
System Research Laboratory (ERSL) portal: https://www.esrl.noaa.gov/psd/data/climateindices/list/. The
Sahelian rainfall index is available at the Joint Institute for the Study of the Atmosphere and Ocean

(JISAO) of the University of Washington: http://research.jisao.washington.edu/data_sets/sahel/.
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Saharan dust outbreaks into the Mediterranean and southern Europe are common from March to
September, mostly fed by sources in the northern sector of the Sahara desert (Israelevich et al.,
2002; Moulin et al., 1998; Salvador et al., 2014; Vincent et al., 2016). Southerly dust advection is
concentrated in plumes located at altitudes between 2500 and 6000 m, characterized by 1500—
3400 m thickness (Papayannis et al., 2008). The transport route moves from east in spring to
west in summer, modulated by the cyclonic activity over North Africa and the Mediterranean
(Barkan et al., 2005; Dayan et al., 1991; Gaetani et al., 2016; Gaetani and Pasqui, 2014; Gkikas
et al., 2012; Kaskaoutis et al., 2019; Salvador et al., 2014; Varga et al., 2014). Specifically, dust
events in the eastern Mediterranean are associated with the development of cyclonic conditions
over the central or eastern Mediterranean leading to southerly advection from eastern North
Africa. Conversely, anticyclonic conditions in the eastern Mediterranean, confining low—pressure
to the west, lead to dust advection from western North Africa into the western Mediterranean.
Saharan dust may eventually reach central and Eastern Europe by crossing the central
Mediterranean (Ansmann et al., 2003; Israelevich et al., 2012; Koltay et al., 2006). Moreover, cut—
off cyclonic circulations reaching western North Africa from the mid—latitude jet stream are able
to capture dust that is then transported northward to polar latitudes by the same cyclones on their
way back to the main westerly flow (Francis et al., 2018). The Saharan dust loading in the
Mediterranean atmosphere shows variability from interannual to decadal time scales (Moulin et
al., 1997a; Antoine and Nobileau, 2006). Moulin et al. (1997b) show that the interannual variability
can be explained by the impact of the NAO on the Mediterranean climate. During positive NAO
phases, the Mediterranean and North Africa are drier and prone to dust emission and mobilization.
Conversely, negative NAO phases are characterized by wetter conditions in the region, limiting
the intensity of both dust uptake and transport. Jilbert et al. (2010) highlight the role of summer
anticyclonic conditions in the Mediterranean on dust advection at the multidecadal time scale:
weak (strong) anticyclonic circulation favors stronger (weaker) summer westerlies leading to

increased (reduced) dust emission.
3.2. Middle East dust transport towards the Indian Ocean and the Mediterranean

The eastern Mediterranean is also affected by dust transport from the Middle East, occurring
especially in fall when the synoptic circulation is characterized by the Red Sea Trough or cyclonic
conditions in the eastern Mediterranean (Bodenheimer et al., 2019; Dayan et al., 1991; Parolari
et al., 2016). The major dust source regions in the Middle East are the Iragi desert and the Ad—
Dahna and the Rub’al Khali deserts in the Arabian Peninsula (Fig. 9a; Yu et al., 2018). Dust

emission is maximal during boreal summer (Fig. 9c), triggered by the summer Shamal wind, which
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is also responsible for the long—range transport southeastward (Yu et al., 2018). The Middle
Eastern Shamal is a strong northwesterly wind blowing in May to August as part of the cyclonic
circulation associated with the development of the Iranian heat low (Yu et al., 2016). The onset
and persistence of the Shamal season is sensitive to ENSO conditions, which modulate the
Iranian heat low activity at the interannual time scale (Yu et al., 2016). Specifically, La Nifia (El
Nifio) conditions favor (inhibit) the development of the Iranian heat low in spring and inhibit (favor)
its persistence into late summer, leading to early (late) onset and termination of the Shamal
regime. Moreover, the intensity of the Shamal wind is influenced by SST anomalies in the Indian
Ocean, with cold anomalies producing an anomalously anticyclonic circulation over the central
Arabian Peninsula, eventually enhancing the Shamal (Yu et al., 2015). On longer time scales,
dust emission from the Middle East is controlled by climatic factors such as precipitation, soil
moisture and vegetation. In particular, the recent drying of the region led to an increase in
dustiness in the first decades of the 21st century (Namdari et al., 2018; Parolari et al., 2016; Ravi
Kumar et al., 2019; Yu et al., 2018). Dust uplifted from sources in the Middle East is exported
towards the Arabian Sea, peaking in spring—summer, eventually reaching the Indian subcontinent
embedded in the monsoonal flow at altitudes up to 4 km (Zhu et al., 2007). Part of the dust

observed over the Arabian Sea is transported from sources in Somalia (Rashki et al., 2019).
3.3 Asian dust transport on the North Pacific route

From North Africa and the Middle East, the “dust belt’” continues into western Asia, the Indian
subcontinent and central Asia, characterized by almost persistent dust activity peaking in spring
(Fig. 9d; Ginoux et al., 2012; Prospero et al., 2002; Washington et al., 2003). In western Asia, a
cluster of intermountain sources located between the Caspian Sea, the coast of the Persian Gulf
and the Arabian Sea, and the mountains of Tajikistan and Afghanistan, provides dust for
atmospheric transport to the Arabian Sea (Fig. 9a). In the northern part of the Indian subcontinent,
large dry areas extend in Pakistan and Rajasthan, where the Thar Desert is the main regional
dust source (Fig. 9a). Dust distribution in this region is controlled by the Himalayas and the Hindu
Kush, which topographically limit the long—range transport, and by the development of the Indian
monsoon, which in summer limits dust emission to the west. In the Xinjiang Province in western
China, the Tarim Basin, which hosts the Taklimakan Desert, is characterized by dust activity from
February—March to August—September, with maximum emission in April-May (Fig. 9a). In winter,
dust emission is observed in the Gobi Desert in northern China (Fig. 9a). Between 100 and 460
Tg of dust is injected into the atmosphere annually when dust storms occur in the Tarim Basin

and in the Gobi Desert (Laurent et al., 2006), making Asian sources competitive with the Saharan
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sources in the global dust budget. However, the satellite estimation of the atmospheric dust
burden in Asia, especially in populated areas of India and China, is complicated by the presence
of large amounts of pollutants, originating from transportation, industrial and domestic emissions
(Prospero et al. 2002).

Dust emission from Chinese sources is triggered by fronts emerging from Siberia, the Mongolian
cyclonic depression or surges of the East Asian monsoon, which interact with the extreme
bounding topography of the region (Sun et al., 2001). In general, dust originating from the Gobi
Desert is entrained to elevations up to 3000 m and transported north of 50°N, while dust from the
Taklimakan Desert may reach 5000 m and be transported over long distances by mid—latitude
westerlies, blowing south of 50°N (Sun et al., 2001; Yu et al., 2019). Dust from China is
persistently exported eastwards to Korea and Japan, routinely reaches the central North Pacific,
and is occasionally detected over North America (Zhu et al., 2007). In the North Pacific, high dust
concentrations are observed from February to June and low concentrations from July to January.
It is estimated that 6-12 Tg of Asian dust reach the central North Pacific annually (Merrill et al.,
1989; Uematsu et al., 1983). Satellite retrievals of Asian dust vertical distributions also show dust
layers at altitudes of 8—10 km, suggesting possible long—range transport via upper tropospheric
westerly jets (Huang et al., 2008). Uno et al. (2009) highlighted the possibility of circum-global
transport in the Northern Hemisphere for Asian dust, which has been observed to cross North
America and reach Greenland (Bory et al., 2003) and Europe (Grousset et al., 2003). Using
climate simulations, Gong et al. (2006) studied the variability of the emission and transport of
Asian dust in connection with the main circulation patterns in the Asian—Pacific sector. They found
that, at the interannual time scale, peak dust emission in spring is negatively correlated with
precipitation and surface temperatures. However, the intensity of the East Asian monsoon does
appear to be more related to the dust export rather than to dust production itself. Moreover, the
meridional distribution of dust loadings in the Pacific is controlled by the extent and intensity of
the Asian polar vortex, via the modulation of the mid—latitude westerlies. The zonal distribution of
dust deposition in the Pacific, i.e. the fraction of Asian dust reaching North America, is correlated
negatively with the Pacific/North America (PNA) pattern index and positively with the Western
Pacific (WP) pattern index. The Southern Oscillation index (SOI) displays a significant positive
correlation with dust loadings over eastern China and northeast Asia. This implies a negative
correlation with the ENSO index, resulting in a northward shift of the trans—Pacific transport path
during El Nifio years, and intense emissions from central and northeastern China in La Nifia years.
However, sizeable levels of dust emission and transport may also be observed during El Nifio

years in association with negative phases of the Arctic Oscillation (AO) (Lee et al., 2015). At the
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decadal time scale, the Pacific decadal oscillation (PDO) appears to modulate dust loadings in
the Asian dust source regions and in the North Pacific and North America (Gong et al., 2006). In
Fig. 11, the monthly anomalies of CAMS dust AOD in the African-Atlantic sector are correlated
with the PNA and PDO indices. Correlation maps show that dust emission from Asian sources
and the export above the North Pacific is favored (inhibited) by negative (positive) phases of the
PNA (Fig. 11a) and PDO (Fig. 11b) patterns.
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Figure 11. Asian dust: monthly correlation map for the period 2003-2017 of the dust AOD at 550 nm from
CAMS and (a) the Pacific North America (PNA) pattern index and (b) the Pacific Decadal Oscillation
(PDO) index. Significant correlations (p<0.10) are displayed as shadings. CAMS data are available at the
European Centre for Medium-range Weather Forecast (ECMWF) data portal:
https://apps.ecmwf.int/datasets/. The PNA index is time series is available at the National Ocean
Atmosphere Administration (NOAA) Earth System Research Laboratory (ERSL) portal:
https://www.esrl.noaa.gov/psd/data/climateindices/list/. The PDO index is available at the Joint Institute
for the Study of the Atmosphere and Ocean (JISAO) of the University of Washington: from
http://jisac.washington.edu/pdo/PDO.latest.
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3.4. Dust transport in the Southern Hemisphere

Dust in the Southern Hemisphere is emitted from sources in Australia, Patagonia, and Southern
Africa, and is transported from the sources eastwards embedded in the mid—latitude westerly flow,
to sediment in the Southern Ocean and Antarctica (Fig. 12a; Li et al., 2008). Emission and

transport peak during austral summer (Fig. 12b, c, d).

Australian dust emission is estimated at 120 Tg y* (Li et al., 2008). The main emission sources
are located in the Kati Thanda—Lake Eyre region of central Australia, and the Darling Riverine
Plain in southeastern Australia (Fig. 12a; De Deckker, 2019). Dust uplift is usually associated with
non—precipitating cold fronts: either cold fronts embedded in zonal westerlies, or cold fronts in
westerlies derived from low pressure systems in the Great Australian Bight, or cold fronts over
eastern Australia where high pressure systems in the Great Australian Bight generate strong
post—frontal winds (Leslie and Speer, 2006). Suspended dust is eventually exported
northeastwards to reach the southern Philippines and southwestwards over much of the South
Pacific and Southern Oceans, routinely reaching Antarctica (Fig. 12a; McGowan and Clark, 2008).
Dust plumes travel in the northwestern corridor over Indonesia, Borneo and New Guinea at low
altitudes, while in the southeastern corridor dust is exported up to 5 km altitude (McGowan and
Clark, 2008).

South America is the second most important dust source in the Southern Hemisphere, exporting
31 Tg of dust annually from Patagonia (Fig. 12a; Li et al., 2010, 2008). Observations and model
outputs agree in placing most of the dust plumes in the boundary layer, which suggests significant
deposition over the ocean immediately downwind of the sources (Gassoé et al., 2010; Li et al.,
2008). However, under specific meteorological conditions, dust may reach Antarctica. Export
towards East Antarctica occurs in the South Atlantic, driven by the cyclonic circulation associated
with low-pressure systems moving eastward in the subpolar low pressure zone (Johnson et al.,
2011; Li et al.,, 2010). Dust can also be directly transported to West Antarctica, when high-
pressure conditions prevent depressions from travelling through the Drake Passage towards the
South Atlantic (Li et al., 2010).

The annual emission of mineral dust from Southern Africa is around 2,300 Mg (Ginoux et al.,
2012). Emissions peak from July to January (Fig. 12c; Li et al., 2008), mostly originating from
ephemeral inland lakes, coastal pans, and dry river valleys, as well as aeolian deposits in
Namibia, Botswana, and South Africa (Fig. 12a; Bhattachan et al., 2012; Vickery et al., 2013).
The depressions of the Makgadikgadi Pan in Botswana and Etosha Pan in Namibia are estimated

to be the major dust sources in the region (Bryant et al., 2007; Prospero et al., 2002; Washington
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et al., 2003). Emission events are associated with the strengthening of the low—level easterly
circulation over the interior of the continent (Washington et al., 2003). Satellite observations of
conditions at the surface and dust atmospheric loading suggest that dust loadings are influenced
by the extent and frequency of lake inundation and sediment inflows (Bryant et al., 2007).
Specifically, dust loadings are reduced during periods of inundation, to increase again after
flooded areas have dried (Mahowald et al., 2003). At the interannual time scale, part of the
observed variability in the dust and hydrological cycle in the region is attributed to ENSO and
Indian Ocean SST anomalies, which have an important role in modulating rainfall variability in
southern Africa (Pohl et al., 2018). For instance, cold anomalies in the Indian Ocean during La
Nifia years may favor the landfall of tropical cyclones and storms, affecting the timing and
abundance of dust emission (Bryant et al.,, 2007). Trajectory analyses show that dust from
sources in southern Africa commonly reaches the central tropical South Atlantic embedded in the
anticyclonic circulation of the St Helena high (Fig. 12a; Swap et al., 1996). Long-range transport
over the Southern Ocean is also documented, when uplifted dust is deflected towards the mid—
latitude westerly flow (Fig. 12a; Bhattachan et al., 2012; Li et al., 2008).
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Figure 12. Southern Hemisphere: 2003-2017 climatology computed using data from Copernicus Aerosol
Monitoring System (CAMS) reanalysis. (a) Dust AOD at 550 nm (shadings) and wind at 700 hPa (arrows);
seasonal cycle of AOD in (b) South America, (c) southern Africa and (d) Australia, computed as the
average AOD in the blue boxes. CAMS data are available at the European Centre for Medium-range

Weather Forecast (ECMWF) data portal: https://apps.ecmwf.int/datasets/.
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4. The physico—chemical aging of dust aerosols during transport and its implications

The physico—chemical properties of mineral dust aerosol relevant for their multiple climatic and
environmental impacts are the number, volume, and mass size distribution (that is the distribution
of the number, volume, and mass concentration per size class), the chemical composition, and
the particle morphology (shape and roughness). The size distribution of freshly emitted dust
extends from hundreds of nanometers to tenths or even hundreds of micrometers in diameter.
Dust is directly entrained into the atmosphere by the mechanical friction of wind on continental
surfaces, which results in a dominant volume/mass coarse mode centered between about 5 to 20
pm (e.g., Rajot et al., 2008; Ryder et al., 2013a; Kok et al., 2017). Still, contradictory results exist
on the dependence of the dust size distribution at emission on wind speed and soil properties
(e.g., Alfaro et al., 1998; Kok, 2011; Mahowald et al., 2014). Freshly uplifted dust aerosols are
composed of a mixture of minerals including clays (illite, kaolinite, smectite), quartz, feldspars,
calcium—-rich species (calcite, dolomite), and titanium and iron oxides (hematite, goethite) (Pye,
1987; Kandler et al., 2007; Jeong, 2008; Formenti et al., 2008, 2014; Scheuvens and Kandler,
2014). The composition of dust depends on the mineralogy of the source soils and varies from
one source to another both at the local, regional and global scales (Bristow et al., 2010; Formenti
et al., 2014; Di Biagio et al., 2017). Also, dust mineralogy changes with the particle size due to
the different size distribution of single constituent minerals: quartz, feldspars, and calcium-rich
species are generally more abundant in the coarse mode component, while clays dominate the
fine fraction (e.g., Pye, 1987). Dust particles have a complex and irregular morphology linked to
the shape and roughness properties of its single composing constituents (e.g., Chou et al., 2008;

Nouniasien and Kandler, 2015).

After injection into the atmosphere, the physico—chemical properties of dust may be modified due
to multiple aging processes that can occur during transport, including gravitational settling,
coagulation, heterogeneous reactions with atmospheric gases, mixing with other aerosol types,
or cloud processing (e.g., Usher et al., 2003; Formenti et al., 2011). The change of the dust
physico—chemical properties as particles age in the atmosphere is important because it may
induce modifications on the optical, hygroscopic and solubility properties of the dust, and thus on
its multiple impacts. In this Section, first we briefly discuss the challenges associated with
measuring dust physico—chemical properties, then we explore the results of recent field
experiments investigating the change of these properties during transport and their influence on

the climate—relevant properties and impacts of dust aerosols.
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4.1 The challenge of measuring dust physico—chemical properties

Up to now the majority of information on dust physico—chemical properties and their changes
during atmospheric transport comes from data acquired during intensive field campaigns, in
particular those over North and West Africa and along the dust transport pathways over the
Atlantic Ocean and the Mediterranean Basin, as well as across the Pacific region. In particular,
observations from airborne platforms have provided amongst the only in situ data of dust
properties along transport routes over the ocean. Table 1 summarizes major field campaigns
performed over the last two decades along the pathways of dust transport in different regions of

the world.

Campaign acronym I

Campaign full name

Reference

North and West Africa and Tropical eastern Atlantic

SHADE Saharan Dust Experiment Tanré et al. (2003)
AMMA African Monsoon Multidisciplinary Analysis Redelsperger et al. (2006)
DODO Dust Outflow and deposition to the Ocean McConnell et al. (2008)
DABEX Dust and Biomass-burning Experiment Haywood et al. (2008)
GERBILS Geostationary Earth Radiation Budget Intercomparison of Longwave Haywood et al. (2011)
and Shortwave radiation
NAMMA NASA African Monsoon Multidisciplinary Analysis Chen et al. (2011)
SAMUM 1 & SAMUM 2 Saharan Mineral Dust Experiment Weinzierl et al. (2011)
FENNEC Fennec — The Saharan Climate System Ryder et al. (2013a)
AER-D Aerosol properties — Dust Ryder et al. (2018)
DACCIWA Dynamics-aerosol- chemistry-cloud interactions in West Africa Knippertz et al. (2015)
Western Atlantic
LBA — CLAIRE Cooperative LBA Air—borne Regional Experiment Formenti et al. (2001)
PRIDE Puerto Rico Dust Experiment Reid et al. (2003b)
DUST-ATTACk DUST Aging and Transport from Africa to the Caribbean Denjean et al. (2016b)
Saharan Aerosol Long-range Transport and Aerosol-Cloud- o
SALTRACE . ) ) Weinzierl et al. (2017)
interaction Experiment
Mediterranean basin
MINATROC MINeral dust and TROpospheric Chemistry Van Dingenen et al. (2005)
Aerosol Direct Radiative Impact on the regional climate in the
ADRIMED ) ) Mallet et al. (2016)
MEDiterranean region
Pacific area
PEM-West Pacific Exploratory Mission Bachmeier et al. (1996)
ACE-Asia Asian Pacific Regional Aerosol Characterization Experiment Huebert et al. (2003)
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TRACE-P Transport and Chemical Evolution-Pacific Jacob et al. (2003)
PACDEX Pacific Dust Experiment Stith et al. (2009)

INTEX-B Intercontinental Chemical Transport Experiment-Phase B Logan et al. (2010)

Table 1. List of major field campaigns performed over the transport patterns of African and Asian dust

aerosols in recent decades.

Documenting the dust physico—chemical properties is a scientific and technological challenge and
facing this challenge has been one of the central goals of the scientific research over recent
decades (e.g., Formenti et al., 2011; Mahowald et al., 2014). The main level of difficulty resides
in the measurement capacities themselves. As an example, documenting the size distribution of
dust aerosols requires measuring particle diameters and number concentrations over about 4
orders of magnitude. This can be done by combining instruments working under different size
ranges, targeting different physical properties (scattering efficiency, electrical mobility, inertia to
acceleration ...) and therefore referring to a different definition of the aerosol diameter (optical,
electrical, aerodynamic...). The full aerosol number size distribution over the entire relevant
diameter range can then be retrieved from the combination of these different measurements. This
is however not straightforward because of the need to refer to an identical definition of the
diameter when combining datasets issued of different techniques. In particular, since dust
aerosols present a complex morphology, it follows that different approaches to measure particle
size can lead to very different results for the same considered particle (Reid et al., 2003b).
Corrections can be applied to convert a diameter definition to another but this operation requires
performing a priori assumptions on the physico—chemical properties of the dust aerosol population
sampled in the field, properties that are a priori unknown. This can lead to large uncertainties for
the retrieval of both the submicron and supermicron size fractions of the dust population that can
be quite sensitive to the performed assumptions (Ryder et al., 2013a; Mahowald et al., 2014).
Therefore, the use of different measurement techniques and the different data treatments from
one study to another often cause discrepancies when comparing and combining different size

distribution datasets.

Technical and operational challenges should also be faced when measuring the chemical
composition (isotopic, elemental, mineralogical), mixing state, and the morphology of dust
aerosols based on different available techniques (microscopy, X-ray diffraction, X-ray
fluorescence, particle—induced X—Ray emission, etc.; see Formenti et al. (2011) and Scheuvens
and Kandler (2014) for comprehensive revisions of available techniques), with most of them

requiring the dust particles to be collected on filter substrates to be then analyzed in the laboratory.
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Whether it is for size distribution measurements or for dust collection on filters for compositional
and morphological analyses, characterizing dust properties requires sampling the particles, i.e. to
carry them from the natural atmosphere where they are suspended to the instrument or the filter
substrate. A critical difficulty when doing this is that size—dependent biases in dust sampling due
to inlet restrictions may arise, both when measuring at the ground and on board aircraft (e.g.,
Ryder et al., 2013a, 2018). As a consequence, field observations rarely document the whole dust
coarse fraction, so that measurements do not rely on the entire dust population. This issue at
present strongly limits our understanding of the coarse and giant components of the airborne dust.
Size—dependent inlet restrictions might differ from one dataset to another depending on the
specific experimental configuration, which may cause biases in comparing dust retrieved
properties from different field campaigns or setups, therefore further complicating the synthesis
of field observations. As reported in Table 1 in Ryder et al. (2018) most campaigns investigating
dust based on aircraft observations had dust upper size limits varying between 5 and 40 pum.
Conversely, field measurement setups that involved less significant inlet restrictions, and that
documented more robustly the coarse and giant dust particle fraction up to hundreds of microns
in the atmosphere, were the FENNEC campaign in Mauritania and Mali (Ryder et al., 2013a), the
Saharan Aerosol Long-range TRansport and Aerosol Cloud—interaction Experiment
(SALTRACE, Weinzierl et al., 2017) in the Tropical Western Atlantic, and the AERosol properties
— Dust (AER-D, Ryder et al., 2018) campaign in the Tropical Eastern Atlantic. The upper size
limit for size measurements was 930 um for FENNEC and 100 um for SALTRACE and AER-D.

4.2 Observations of dust size, composition, and shape modifications during transport
4.2.1 Dust size distribution

One of the main results of the last twenty years of observations is the consistent evidence that
the coarse mode of dust aerosols (diameter > 10 pum) is effectively retained during long-range
transport (Schitz et al., 1979; Maring et al., 2003; Ryder et al., 2013b; Denjean et al., 20163,
2016b; Weinzierl et al., 2017; Ryder et al., 2018; Van der Does et al., 2018; Ryder et al., 2019).
This is illustrated in Fig. 13 showing a compilation of dust size field observations taken along dust
transport routes over the Sahara Desert (e.g., Ryder et al., 2013b; Weinzierl et al., 2009) and
across the Atlantic Ocean, the Mediterranean Basin, and the Pacific area during various past field
campaigns (e.g., Formenti et al., 2001; Maring et al., 2003; Clarke et al., 2004; Weinzierl et al.,
2011, 2017; Denjean et al., 20164, b; Ryder et al., 2018). Despite possible differences related to
the different measurement techniques involved or biases related to sampling restrictions, data in

Fig. 13 definitely show that dust diameters up to 30 pm or more are consistently sampled after
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intercontinental transport in the atmosphere (e.g., Ryder et al., 2013b; Weinzierl et al., 2017).
Giant particles with diameters up to 200 um were reported by Ryder et al. (2013b) for the “aged”
dust category in their study, representing the column—averaged size distribution for dust sampled
after 12 to 70 h from emission in West Africa. A large contribution from coarse and giant particles
was also measured during the AER-D campaign in the eastern Tropical Atlantic (Ryder et al.,
2018). In Ryder et al. (2018) they measured a broad size distribution for dust in the SAL (sizes
from 0.3 to 100 um), peaking at 5—10 um. The dust size distribution in the marine boundary layer
(MBL) during AER-D (not shown) was observed to have a narrow peak centered at ~5 um and a
giant mode at 20 to 60 um. Aircraft observations suggested that the giant MBL mode might be
dust descending from the overlying SAL, in agreement with previous surface observations from
Jaenicke and Schutz (1978) and Kandler et al. (2011) at Cape Verde. Aircraft observations of
dust aerosols above 1.5 km in the western Mediterranean during the ADRIMED campaign in
summer 2013 were reported in Denjean et al. (2016a). They showed that the number distribution
presented a coarse mode between 1.3 and 2.0 um independently of the altitude of the sampled
dust, therefore suggesting a vertically well-mixed coarse component of the size distribution.
Additional observations performed with a drifting balloon during ADRIMED (Renard et al., 2016;
not shown) systematically measured aerosols above 15 um for a dust plume that originated a few
days before in North Africa and sampled on the 17" June 2013 over Minorca island. Based on
balloon measurements, Renard et al. (2016) additionally detected particles as large as 50 pum in
diameter consistently during different dust episodes, supporting the hypothesis that a giant mode
of dust aerosols is also efficiently transported to the Mediterranean Basin. In a recent study, van
der Does et al. (2018) also reported on giant dust particles (>75 um and up to 450 um diameter)
collected at 2400 to 3500 km from the West African coast at buoy sampling stations across the

Atlantic Ocean.
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Figure 13. Volume size distributions dV/dlogD of the dust aerosols from airborne and ground—based in
situ field data from campaigns in North and West Africa (blue lines), the eastern Atlantic Ocean (green

lines), the western Atlantic Ocean (orange lines), the Mediterranean (cyan line) and the Pacific Ocean

(red line). Retrieved average dust size distribution from AERONET remote sensing inversions (level 2,

version3) at the site of Solar Village (46.4°E, 24.9°N, 764 m a.s.l.) is also reported for comparison. The

AERONET data correspond to the average of the size distribution between 2002 and 2012 for dust
dominated cases selected to have an Angstrém exponent < 0.75 and an AOD440 nm > 2.0. To facilitate
the comparison all size data are normalized to 1 at the maximum of the volume distribution. Field
campaign data are retrieved from the cited publications, while AERONET data are from

https://aeronet.gsfc.nasa.gov/.

Several studies have tried to explain the dynamics of the dust size distribution during transport,
concluding that the retention of the coarse mode as observed in field data cannot be justified by
gravitational settling alone (Maring et al., 2003; Reid et al., 2008; Weinzierl et al., 2017; van der
Does et al., 2018). Gravitational settling would in fact suggest a much faster depletion of the
coarse dust mode than observed in the field. For instance, the comparison of airborne size
distribution measurements at Cape Verde and Barbados from a Lagrangian case study during
SALTRACE indicated that 20% and 10% respectively of the number concentration at 20 um and
30 um survived to 5 days transport across the Atlantic in the SAL, while gravitational settling
calculations only would predict a maximum diameter of 7 um for dust at Barbados under the same
transport conditions (Weinzierl et al., 2017). Therefore a contrasting upward force should act in
keeping the coarse dust in suspension during transport. Although the dynamics of dust layers are

still not completely understood, model and remote sensing data suggest different processes to be
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possibly responsible for the effective retention of the coarsest dust in the dust plume, such as
daytime convective mixing within the SAL (Gasteiger et al., 2017), the presence of temperature
inversions in the middle troposphere keeping the dust confined in a stable stratified layer (Denjean
et al., 2016a), or also fast horizontal transport, turbulence, and electrical levitation of particles
(van der Does et al., 2018). However, whether different mechanisms act differently under different
conditions to affect dust size dynamics is still a matter of debate and investigation. In addition,
while the retention of the coarse mode for dust is well established from observations, there is still
heterogeneity when looking at size—selective depletion rates in particular concerning the coarsest
particle fractions for which observations are still limited. Ryder et al. (2013b) reported that at Cape
Verde between 60 and 90% of particles between 30 and 200 um are lost in 12 h transport by
looking at column—integrated size airborne distributions, and that 100% of these particles are
absent in the column mean SAL dust profile. Nevertheless, they report that the column—mean
size distribution over the ocean at Cape Verde still has a relatively large coarse mode, with a peak
10 to 20 pm in the volume size. Maring et al. (2003) reported from surface measurements that
the loss of coarse particles for transport across Atlantic occurred for particles larger than 7.3 um.
By comparing dust measurements over Morocco to the Atlantic Ocean, Weinzierl et al. (2011)
found that particles larger than 40 um were present 20% of the time over land and 0% over the

ocean.

The conservation of the coarse mode size has in recent studies also been investigated using as
a reference parameter the dust effective diameter and by analyzing its changes as a function of
dust age. By synthesizing observations over the Atlantic and the Mediterranean, Denjean et al.
(2016a) report an effective dust diameter for the coarse mode, i.e., the effective diameter
calculated only for the supermicron dust size fraction, in the range of 5 to 10 pm for transport in
the Mediterranean and 3 and 4 um for transport towards the Atlantic. In both cases the effective
diameter does not change with transport duration (estimated at 1 to 5 days for measured

episodes) in line with the conservation of the coarse mode with time during transport.

In Fig. 13 we also compare data of the dust size distribution from AERONET observations. The
AERONET aerosol size distribution in the range 0.1-30 pm in diameter is derived by mathematical
inversion of combined direct solar irradiance and sky radiance measurements (Dubovik and King,
2000; Dubovik et al., 2006). In this case, the retrieved size distribution does not refer to a specific
altitude or a specific aerosol layer, as happens for airborne observations, but it is column—
integrated, which means that it represents the effective size distribution of the various aerosol

layers encountered from the ground level up to the top of the atmosphere. Various studies report

42



on AERONET observations at different locations affected by dust (Dubovik et al., 2002; Derimian
etal., 2006; Kim et al., 2011; Denjean et al., 2016b; Formenti et al., 2018). Data in Fig. 13 illustrate
that AERONET observations lead to a smaller contribution from particle sizes above about 5 um
diameters than measured from in situ observations. Previous studies have already evidenced the
underestimation by remote sensing techniques of the coarse fraction of aerosols, in particular
dust (Reid et al. 2003b; Mdller et al. 2010; Toledano et al. 2011). Nonetheless, this issue has
become more evident recently thanks to the comparison to this new consistent, and available set
of field size distribution data extended up to the giant diameter range.

4.2.2 Dust compaosition

When travelling in the atmosphere, the chemical and mineralogical composition of dust aerosols
may change due to the combination of different aging processes. First, the loss of coarse patrticles
has been shown to determine the size—selective depletion of certain minerals more concentrated
in the supermicron fraction, such as quartz or feldspars (Glaccum and Prospero, 1980; Pye et al.,
1987), so that after long—range transport the dust population can become richer in clay minerals
compared to closer to the sources. External or internal particle mixing with other aerosol species
was also shown to occur when dust plumes mix with air masses of different origins, such as
marine or continental air masses, a process that influences the composition of the dust and in
particular the submicron fraction below about 0.5 ym (Kandler et al., 2011; Denjean et al., 2016a).
This is evident for example in the size distribution data in Fig. 13 from Denjean et al. (2016a),
from the central Mediterranean, showing an enhanced mode peaking at about 0.2 um related to
the mixing of fine anthropogenic particles in the dust plumes. Dust is also frequently seen to be
mixed with sea salt species when transported over the Pacific Ocean (e.g., Zhang et al., 2003).
At Cape Verde Kandler et al. (2011) documented from ground—based observations during
SAMUM2 that particles smaller than 0.5 um were mainly mineral dust, mineral dust—sulphate
mixtures, sulphates and soot—sulphate mixtures, whereas particles larger than 2.5 ym diameter
were mineral dust, sea—salt and mineral dust—sulphate mixtures. The dominant cases were
internal mixtures of mineral dust—sulphate and soot—sulphate particles; conversely mineral dust—
sea—salt mixtures occurred occasionally and mineral dust—soot mixtures were not observed
during the SAMUM2 campaign. Over the western side of the Atlantic, Denjean et al. (2016b)
reported from surface measurements in Puerto Rico the submicron dust particles mixing with
anthropogenic absorbing aerosols likely from regional marine traffic activity. Only a few studies
reported on the presence of internal mixtures of soot and mineral dust (e.g., Hand et al., 2010).

In other cases, the external mixing of dust and organic carbon has been reported (Falkovich et
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al., 2004; Kandler et al., 2009). Long-range transported dust in the Swiss Alps and in the Canary
Islands were also observed to be mixed with biological material (Kupiszewski et al., 2015; Boose
et al., 2016).

Heterogeneous reactions on the particle surface and photochemistry also intervene to affect dust
chemical composition during transport. Heterogeneous reactions may induce the formation of
inorganic or organic coatings on the dust particle surfaces, which also acts to remove several
atmospherically important reactive trace gas species from the atmosphere (Usher et al., 2003;
Formenti et al., 2011). The formation of coatings at the dust surface then influences the size
distribution of the particles (e.g. increase of the particle radius) and their lifetime, as well as
perhaps modifying the particle shape. The main species recognized to react with dust are sulphur
dioxide and nitrate oxides leading to the formation of sulfates and nitrates on the particle surface
(Usher et al., 2003; Matsuki et al., 2010a; Li and Shao, 2009). Coagulation of dust with ammonium
sulfate or sodium chloride has been also documented (Sullivan et al., 2007a,b; Trochkine et al.,
2003). At the same time, other studies reported on the “little—aging” of dust after long transport,
highlighting that the dust plume is not always chemically modified when travelling in the
atmosphere, because the aging process is linked to the aerosol properties, such as composition,
as evidenced from laboratory studies and discussed in the next paragraph, and the encountered
ambient conditions, which is sometimes unfavorable for inducing chemical reactions. For
instance, Denjean et al. (2015) showed that after long—range transport to the Caribbean, Saharan
dust was chemically unprocessed and externally mixed. Only a minor portion of mineral dust was
internally mixed with sulfate and chloride (~13-24% by number) or aggregated with sea-salt
particles (~3—6%).

While field observations have provided evidence of dust chemical processing (and also non—
processing) when traveling in the atmosphere, laboratory work has provided the means to study
the fundamental chemical and physical mechanisms responsible for such reactions under
controlled conditions (e.g., Krueger et al., 2003; Laskin et al., 2005; Shi et al., 2008; Sullivan et
al., 2009a,b). Controlled laboratory experiments on proxy single minerals and natural dust
samples have demonstrated that heterogeneous processes at the dust surface can be sensitive
to relative humidity and the nature of the reactive surface, in particular to dust mineralogy. These
studies have permitted to show that sulfate formation is favored on aluminum silicate particles
(Laskin et al., 2005; Shi et al., 2008), whereas the presence of calcium carbonate favors nitrate
formation (e.g., Sullivan et al., 2007a; Fairlie et al., 2010). This has particular relevance for

instance for the long—range transport of Asian dust for which calcium carbonate content is
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generally larger than in North African dust (Scheuvens et al.,, 2013; Formenti et al., 2011),
therefore nitrate formation is favored in these plumes. During transport downwind of dust and
pollution sources, calcium—rich Asian dust particles efficiently react through heterogeneous
processes with nitric acid, nitrogen dioxide, but also slightly with sulfur dioxide (He et al., 2014),
leading to the formation of water—soluble aerosol species, such as calcium nitrate Ca(NOs)- (e.g.,
Fairlie et al., 2010). Sparse studies also indicate that during transport dust may effectively interact
with organic species leading to the formation of secondary organic aerosols on the dust surface
(e.g., Liu et al., 2015). However systematic investigation of dust interaction with organic species
is still missing to date.

4.2.3 Dust morphology

Physical and chemical aging processes occurring during atmospheric transport are also expected
to affect dust morphology, which in turn has importance for the interaction of dust with atmospheric
radiation (e.g., Nousiainen, 2009), also influencing active remote sensing (Gasteiger et al. 2011),
and for the settling behavior of dust (Li and Osada, 2007). The morphology of dusts can be
analyzed based on different methods. Microscopy techniques have been often applied to mineral
dust particles collected on filter substrates during past field campaigns (Chou et al., 2008; Kandler
et al. 2009; 2011; Osada, 2013). The analysis of microscopic images allows the retrieval of a two—
dimensional projected shape of single dust particles. Shape descriptors, such as the aspect ratio
(AR) or the shape factor (SF), are then derived to schematize the information. The aspect ratio is
defined as the ratio of the longer to the shorter axis of an ellipse fitted to the particles shape, while
the shape factor accounts for the perimeter of the particle. In contrast, no quantitative
measurements of the surface roughness of mineral dust are available to date. Measurements
over North Africa and along the transport path of dust across the Atlantic report a mean AR
between 1.60 and 1.90 and a SF between 1.20 and 1.80 (Formenti et al., 2011; Scheuvens and
Kandler, 2014; Huang et al., 2020). The AR is found in most studies not to depend on the particle
size, whereas the SF is suggested to increase with particle size (Chou et al., 2008; Reid et al.,
2003), which would indicate a more complex aggregate structure for large coarse particles close
to sources than in long transport conditions. Long—range transported Saharan dust aerosols show
however a higher AR compared to particles close to their emitting source (1.60 for source dust
compared to 1.90 for long—range transported dust, Huang et al., 2020), which would indicate a
preferential settling of more spherical particles (Scheuvens and Kandler, 2014). Conversely, the
AR for Asian dust is estimated to slightly decrease during transport from a median value of 1.64

to 1.58 as recently reported in Huang et al. (2020), therefore suggesting that Asian dust becomes
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more spherical after transport possibly due to the effect of coating formation as dust interacts with
marine and polluted air masses. Dust can also mix with other spherical or aspherical aerosols
species, potentially also affecting its morphology. However indications of shape modifications

during transport linked to these processes remain still sparse.

4.3 Impact of physico—chemical aging on the dust climate-relevant properties and impacts

Mineral dust aerosols are a global scale phenomenon with various climatic and environmental
impacts. Mineral dust affects the radiation budget of the Earth—atmosphere system both directly
via the scattering, absorption and re—emission of shortwave (SW) and longwave (LW) radiation,
the so—called direct radiative effect (DRE), and indirectly because they can act as cloud
condensation or ice nuclei (CCN, IN) therefore affecting cloud formation and properties (Haywood
and Boucher, 2000). Dust also exerts an indirect effect via the impact on biogeochemical cycles
because of the fertilization action when particles are deposited in marine and terrestrial
ecosystems (Mahowald et al., 2011). The sum of these effects represents the dust forcing on
climate. Estimates of the anthropogenic contribution to dust emission and atmospheric load is still
very uncertain, but are assessed to remain mostly unchanged in the last decade and to provide
a negative forcing that partly opposes and mitigates the global warming by greenhouse gases
(Boucher et al., 2013).

The dust effects are governed by the dust spectral optical, hygroscopic, and solubility properties,
all of which are dependent on the physico—chemical state of the particles. Changes of the dust
size, composition, morphology or mixing state during transport may therefore affect the direct and
indirect dust effects. We explore here some of the possible influences of dust aging during

transport on the dust climatic effects.
4.3.1 Impact of transport on the dust direct radiative effect

Because of their high atmospheric load, characteristic mineralogical composition, and
extended particle size spectrum, mineral dust aerosols are able to exert a significant dust direct
radiative effect (DRE) in both the shortwave and the longwave regions of the spectrum (i.e.,
Haywood et al., 2003; Slingo et al., 2006; di Sarra et al., 2011). The shortwave DRE is dominant
for fine particles (diameter < 1-2 ym) and is due to scattering and absorption of incoming solar
radiation. Dust aerosols scatter on average 90-95% in the SW range, which determines an
increase in the amount of solar radiation reflected towards space at the top of the atmosphere
(TOA) (except over surfaces with high reflectivity, such as snow or desert, where the effect may

be zero or slightly positive). Dust also absorbs a small fraction of SW radiation, mainly at
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wavelengths shorter than 700 nm (e.g., Dubovik et al., 2002; Di Biagio et al., 2019), inducing a
local heating of the atmosphere. The sum of scattering and absorption by dust reduces the
amount of SW radiation reaching the ground, i.e. a negative surface DRE. In the LW, the DRE is
due to absorption of the outgoing terrestrial radiation from the surface, which is then re-emitted at
higher altitudes and normally lower temperatures. Dust also has a non—negligible LW scattering
(Dufresne et al., 2002). The interaction of dust with LW radiation is effective only for particles
larger than about 1-2 pm in diameter and induces a surface warming, due to the trapping of
radiation in the lowermost atmospheric layers, and an atmospheric cooling, due to particle thermal
emission. At the TOA the LW DRE is positive because of a reduction in the amount of the radiation
emitted towards space. An example of spatial distribution of the dust SW and LW DRE at the
surface, in the atmosphere and at the TOA for two different assumptions of the dust size
distribution is reported in Fig. 14.

The dust DRE may be locally very intense because of the high number and mass
concentrations close to sources but also in transport regions. Under strong uplift events with
visible AOD around 3, dust may increase the instantaneous solar reflectivity by 100 Wm=2 and
reduce the surface irradiation by 250 Wm=, with a consequent excess of 150 Wm~ absorbed in
the dust atmospheric layer (Slingo et al., 2006). The absorption and re—emission of terrestrial LW
radiation causes a surface and TOA heating that may reach tenths of Wm= over daily scale
(Slingo et al., 2006). The same order of magnitude of the dust radiative perturbation is
documented after long-range transport in the Mediterranean Basin and tropical Atlantic under
strong events (e.g., Haywood et al., 2003; di Sarra et al., 2011). The short— and long—term
consequences of the dust DRE go well beyond the simple influence on the radiation transfer. The
presence of a dust layer may affect the atmospheric vertical temperature profile with
consequences for the atmospheric stability and meteorological fields (Kishcha et al., 2003; Perez
et al., 2006), photochemistry (Casasanta et al., 2011), surface temperature (Lau et al., 2007), and
the development of tropical cyclones (Dunion and Velden, 2004). The DRE of dust has also been
shown to exert a strong impact on the West African monsoon (Yoshioka et al., 2007; Konaré et
al., 2008) and the Indian summer monsoon (Vinoj et al., 2014; Das et al., 2015; Jin et al., 2016),
affecting precipitation over a large and high—populated area of the Northern Hemisphere. The
DRE ultimately may feedback upon the dust emission because of the possible effects on wind

fields and precipitation (Miller et al., 2004).
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Figure 14. Global map showing examples of the geographical distribution of the shortwave (SW) and
longwave (LW) all-sky direct radiative effect of dust aerosols at the Top—of-the—Atmosphere (left), within
the atmospheric layer (center), and at the surface (right) as obtained with the LMDzOR-INCA global
model. Two set of simulations are shown: one assuming at emission a monomodal size distribution for
dust centered at 2.5 pm mass median diameter and geometric standard deviation of 2.0 (a, top panel)
and the second one with 7.0 pm mass median diameter and geometric standard deviation of 1.9 (b,
bottom panel). In both cases the dust diameter range in the model extends up to 50 um. Dust spectral
optical properties are set following Balkanski et al. (2007) and Di Biagio et al. (2017). The dust emission
rate is 584 Tg year-! for the mode at 2.5 um and 4308 Tg year-! for the mode at 7 um. The global annual
mean AOD (550 nm) of dust is 0.011 in both cases. The global annual mean of the DRE SW and LW at
the TOA, atmosphere and surface is indicated in the plot. The LMDzOR-INCA model configuration for

dust simulations reported here follow Di Biagio et al. (2020).
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The overall DRE by dust given by the sum of the SW and LW effects is estimated to be globally
negative at the TOA from AEROCOM models (http://aerocom.met.no/) for which a best—guess

global annual mean synthesis value of —-0.50 Wm~ is reported (varying between —0.78 and —0.03
Wm-=2 as 90% confidence interval) (Huneeus et al., 2011; Kok et al., 2017). Global climate models
however still struggle in constraining the radiative perturbation induced by mineral dust aerosols.
This is evident by looking at Fig. 15, which illustrates the heterogeneity of model estimates of the
dust DRE over the past 20 years. The heterogeneity in retrieved DRE is related to the capacity of
models to correctly parameterize the dust cycle, including emission and transport, as well as the
particle physico—chemical and optical properties and their spatio—temporal variation. In particular,
an accurate description of the coarse mode of mineral dust is vital to predict its DRE since the
presence of large particles enhances the capacity of mineral dust to absorb both SW and LW
radiation (Ryder et al., 2013b, 2019). By looking at maps in Figure 14 we can see for example
that for a same global AOD value the magnitude of the SW DRE in the atmosphere due to dust
absorption strongly increases for the simulation at 7 pm (0.47 W m~2 on global annual average)
compared to the one at 2.5 pum (0.27 W m~2). Up to now global and regional models mostly cut
the dust size distribution at emission at 10 um in diameter. The recent findings that dust particles
efficiently retain their coarsest mode up to tenths of micrometers during transport has therefore a
strong impact for DRE estimations. The studies by Kok et al. (2017) and Di Biagio et al. (2020)
(reported at the top of Fig. 15) show that accounting for a coarser dust in models following field
observations reduces the dust net DRE from the strong negative value estimated from
AEROCOM models, to the value of —0.03 (+ 0.26) Wm~ as reported in Di Biagio et al. (2020) (to
note that this study also revised the dust spectral optical properties and accounted for dust LW
scattering compared to AEROCOM simulations). It should however be pointed out that the —0.03
Wm= value is a global and annual mean and masks the sharp contrasts between the land
(positive) and ocean (negative) direct radiative effects. These recent model studies nonetheless
open the possibility that the dust net DRE could be positive at TOA and emphasize in particular
the role of the coarse mode size distribution in having the potential to even switch the sign of the

radiative effect by dust from a net cooling to a net heating of the Earth—atmosphere system.
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Figure 15. Synthesis of dust global direct radiative effect at the top of the atmosphere in the shortwave

and longwave spectral ranges and for the net (shortwave+longwave) as estimated from global climate
model studies over the past 20 years. Data indicate global and annual mean values. The estimations for
AEROCOM models are from Kok et al. (2017) and highlighted with different colors. Multiple estimates for

various studies are indicated with progressive numbers and correspond to different assumed dust

spectral optical properties, shapes and spatial distribution of dust aerosols in model calculations. More
details can be found in the referenced papers. Note that the two largely positive estimates of the net DRE

from Miller et al. (2004) (#3) and Myhre and Stordal (2001) (#2) assume a highly absorbing dust in the
shortwave range (about 20% absorption, i.e. a single scattering albedo of about 0.8, in Miller et al.) and a

dust global distribution including human disturbances in Myhre and Stordal.

Together with size distribution, the direct effect of dust is also sensitive to particle
composition via the complex refractive index (m=n-ik) (e.g, Bohren and Huffman, 1983; Liao and
Seinfeld, 1998; Sokolik and Toon, 1999). Systematic simulation chamber experiments have been
started in recent years to evaluate the dependence of the dust complex refractive index on the
composition or origin of dust and its size distribution (Linke et al., 2006; Wagner et al., 2012;

Engelbrecht et al., 2016; Di Biagio et al., 2014; 2017; 2019). Simulation chamber studies are
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powerful tools to explain the variability of dust absorption as observed from in situ and remote
sensing field observations and from laboratory measurements, all reporting imaginary parts of the
dust refractive index varying between k=0.0001 and 0.008 at 550 nm, which means about 2 orders
of magnitude difference in the absorption of dust, and corresponding to single scattering albedo
values ranging between 0.80 and 0.99 (i.e., Volz, 1972, 1973; Patterson et al., 1977; Dubovik et
al., 2002; Haywood et al., 2003; Sinyuk et al., 2003; Osborne et al., 2008; Mller et al., 2009; Otto
etal., 2009; Petzold et al., 2009; Schladitz et al., 2009; McConnell et al., 2010; Ryder et al., 2013a;
Denjean et al., 2016a, 2016b; Rocha—Lima et al., 2018). Because multiple processes may affect
dust properties close to sources and during atmospheric transport, it is necessary to be able to
disentangle the different effects related to these different processes in order to understand and
model the impact of each of them on dust optical properties. Simulation chamber studies can
overcome this level of difficulty by studying dust aerosols in controlled conditions. Recent
laboratory studies have permitted the retrieval of the shortwave and longwave real (n) and
imaginary (k) parts of the complex refractive index of “pure” dust originated from the worldwide
deserts. These studies show that k is highly variable depending on the source region of emission
because of the differences in particle mineralogical composition with origin. The magnitude and
spectral features of dust absorption in the longwave are linked to the dust content of quartz, clays,
and calcite minerals (e.g., Di Biagio et al.,, 2017), whereas iron and iron oxides control the
absorption in the shortwave range (Caponi et al., 2017; Di Biagio et al., 2019). On the other hand,
the refractive index seems to be quite insensitive to changes in size distribution and the depletion
of coarse particles (Di Biagio et al., 2017, 2019), suggesting that the intrinsic optical properties of
the dust are not significantly modified during atmospheric transport because of changes in the

mineralogical composition due to gravitational settling.

External or internal mixing of dust with other components can also affect the spectral optical
properties during transport, in particular mixing with non—absorbing (i.e., salts) or absorbing (i.e.,
carbon-like) species may decrease or increase the absorbing capacity of dust aerosols. Field
studies show however contrasting results on the role of mixing on the dust optical properties. For
instance, Denjean et al. (2016a) reported for dust transported in the Mediterranean area an
absorption capacity similar to that of native dust, arguing that the presence of moderate pollution
does not significantly modify the properties of the particles. Conversely, Tian et al. (2018)
documented an enhanced absorption for dust aerosols mixed with anthropogenic pollution in East
Asia. Based on ship borne observations across the Atlantic Ocean, Kanitz et al. (2014) reported
different lidar—derived optical properties for dust aerosols with different transport times (10 days

versus 2-3 days), supporting the role of different aging processes in modifying particle optical
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properties. Laboratory and theoretical studies show the enhancement of dust scattering capacity
because of the heterogeneous reactions with sulfates and nitrates but only if the coating exceeds
a certain thickness (e.g., Bauer et al., 2007). These observations would imply that the DRE of
dust could become more negative (TOA cooling) due to heterogeneous reactions with inorganic

species or, on the opposite, to become less negative or positive due to mixing with pollution.
4.3.2 Impact of transport on the dust indirect radiative effect and biogeochemistry

Fresh mineral dust aerosols are mostly hydrophobic, meaning that they basically repel water and
so are not able to act as a CCN. However, several laboratory studies have proven that the uptake
of inorganic and organic hydrophilic species at the dust surface induced by heterogeneous
reactions with the atmospheric constituents may enhance the particle’s hygroscopicity (Wurzler
et al., 2000; Hatch et al., 2008; Sullivan et al., 2009a,b; Gierlus et al., 2012), therefore making
dust to possibly act as a CCN.

Coatings of different chemical nature may lead to different CCN abilities also depending on the
particle mineralogy. As an example, the condensation of inorganic acids, such as nitric acid
(HNO3), at the particle surface can efficiently alter the dust hygroscopicity (i.e., Karydis et al.,
2016). Nitric acid reacts with the calcium of the mineral dust surface in the presence of water and
the resulting calcium nitrate takes up ambient water vapor starting at a relative humidity as low
as 50%. In contrast, coating dust aerosols with sulfuric acid (H.SO.) does not have the same
effect, as the relative humidity of deliquescence is close to 100 % for calcium sulfate. Thus,
coating by nitrates can more efficiently determine the hygroscopicity of calcium-rich Asian mineral
dust particles in the case when dust travels over a polluted atmosphere, but this is not the case
for sulfate coatings (Bauer et al., 2007; Sullivan et al., 2007a; Shi et al., 2008; Li et al., 2014). The
growth of the dust particles by water adsorption then increases the particles capacity to scatter
atmospheric radiation (usually measured by the scattering growth factor, representing the ratio of
the scattering cross section for particles having or not undergone water uptake) with
consequences for the AOD and the DRE of dust. Water uptake also affects the cloud scavenging
efficiency by accelerating the formation of precipitation particles in continental clouds (Yin et al.,
2002), potentially increasing the wet and dry removal of dust aerosols from the atmosphere (i.e.,

reducing their lifetime), and hence increasing their deposition to land and oceans.

Despite experimental evidence that dust can become CCN-active if it undergoes chemical
processing, as of today the literature still reports contrasting results about dust hygroscopic
properties and the impact of aging from field observations. For instance, many field studies have

measured an enhanced hygroscopicity induced by coating formation on African and Asian dust
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when these particles are transported over long—-range distances (Begue et al., 2015; Twohy et
al., 2009; Matsuki et al., 2010b). In contrast, Denjean et al. (2015) provided evidence that although
thousands of kilometers and several days of transport from Africa to the Caribbean, Saharan dust
aerosols remained chemically unprocessed and only the small fraction that was externally mixed
with sea salts became hydrophilic. Hydrophobic dusts were also observed after long—range
transport of Asian plumes off the coasts of Japan, Korea and China (Massling et al., 2007). The
ensemble of field observations therefore suggests that the capacity for mineral dust particles to
become hydrophilic is not unique and, in relation to its capacity to undergo heterogeneous
reactions, as discussed in Sect. 4.2.2, varies with particle origin, transport pathways and

encountered atmospheric conditions.

Atmospheric aging is also expected to affect the ice nucleation capacity of dust aerosols, so the
capacity of dust to contribute to the initial formation of ice clouds (Hoose et al., 2008). Mineral
dust is evaluated to be the most prevalent ice nucleation particle (INP) type in the atmosphere
(Hande et al., 2015) and recent laboratory studies have shown that K—feldspars, i.e. microcline
plus orthoclase minerals, are the most active INP amongst dust constituents, activating as INP at
warmer temperatures or lower relative humidity than all other minerals (e.g., Atkinson et al., 2013;
Paramonov et al., 2018). Several laboratory and field studies have investigated dust INP activity
and have provided evidence that diverse aging mechanisms can increase or decrease it. For
instance, the formation of a sulfuric acid coating induces a reduction in the capacity of mineral
dust to act as INP (i.e., Sullivan et al., 2010). Conversely, exposing dust aerosols to low amounts
of ozone increases the INP activity of mineral dust (Kanji et al., 2013), as is the presence of
ammonium sulfate (Boose et al., 2016), or mixing with biological material (O'Sullivan et al., 2016).
On the other hand, secondary organic aerosol coatings may decrease or increase the ice
nucleation ability of dust particles depending on the pathway of IN formation (Méhler et al., 2008;
Koehler et al., 2010; Kaniji et al., 2019).

Together with its CCN and IN ability, dust also indirectly affects climate via its influence on
biogeochemical cycles. The aerosol indirect forcing on climate linked to biogeochemistry is
suggested to be comparable to the direct forcing of aerosols on climate (Mahowald et al., 2011).
The biogeochemical impact of dust depends on the capacity of particles to provide land and
marine ecosystems with the micronutrients they need once dust is deposited at their surface, in
particular iron (Fe) and phosphorous (P). The input of these components by dust is crucial for
primary marine productivity and biogeochemical cycles in the so—called HNLC (high-nutrient and

low-chlorophyll) and LNLC (low-nutrient and low-chlorophyll) zones (Jickells et al., 2005;
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Kanakidou et al, 2018). Observations have evidenced that freshly emitted dust aerosols contain
considerable amounts of insoluble trace elements (total Fe and P dust emissions range from
about 35 to 115Tg Fe yr! (e.g., Ito and Kok, 2017) and from 1.1 to 3.8 TgPyr?! (e.g.,
Myriokefalitakis et al., 2016)). Nevertheless, only a small fraction of these elements are in a
soluble form and so potentially bioavailable (Tagliabue et al 2017). The Fe solubility is usually
below 1% for fresh atmospheric dust aerosols (e.g. Sholkovitz et al., 2012) and varies with particle
mineralogy (Journet et al., 2008). Field observations point out that Fe and P solubility is higher
in dust collected over the remote atmosphere than close to source areas (e.g., Baker et al., 2006),
suggesting that atmospheric aging can increase the solubility of Fe and P during dust transport.
Conversion of nutrients from their insoluble to soluble form requires notably acidic conditions,
therefore dust coating with acidic compounds (e.g. sulfates and nitrates) formed by the
heterogeneous uptake of SO, and HNOs is a possible pattern for increasing Fe and P solubility in
dust (e.g. Meskhidze et al., 2005). Field observations suggest a positive correlation between Fe
solubility and sulfur emissions (Oakes et al 2012), supporting the potential key role of sulfur
coating on dust to affect its biogeochemical impact. Other observed processes which may
increase Fe and P solubility in dust are the dust exposure to oxidants and sunlight, the cloud
processing (Desboeufs et al., 2001), gravitational size settling (Baker and Jickells, 2006), the
mixing of dust with combustion (Sholkovitz et al., 2012) and biomass burning aerosols (Paris
et al., 2010).

5. Dust as a tracer of climate: past variability and future projections

Mineral dust emission, transport and deposition are extremely sensitive to meteorological and
climatic conditions, so dust deposits provide long—term records that can help with reconstructing
past and present meteorology and climatology. Seasonal changes in the conditions at the source,
transport path and efficiency, and deposition processes can be identified by analyzing remote—
sensing and in situ station observations, and accumulation samples in marine sediments or snow—
pit layers. Moreover, the analysis of mineral dust accumulated in continental deposits, oceanic
sediments (Grousset and Biscaye, 2005) and in polar ice caps (Biscaye et al., 1997) contributes
to our understanding of paleo—climate variability. Dust properties in paleo—records are used as
proxies for the dust life—cycle: accumulation rate is used as a proxy of deposition fluxes, particle
size is used as an indicator of wind strength in source regions or changes in the transport pathway,
and mineralogy or isotopic signatures are used as fingerprints of dust origin (Maher et al., 2010).
Analysis of marine sediments (deMenocal, 2004; Hovan et al., 1991; Martinez—Garcia et al., 2009;

Rea, 1994; Winckler et al., 2008) and Greenland and Antarctic ice cores (Grousset and Biscaye,
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2005; Petit et al., 1999; Thompson and Mosley—Thompson, 1981) reveals large variations in dust
accumulation rates in relation to glacial-interglacial cycles, indicating much higher mineral dust
fluxes during glacial periods, in association with the expansion of arid regions in the Northern
Hemisphere. In the northwestern Pacific, dust accumulation in marine sediments correlates well
with the loess-paleosol stratigraphy in China, highlighting the relationship between maxima in
Asian dust export and extended aridity in the source regions (Hovan et al., 1991). In the North
Atlantic, the variability of dust accumulation in marine sediments downwind of the Saharan
sources correlates with proxy—data estimations of the extension of vegetation and water bodies
in North Africa, providing information as to the past variability of the West African monsoon
strength and the occurrence of the African humid periods (Adkins et al., 2006; deMenocal et al.,
2000; McGee et al., 2013; Skonieczny et al., 2019; Williams et al., 2016). In the South Atlantic,
past 1.1 Ma iron concentrations in marine sediments cores are a proxy for the fertilization of
marine biota by dust deposition, explaining the fraction of the past global CO, variability
associated with marine productivity (Martinez—Garcia et al., 2009). The dust variability in the
historical period is a robust proxy for climate and environmental changes at the multidecadal time
scales. The Atlantic export of Saharan dust is interconnected with the dynamics of the West
African monsoon and the SHL (Evan et al., 2016; Schepanski et al., 2017; Wang et al., 2017,
2015), the occurrence of droughts in the Sahel (Chiapello et al., 2005), as well as the phases of
the NAO (Moulin et al., 1997b). The Asian dust transported over the North Pacific is associated
with the PDO (Gong et al., 2006). The trend in dust transport towards Antarctica in the 20th

century is indicative of the ongoing desertification of Patagonia (McConnell et al., 2007).

In the context of the accelerating climate change, the question of how modifications of
precipitation and wind patterns are affecting dust emission and distribution in the global
atmosphere has arisen. Decadal trends are estimated by means of station data, satellite products
and model simulations. However, depending on the data and period considered in the analysis,
trend estimations may show differences. In general, there is no consensus on a significant trend
at the global scale in recent decades (Chin et al., 2014; Hsu et al., 2012; Shao et al., 2013). By
analyzing synoptic data in the period 1984-2012, Shao et al. (2013) found reduced dust activities
in North Africa, Northeast Asia, South America, and South Africa, accounting for a near-surface
dust concentration decrease of 1.2% yr? at the global scale. From an analysis of visibility data
from weather stations in dusty regions, Mahowald et al. (2007) found positive trends in dust
emission in North Africa, Central Asia and China in the period 1974-2003, in association with
declined precipitation. Reduced dust emission in North Africa over the period 1980-2009 also

results from the comparison of global model estimations and observations from multiple satellite

55



sensors and ground-based networks, but no trend emerges at the global scale (Chin et al. 2014).
The availability of satellite products, now covering up to four decades in the past, allows more
representative reconstructions of decadal trends at the global and regional scales. The SeaWiFS
measurements in the period 1997-2010 show a weak positive trend over the global ocean,
accompanied by large upward trends over the Arabian Peninsula and downwind oceanic region,
while a negative-neutral tendency is observed over the Saharan region and the North Atlantic
(Hsu et al. 2012). However, in a recently released dataset based on satellite products, dust AOD

decreases over Asia and increases significantly over the Sahara and Middle East between 2001
and 2018 (Voss and Evan 2020).

-0.02 -0.01 0 0.0 0.02
Figure 16. Linear trend based upon deseasonalised monthly anomaly of AOD at 550 nm for the period
1998-2010. Units are AOD yr. Dots indicate significance at 95% confidence level. The black and pink
boxes and symbol (x) represent the ground based AERONET locations with AOD tendency of positive,
negative, and statistically insignificant values, respectively. Regions shaded in grey indicate no data or

insufficient sample size for trend analysis. Adapted from Hsu et al. (2012).

Dust emission and transport is nowadays simulated in state—of—the—art climate models, and future
projections are provided in the context of the CMIP phase 5 and 6. Specifically, CMIP5 climate

models simulate for the 21st century less dust in East Asia and more dust in the Sahara (Evan et
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al., 2016; Pu and Ginoux, 2018). However, climate models show important shortcomings in the
representation of dust emission, transport, size distribution and optical properties in the historical
climate (Evan et al., 2014; Kok et al., 2017; Wu et al., 2018). While seasonal cycle and spatial
patterns are generally captured by multi-model means in North Africa and the Middle East, most
of the models struggle to represent these variables in South Africa and Australia (Pu and Ginoux,
2018). Moreover, climate models are in general unable to reproduce the interannual and decadal
variability of dust emission and transport from major sources in North Africa and East Asia (Evan
et al., 2014; Wu et al., 2018), essentially due to inaccurate model representation of surface wind
and precipitation (Evan, 2018; Wu et al., 2018). These shortcomings consequently cast doubts
on the reliability of future climate predictions, which are indeed affected by large uncertainties, in
both the magnitude and sign of the trends (Evan et al., 2016; Pu and Ginoux, 2018). For instance,
Evan et al. (2016) demonstrated that the projection of the Saharan dust in CMIP5 simulations
estimated using the relationship between surface wind and dust emission shows a negative trend
in the 21st century, whereas the model dust products show a positive trend. Other than the effect
that anthropogenic climate change exerts on dust emission and transport by means of
modifications of wind and precipitation patterns, possible human—-made changes in land—use and
land—cover may add further uncertainty to projections. In particular, the implementation of ongoing
and planned afforestation projects in arid and semi—arid regions, such as the Sahel (Goffner et
al., 2019), India and China (Chen et al., 2019), could reshape the effects of climate change on

dust emission and distribution.
6. Conclusions and future perspectives

Intercontinental dust transport is significant for climate, life, and ecosystems and its study has
been the motor of many scientific and technological advances over recent decades. Studying dust
atmospheric transport requires the characterization of different aspects of the dust cycle, from the
source activation to the deposition stages, including the characterization of transport routes,
horizontal and vertical structure of the dust plume and its evolution, as well as the particle
physico—chemical, optical, hygroscopicity and solubility properties and their possible spatio—
temporal changes. This is challenging since it requires the combination of many observational
and numerical techniques and analysis methods. A large diversity of products with different spatial
and temporal resolutions and coverage is currently available to investigate the long—range
transport of dust and its implications. These include local and regional aerosol measurements
from surface stations and field campaigns, complemented by laboratory analysis and increased

by satellite remote sensing. In particular, because of its high frequency of measurement (daily or

57



hourly), extended spatial coverage (global or continental) and decadal-scale duration, satellite
observations have proven fundamental to study dust transport over extended spatio—temporal
scales. Numerical models of dust emission, transport and deposition are also used as a tool to
understand the various aspects that control the dust cycle and its impacts, including the large
scale signature of dust emission and transport and their long—term changes. While regional
models are useful to study in detail the processes that influence dust distribution as well as the
dynamics of individual dust events, global climate models are more suitable to investigate the
interconnection with past, present and future global climate.

Until now the scientific community has acquired a comprehensive knowledge of the dust cycle
but large uncertainties still persist and some processes still remain unknown. First, it should be
recognized that modelling the dust cycle and its associated impacts is persistently challenging for
both global and regional models. Although models are generally able to reproduce the long—range
transport of dust plumes across the continents and the oceans, the patterns of this transport can
differ substantially in magnitude and seasonality from one model to another. Large differences
exist between the model simulations of the dust atmospheric load, size distribution, vertical
distribution, and deposition rates (wet and dry) (e.g., Huneeus et al., 2011; Evan et al., 2014; Kok
et al.,, 2017). This is caused in large part by discrepancies in the parameterization of dust
properties and processes that affect the dust emission and transport (e.g. Huneeus et al., 2011;
Ridley et al., 2013). In consequence, assessing and predicting the climatic and environmental
impact of dust still remains challenging. The broad inter—-model spread of results highlights the
need for reliable observations that could contribute to improve model performances, in particular
by providing the information required to constrain simulations and to ameliorate dust-related
parameterizations in model schemes. Improving dust simulations in climate models is particularly
relevant to the assessment of current and future climate change, because of the role of aerosols,
and dust among them, in determining the global radiative forcing, through their direct interaction
with radiation and the effect on cloud lifetime and optical properties, as well as biogeochemical
cycles. A prominent effort of the dust model community has been performed in recent years to
constrain and upgrade model simulations with the best available field, satellite and laboratory
observations in order to improve the capacity to reproduce correctly the dust cycle (e.g., Albani
et al., 2014; Kok et al., 2017; Adebiyi et al., 2020; Di Biagio et al., 2020). More work is expected

in upcoming years in this direction.

As shown, there are still many uncertainties associated with the role of mineral dust aerosols on

climate, and a significant part of this uncertainty is related to the incomplete understanding of the
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influence of aging processes on the climate—related properties of mineral dust. How external or
internal mixing, heterogeneous reactions and cloud processing affect dust spectral absorption,
scattering, hygroscopicity and solubility is still an area of active research. Whereas laboratory
studies provide insight on specific processes and are the most valuable way to provide
parameterization schemes to models, field observations remain the first source of information.
Field studies still show contrasting results as to the occurrence and role of different aging
processes and their impact on dust properties. More observations under diverse conditions are
required to provide consistent information for targeted laboratory studies. Additionally, and as
discussed previously in some review papers such as Formenti et al. (2011), it is expected that the
scientific community should make the strongest efforts to homogenize measurement protocols
and analysis techniques in order to make different datasets the most possible directly comparable.

We expect extended capabilities to come in the future based on new satellite missions, for
example Meteosat Third Generation, which will enhance the capabilities of Meteosat Second
Generation to include vertical sounding information, along with higher spatial, temporal, and
spectral resolution on its imager. An upcoming NASA mission, the Earth Surface Mineral Dust
Source Investigation (EMIT), carrying a hyperspectral instrument carried onboard the
International Space Station, will be specifically focused on the analysis of the mineralogical
composition of desert dust sources. Meanwhile the detection and tracking of the evolution of the
dust size distribution from satellite sensors is also an active area of research and a potentially
valuable source of information for dust transport studies (Kalashnikova and Kahn, 2008).
Specifically, large scale information on the coarse fraction of the dust size distribution derived
from satellite observations would be of great benefit for improving dust modelling and assessing

its climate impacts.

In term of the observational record, while the long—range transport of Saharan dust, particularly
across the Atlantic Ocean, has been extensively investigated with satellite and field observations
in the last few decades, the transport of Asian dusts across the Pacific Ocean has been less
studied. Moreover, other transport routes both in the Northern and Southern Hemisphere should
deserve more attention. In this respect, various campaigns have recently focused on sources in
Southern Africa (e.g., Formenti et al., 2019) and the Middle East (e.g., Tsiouri et al., 2015).
Despite the fact that dust events are most dominant in subtropical and mid—latitude arid regions,
significant events also occur in high latitude areas (Prospero et al., 2012). High—latitude dust still
remains poorly documented despite well-established indications of its influence on terrestrial,

atmospheric, marine, and cryospheric processes, including ice albedo and melt rates, as well as
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its contribution to modern Holocene deposits and degradation of air quality in polar regions (e.g.,
Bullard et al., 2016). Compared to subtropical sources, high-latitude dust are however more
difficult to study based on active and passive satellite sensors because of the limitations given by
the long periods of darkness, the limited view by polar orbiting satellites, and the very high
cloudiness and the bright surface conditions of high—latitude areas. Field measurements on their
side are logistically and technically challenging in polar regions and to date, field research has
mostly limited to summer season only (e.g., Bullard and Austin, 2011). Properly quantifying the
extent, frequency, and features of high—latitude dust events and their regional and global transport
patterns and pathways should require year-round integrated dust and meteorological
observations across the Arctic and Antarctic regions. This is an emerging and important topic in
dust research given the potential role of high—latitude dust on the climate of polar regions and
their expected increase in relevance in the future with rising global temperatures under climate

change scenarios.
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