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Abstract

With more than 400-3000 Mt of mineral dust lofted into the atmosphere annually,

dust affects the Earth’s radiation budget, hydrological and carbon cycles, human

health, energy production, aviation and more. Recent observations revealed that

coarse (5-10 µm) and super-coarse (10-62.5 µm) dust particles are more abundant

after long-range transport than expected. Having different impacts on the Earth

system than fine particles, it is vital that we understand how these particles travel

so far to fully comprehend the impacts of dust globally. In this thesis, I analyse the

dust size distribution evolution from the Sahara to the western Caribbean in aircraft

observations and compare to a climate model, then use the model to understand the

sensitivity of coarse particle lifetime to transport and deposition processes. I show

that the model deposits coarse particles too quickly, resulting in an underestimation

of dust mass of increasing orders of magnitude with westwards transport. Processes

in the model which may increase coarse transport are tested. Coarse dust is shown to

be most sensitive to sedimentation, with reductions in sedimentation beyond 80%

increasing the volume size distribution by up to 7 orders of magnitude, bringing

the model into agreement with observations. Convective and turbulent mixing,

impaction scavenging, and shortwave absorption are found to have minimal impact

on long-range transport of coarse particles. Raising the dust in the model to 5km

at the Sahara with the hope to increase long-range transport is shown to increase

particle lifetime, though the coarsest dust is still deposited within 24 hours. Findings

in this thesis suggest the presence and importance of processes not in the model

which could counteract sedimentation, such as asphericity and electric charging, and

suggest that explicit convection representation could improve model transport. This

work demonstrates the need for thorough research of these undetermined processes

to accurately model size distribution evolution.
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Chapter 1

Introduction

1.1 Background

1.1.1 Dust in the Earth System

Mineral dust plays a vital role in the Earth system as it is transported from sources

across the globe. The main sources are based in the low latitudes, in the so-called

'dust belt', with the Sahara Desert being the largest source. Every year, 400-

3000 Mt of mineral dust is lofted globally (Huneeus et al. 2011; Shao et al. 2011)

and transported great distances before being deposited thousands of kilometers from

its source, impacting the Earth's radiative budget, hydrological and carbon cycles,

human health, energy production, and aviation.

Lofted dust can interact with the Earth's radiation budget in two ways; directly

and indirectly (Figure 1.1). Shortwave (SW) and longwave (LW) radiation is scat-

tered and absorbed by dust particles in the direct radiative e�ect (DRE)(Kok et al.

2018; Tegen and Lacis 1996)(Figure 1.1a). At the top of the atmosphere (TOA),

there is a net cooling e�ect from dust, estimated to be� 0.23 � 0.35 W m� 2 (Kok

et al. 2023; Li et al. 2021), whereby a large degree of uncertainty extends the es-

timate into the positive. This is mostly a consequence of the strong SW cooling

e�ect caused by the scattering of SW radiation (� 0.4 � 0.3 W m� 2), though the

absorption and scattering of LW radiation results in a warming DRE at the TOA

(+0.25 � 0.15 W m� 2). The magnitude of the TOA forcing perturbation is partially

dependent on the surface albedo below the lofted dust. Over a dark, low albedo sur-

face, such as an ocean, the SW scattering enhances the cooling e�ect. Whereas

over a bright surface, such as snow/ice or cloud, where much of the SW radiation

is usually re
ected back, warming from the SW absorption e�ect will be enhanced

(Claquin et al. 1998).

In terms of the indirect radiative e�ect, dust can alter cloud properties, such as

1



2 1. Introduction

Figure 1.1: Schematic showing the direct (a) and indirect e�ect of dust in warm
(c), mixed-phase (d) and ice (e) clouds. Figure edited from Kok et al. (2023).

droplet number and size (Lohmann and Feichter 2005; Price et al. 2018), and the

precipitation e�ciency (Rosenfeld et al. 2008), thus altering the radiative balance

(Figure 1.1cde). However, aerosol-cloud-radiation interactions, including those of

dust in clouds, are still one of the greatest sources of uncertainty in climate mod-

elling (Arias et al. 2021). Dust can act as cloud condensation nuclei (CCN) and ice

nucleating particles (INP) in clouds. Introducing dust as CCN into a warm cloud

environment increases the number of surfaces for water vapour to condense onto,

thus increasing the cloud droplet number concentration (CDNC)(Figure 1.1c). This

microphysical change increases the re
ectivity of the cloud, as well as making it less

likely to produce precipitation-sized droplets, reducing the precipitation e�ciency of

the cloud (Lohmann and Feichter 2005). However, in a cooler, mixed-phase cloud,

the dust can act as INP and form ice crystals in the cloud (Figure 1.1d) in tem-

peratures as low as� 38� C (Pruppacher and Klett 2010). As the ice crystals form,

the lower saturation vapour pressure of ice (compared to liquid water), means that
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the ice crystals grow quickly and drain the surrounding air of super-cooled water

and vapour (Hoose and M•ohler 2012). The increasing ratio of ice crystals to liquid

water droplets reduces the brightness of the cloud (Vergara-Temprado et al. 2018).

The resultant ice crystals end up quickly growing to precipitation-size, increasing

precipitation e�ciency and decreasing the lifetime of the cloud (Lohmann and Fe-

ichter 2005).

The Earth's surface albedo is also susceptible to change as a consequence of dust

deposition. The albedo of snow and ice covered surfaces can be reduced signi�cantly

with the deposition of dust; this can result in increased surface radiation absorption

and thus the heating and melting of snow and ice, reducing the overall snow cover,

resulting in further surface heating (e.g. Di Mauro et al. (2015) and Dumont et al.

(2020)). Xie et al. (2018) explained that decreased snow cover could lead to further

dust emissions.

Dust contains important nutrients, such as iron, nitrogen and phosphorus (Baker

et al. 2006; Dansie et al. 2017; Prospero et al. 2020), and thus, dust deposition can

result in signi�cant biological and ecological impacts. Approximately 95% of global

atmospheric iron (Mahowald et al. 2009) and 82% of atmospheric phosphorus (Ma-

howald et al. 2008) come from lofted mineral dust. Half a billion tonnes of minerals

are deposited to the world's oceans every year by dust (Mahowald et al. 2005). De-

position of dust to ocean surfaces can lead to an increase in primary productivity

by phytoplankton, driven by increased nutrient availability (Dansie et al. 2022; Ma-

howald et al. 2018). This increase in activity can lead to the formation of algal

blooms, which can provide a source of food for other marine life. However, these

blooms can also be harmful as they can deplete dissolved oxygen in the water and

contain toxic species which introduce toxins to marine life and/or humans through

the food chain (Hallegrae� et al. 2003). Dust containing phosphorous is transported

from the Sahara and deposited into the Amazon rain forest providing between 8-

48 Tg of dust every year (Prospero et al. 2020; Yu et al. 2015). Phosphorous is a

crucial nutrient required for encouraging tree growth. Saharan dust deposition aids

the Amazon in avoiding phosphorus depletion; Yu et al. (2015) suggest that as much

Phosphorus is deposited to the Amazon every year by Saharan dust as is removed

by hydrological loss.

Despite providing a fertilising e�ect to plants, dust deposition to their leaves

can decrease plant photosynthesis and overall plant growth (Javanmard et al. 2020;

Zia-Khan et al. 2015). This decrease in plant growth impacts yields from agricul-

ture; for example, cotton leaves showed 28% reduction in yield when exposed to
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dust at 10-day intervals (Zia-Khan et al. 2015). Agriculture is also impacted by

contamination of soil and water sources, reduced health of livestock, damaged crops

from sand-blasting and the burial of seedlings (Stefanski and Sivakumar 2009). An-

thropogenic endeavours in solar energy production can also be negatively impacted.

The deposition of dust on photovoltaic panels reduces the panel e�ciency (Sayyah

et al. 2014; Sulaiman et al. 2014), increases cleaning costs, and damages the panels

with sand-blasting.

Atmospheric dust also poses a signi�cant threat to the aviation industry, both

by reducing visibility signi�cantly at the surface, raising the risk of collision and

delaying departure (Middleton 2017), by degrading and sand-blasting the engines

(Ryder et al. 2024), and by exacerbating icing in the engines (Nickovic et al. 2021).

The vertical distribution of the dust is important once the aircraft are in-
ight.

Nickovic et al. (2021) discussed the potential threat posed by dust acting as INP

and found that predicted ice particle number sharply increased in the presence of

dust and could have contributed to the icing of aircraft engines in two previous air-

craft accidents. The dust in these cases had been taken to the upper troposphere

by convective circulation. Ryder et al. (2024) found that the vertical dust distribu-

tion during takeo� and landing was important for the amount of degradation the

engines would experience. Thus, it is very important to have an understanding of

the vertical distribution of dust in the atmosphere.

1.1.2 Dust Physics

Composition, morphology and size distribution

Mineral dust is dominantly composed of silicates and carbonates (Scheuvens and

Kandler 2014), though the relative contribution of minerals in a sample can vary

drastically depending on the source location. Dust is therefore assumed to have a

density of 2.6 g cm� 3.

The global dust TOA DRE sits within the range of � 0.23 to +0.35 W m� 2,

where some research suggests that up to 97% of the uncertainty is a consequence of

uncertainty in source soil (Li et al. 2021). The dust DRE is partially dependent on

the particles' mineralogical composition, speci�cally the iron-oxide content for the

SW DRE (Sokolik and Toon 1999). The abundance of iron oxides in the soil varies

across the Sahara between di�erent local source regions, hence understanding the

speci�c source of airborne dust can aid the DRE quanti�cation.
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Mineral dust particles tend to be non-spherical; Otto et al. (2011) suggest that

a prolate spheroid is the most common particle shape, with Huang et al. (2020)

suggesting the length could be up to 5 times the particle height. The total spheric-

ity of dust particles within a plume has been observed to change over the course

of long-range transport, with Asian dust tending to become more spherical, while

African dust became less spherical (Huang et al. 2020). This could in part be due

to chemical reactions altering the shape of the dust particles, or due to preferential

settling of the spherical particles.

The size distribution is an important factor which plays a signi�cant role in the

impact of many of the processes which were discussed in Section 1.1.1. A mineral

dust size distribution typically ranges from less than 100 nm to more than 100µm

in diameter (Scheuvens and Kandler 2014). The lognormal number size distribution

comes from Seinfeld and Pandis (2016) and is calculated

dN
dr

=
N tot

(2� )1=2r ln� g
exp(�

(lnr � lnrg)2

2(ln� g)2
) (1.1)

whereN is the number concentration (in cm� 3), r is the particle radius,N tot is

the total number concentration, � g is the standard deviation andrg is the median

particle radius. The size distribution can also be portrayed as a volume, surface

area and mass distribution.

Optical properties

As mentioned previously, dust can interact with SW and LW radiation by scattering

or absorbing and then re-emitting it as thermal energy. The non-dimensional particle

extinction (Qext ) is the sum of scattering and absorption at a particular wavelength

and relates to the e�ciency with which a particle extinguishes radiation in relation

to its size (Seinfeld 1986).

Qext =
Cext

�r 2
(1.2)

whereCext is the single-particle extinction cross section in m2 and r is the particle

radius in µm. The aerosol extinction coe�cient (� ext ; m� 1) is de�ned as,

� ext = NCext (1.3)

where N is the number of particles per cubic metre of air. When vertically

integrated over heightdz, � ext provides the aerosol optical depth (AOD or� ), which

is dimensionless.
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� =
Z

� ext dz (1.4)

AOD represents the total radiation extinguished by the dust in a vertical column

of the atmosphere at a particular wavelength, often given at 550 nm. Additionally,

� ext can be used to calculate the single-scattering albedo (SSA or! 0); the dimen-

sionless ratio of scattering to extinction.

! 0 =
� sca

� ext
(1.5)

where� sca is the scattering coe�cient (cm� 1). SSA is a useful metric as it reveals

the fraction of radiation scattered by the particles. An SSA value of 0 means that all

extinction is due to absorption. Dust tends to have a relatively low SSA compared to

other aerosols as it is more absorbing than, for example, sulfate aerosol (Highwood

and Ryder 2014). By understanding the extinction and scattering of aerosols, we can

understand how much of a warming/cooling e�ect they will have on the atmosphere

around them, which can result in circulation changes (Miller and Tegen 1998).

Emission

At the surface, dust emissions are produced by wind blowing across a suitable sur-

face; the production of atmospheric dust is dependent on certain characteristics.

Factors such as soil moisture, surface roughness, soil aggregation, surface crusting

and the presence of non-erodible substances can decrease the dust production e�-

ciency (Schepanski et al. 2017).

The wind friction velocity, U� (in m s� 1), has to reach a certain threshold fric-

tion velocity, U�
t (in m s� 1), before the interparticle forces which hold the particles

together, the particles mass, and cohesion forces induced by soil moisture can be

overcome (Marticorena and Bergametti 1995). Soil moisture and soil roughness can

alter U�
t ; both greater soil moisture and rougher surfaces result in greaterU�

t . Once

this threshold velocity has been reached, individual particles are released from the

surface and their motion is dependent on their size, shape and density.U�
t is a

size-dependent property which can be calculated in many di�erent ways. One way

uses the following equation by Shao and Lu (2000) which includes the electrostatic

forces involved in the interparticle cohesion forces.

U�
t (Dp) = [ AN (

� pgDp

� a
+



� aDp

)]0:5 (1.6)

whereDp is the particle diameter (inµm), � p is the particle density (assumed to

be 2.6 g cm� 3), � a is the air density in kg m� 3 and g is acceleration due to gravity in
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m s� 2. AN =
p

f (Re� t ) � 0:0123,f (Re� t ) is the function (f ) of the Reynolds num-

ber (Re� t ) at the erosion threshold, wheref is inversely proportional to an empirical

coe�cient associated with aerodynamic drag. The term 

� a D p

accounts for the inter-

particle forces, where
 is adjusted based on observations recorded in wind-tunnel

experiments (Greeley and Iversen 1985). Up to� 60 µm diameter, U�
t decreases

with increasing diameter, however, beyond� 100 µm, U�
t begins to increase again.

Marticorena (2014) presents some di�erent calculations ofU�
t and shows that some

uncertainty remains as to where the minimum inU�
t occurs but all agree that the

most easily erodible soils contain particles in the 60-100µm range. The existence

of the minima between 60-100µm suggests that emitting dust is a size-segregating

process and that the emitted size distribution may be di�erent to the soil size dis-

tribution.

The vertically integrated emitted horizontal 
ux of dust ( G; in kg m� 2 s� 1) can

be calculated

G = C
� a

g
U� 3

t (1 �
U�

t

U�
)(1 +

U� 2
t

U� 2
) (1.7)

whereC is a constant of proportionality (White 1979). The above equation is an

example of one way to calculate the emitted dust 
ux. This is one of the more com-

monly used equations as Marticorena (2014) explains; both equations by Bagnold

(1941) and White (1979) have been found to most closely agree with experimental

data.

Particles with diameter greater than 1000µm roll along the ground with a creep-

ing motion. Smaller particles (70-1000µm) are raised and quickly deposited down-

wind in a ballistic, saltating motion. The force of this impact is strong enough to

break apart the binding forces allowing for the ejection of smaller particles which

become entrained in the wind, and other particles which are sent into a saltating

motion (Marticorena 2014). If the terminal fall velocity of a lofted particle is lower

than the vertical wind velocity, the particles will be lofted and can be transported

away. The impact from saltation can also lead to the disaggregation of aggregated

particles (Shao 2001). Saltation is the most important mechanism for lofting parti-

cles in the �ne size range as they have a much higherU�
t . Aerodynamic entrainment

can occur, though it is expected to only occur in conditions with very highU� , where

the particles are lifted without the need for bombardment by saltating particles.
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Deposition

I will now focus on the physics of dust deposition. Aerosols are subject to dry and

wet deposition; whereby the e�ciency of the removal is impacted by the particle size.

Dry deposition

Dry deposition is a fairly size-dependent process with �ne and coarse particles being

a�ected by di�erent processes. Fine particles smaller than 0.1µm diameter are

subject to deposition via Brownian motion, which increases the deposition velocity

(VD ) with decreasing particle size below 0.1µm. The coarsest particles are subject

to gravitational settling which increasesVD with increasing particles size; this is the

most limiting factor for coarse particle transport. The optimal particle size with

the lowest VD occurs between 0.1-2µm (Bergametti and Foret 2014), where the

deposition occurs due to turbulent processes, such as impaction and interception.

The lifetime of dust decreases exponentially with increasing diameter beyond this

optimal size according to these assumptions (Kok et al. 2017).VD is represented

using an inverse resistance analogue method (Seinfeld 1986), given in m s� 1 by

VD = ( RA + RB + RA RB VS)� 1 + VS (1.8)

whereRA is the aerodynamic resistance (in s m� 1), RB is the resistance of the

quasi-laminar surface layer (in s m� 1) and VS is the Stokes deposition velocity.RA

is a function of the wind speed, atmospheric stability and surface roughness. In

neutral atmospheric conditions,RA can be calculated

RA =
1

kU �
[ln(

z
z0

) �  h] (1.9)

wherek is the von Karman constant,z is the reference height for wind velocity,

z0 is the aerodynamics roughness length of the surface and h is the stability func-

tion.

RB , also known as the surface layer resistance, is the resistance experienced by

the particles in the laminar sublayer adjacent to the surface and soRB is based on

molecular scale transport. Incorporating particle motion by both Brownian di�usion

and inertial e�ects, RB is calculated

RB =
1

U� (Sc� 2=3 + 10� 3=St)
(1.10)

where Sc is the Schmidt number andSt is the Stokes number.Sc is the ratio
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between viscous and di�usion forces associated with Brownian di�usion, calculated

Sc= � air D � 1
g (1.11)

where� air is the kinematic viscosity of air andDg is Brownian di�usivity.

As brie
y mentioned, Equation 1.10 includes inertial e�ects in the form ofSt,

which is calculated

St =
U� 2VS

g� air
(1.12)

The calculation of VS includes the Cunningham correction factor (Cc) which

accounts for slip 
ow and can impact the deposition rate of �ne particles below

1 µm diameter by up to 10%.VS is calculated,

VS =
D 2

p� pgCc

18� air
(1.13)

where� air is the dynamic viscosity of air.Cc is expressed as (Seinfeld 1986)

Cc = 1 +
2�
Dp

(1:257 + 0:4e
� 1:1D p

2� ) (1.14)

where� is the mean free path of gas molecules in air (6.6� 10� 6 cm).

Wet deposition

In wet deposition, there are multiple pathways in which dust particles can be re-

moved from the atmosphere. In-cloud scavenging consists of the particles either

colliding with existing droplets or ice crystals, or by activating as CCN or INP.

Alternatively, the particles can be scavenged below-cloud by impaction with falling

rain droplets; this is a more e�cient process for the removal of coarse particles,

whereas in-cloud scavenging is more e�cient for sub-micron particles (Bergametti

and Foret 2014).

In-cloud scavenging can be dependent on the mineralogy of the particle; for ex-

ample, particles containing potassium feldspar are more e�ciently activated as INP

than some other minerals (Atkinson et al. 2013). Dust particles are typically fairly

hydrophobic (Fan et al. 2004), however chemical processing of the particles can re-

sult in a changing composition of the particle. Compounds such as sulfates can

aggregate onto the particle surface, potentially increasing the CCN e�ciency (Fan

et al. 2004). There remains a fair level of uncertainty in the e�ciency of in-cloud
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scavenging due to the lack of understanding of the processes involved.

The rate of below-cloud scavenging is dependent on the rain intensity (� 0), col-

lision e�ciency ( E) and raindrop size distribution (Laakso et al. 2003). The rate of

change of mass or number concentration of dust (C) in each time step (t) is calculated

dCd

dt
= � � dCd (1.15)

whered is the particle diameter and � is the scavenging coe�cient, calculated,

� (d) =
3
2

E(d)( A ) � 0

A
(1.16)

where A is the droplet diameter. E is the ratio between the number of droplet-

particle collisions and the number of particles in the column taken by a falling

droplet. There is a minimum in E at particles with diameter � 0.5 µm (Green-

�eld 1957). Smaller than this, E increases due to Brownian motion, whereas above

0.5µm, E increases again but due �rst to interception and then at larger size ranges,

due to inertial impaction.

1.1.3 Dust Transport

Global dust

Approximately, 95% of emitted mineral dust comes from low latitude sources, while

5% comes from high-latitude sources (Bullard et al. 2016). The 'dust belt' describes

a band of low latitude deserts that circumnavigate the globe's continents; the Sahara

is the largest source of mineral dust within this belt and on Earth. Speci�cally, the

Bod�el�e depression in Chad and a region of Mali, Mauritania and Algeria are the two

largest emitters of dust (Scheuvens and Kandler 2014).

North African dust

Dust emissions are driven by local surface wind speed, which is in turn driven by

large-scale circulation. Dust uplift at the Sahara is predominantly driven by three

meteorological features: the Harmattan winds, the Saharan heat low (SHL) and

the West African monsoon (WAM) (Schepanski et al. 2017). The combination of

these three as well as the position of the intertropical convergence zone (ITCZ) make

the boreal summer months the most productive for dust emissions (Marsham et al.
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2008). Hence, we will focus on the summer (June, July, August; JJA) climatology

here. This aligns with the timing of observations which will be analysed in this

thesis (introduced in Chapter 3).

Throughout the year, the ITCZ moves between its most southerly point at� 5� N

in January and reaches its most northerly point of 15-20� N in July (Tsamalis et al.

2013). The proximity of the ITCZ to the Sahara encourages dust uplift. The

continental-scale pressure gradient between the ITCZ and the subtropical subsi-

dence zone further north drive northeasterly surface winds over North Africa, called

the Harmattan winds (Schepanski et al. 2017). Harmattan winds are an important

factor in the development of nocturnal low level jets (LLJs). The WAM transports

cool, moist air north from the Gulf of Guinea. This intrusion of air can lead to the

generation of nocturnal LLJs. LLJs are the dominant and frequent drivers of dust

uplift over the Sahara (Marsham et al. 2013). Additionally, the moist air allows

for the formation of mesoscale convective systems (MCSs), particularly along the

African Easterly Jet (AEJ). These both have the potential to create uplift of dust

from the Sahara.

The SHL forms from intense radiative heating of the Sahara, creating a thermal

low-pressure area. The SHL is typically over northwest Africa during the summer,

however, the location, depth and extent of the SHL a�ects large-scale circulation

over North Africa (Lavaysse et al. 2009). The depth of the low can in
uence the

strength of the Harmattan winds, the monsoon 
ow and, if strong enough, the

position of the AEJ, impacting the formation of African easterly waves (AEWs)

(Diedhiou et al. 1998; Thorncroft and Blackburn 1999).

From the surface to up to 6 km altitude, the Saharan atmospheric boundary

layer (SABL) sits over the Sahara (Cuesta et al. 2009). Figure 1.2 shows the diurnal

cycle of the SABL. Dust is transported in the SABL by dry convection. As this

dusty layer moves towards the ocean, it raises up and is eroded from the base by the

moist marine boundary layer (MBL) to create the Saharan air layer (SAL; Braun

(2010), Carlson (2016), and Marsham et al. (2013)). The SAL typically has near

constant potential temperature and water vapour mixing ratio values, with one in-

version at the base, separating it from the MBL, and another at the top, separating

it from the free atmosphere (Carlson 2016; Dunion and Velden 2004). In summer,

the SAL is transported west towards the Americas via the AEJ, where it begins to

lower through the atmosphere (Carlson 2016).
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Figure 1.2: Diurnal cycle and structure of the SABL. Figure taken from Marsham
et al. (2013).

1.1.4 Observations of Dust

As the need to analyse airborne dust grows, a variety of methods are required. In

the last couple of decades, observations made by satellites, ground-based networks

and in-situ aircraft have been vital for improving our understanding of the processes

involved in dust emissions, transport and deposition. By combining these methods,

we are able to analyse dust on local, regional and global scales. Observations tend

to fall into two categories as described by Mona et al. (2023): coordinated mea-

surements at network-level which tend to work on a long timescale (e.g. satellites

and ground-based networks), and shorter term intensive measurements as part of

experimental campaigns (e.g. in-situ aircraft campaigns). A combination of these

are required to fully understand processes from very small scales (e.g. the emitted

size distribution of dust) to much larger scales (e.g. transport of dust across the

Atlantic ocean). Thus, both are vital for the advancement of our understanding of

the Earth system.

Long-term

In order to gather the largest scale of observations, satellite retrievals cover great

swathes of the Earth every day providing various products. This means that satellite

retrievals are useful for analysing large-scale meteorological phenomena and are key

for assessing global models and informing reanalysis datasets.
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Visible images from satellites are useful for identifying sources and dust plumes.

Two examples of visible satellite products are from the Moderate Resolution Imag-

ing Spectroradiometer (MODIS) imagery instrument onboard the Terra and Aqua

(current planned satellite lifetime of 26 and 24 years, respectively) satellites (Levy

et al. 2013), and the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard

the Suomi National Polar orbiting Partnership (Suomi NPP) satellite launched in

2011 and still producing data to present (Hillger et al. 2013). MODIS also mea-

sures the AOD which is retrieved on a spatial scale of 0.5� and a temporal scale

of once a day. The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)

instrument onboard the Cloud-Aerosol Lidar and Infrared Path�nder Satellite Ob-

servations (CALIPSO) satellite (Winker et al. 2009) measured 3D distributions of

backscatter, extinction and depolarization ratio of aerosols, including dust for 17

years (2006-2023). Yu et al. (2015) used data from CALIOP to estimate the mass

of dust deposited to the Amazon every year.

Satellite retrievals allow for analysis of large-scale processes and phenomena over

long periods of time. However, there are many sources of uncertainty with using

satellite retrievals. For example as Yu et al. (2015) states, satellite lidar observa-

tions can be subject to many uncertainties, including vertical pro�le shape of dust,

dust mass extinction e�ciency, the dust size distribution and the presence of clouds

blocking the 'view' of the lidar down to the surface.

Ground-based networks allow for observations of dust over long timescales at a

cheaper cost than satellites. These sites can often be set up to record smaller scale

phenomena, but due to their limited spatial coverage from only observing single

points in space, they are not reliable for recording large-scale phenomena in the

same way as satellite retrievals. One of the longest running ground-based obser-

vations is at Barbados, which has collected data nearly continuously since 1965,

recording the easterly transport of Saharan dust (Prospero and Lamb 2003).

Short-term

Shorter-term campaigns can also be run with instrumentation at the surface to

produce a dataset from intensive observation periods. These detailed small-scale

observations can help us to understand smaller scale processes, such as emission

and deposition of dust particles. These campaigns can be relatively expensive due

to the instrumentation used and the small spatial scale of the results achieved.
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An exmaple is the recent FRontiers in dust minerAloGical coMposition and its

E�ects upoN climaTe (FRAGMENT) project; Gonz�alez-Fl�orez et al. (2023) dis-

cussed the results from the this campaign in Morocco. For the month of September

in 2019, detailed observations at the surface were taken including meteorological

(precipitation, wind speed and direction, temperature, and upwelling and down-

welling radiative 
uxes), size-resolved dust concentration, and saltation 
ux mea-

surements. These detailed measurements allow us to gain a deeper understanding

of the processes involved in particle emissions.

The only way to be certain of the characteristics of particles being transported

is to measure them during transport, i.e. using aircraft campaigns. These kinds

of campaigns provide information on the particle characteristics (shape, size, con-

centration etc.), and cover a greater spatial scale than the ground-based campaigns

(though this does also raise the campaign cost). An example of these campaigns

is the Fennec campaign, occurring in June 2011 used an aircraft to collect mea-

surements of dust in vertical pro�les of the atmosphere at the Sahara (Ryder et al.

2013b).

1.1.5 Coarse Dust

The size of a dust particle can have a signi�cant impact on the consequent e�ects

of that dust particle. In this section, we will focus on the importance of coarse

(2.5 < d < 10 µm), super-coarse (10< d < 62.5µm) and giant (d > 62.5µm) dust

particles (size ranges de�ned in Adebiyi et al. (2023)).

Importance of particle size

Coarse and super-coarse dust can have di�ering magnitude impacts compared to �ne

particles (d < 2.5µm), which typically dominate in terms of the number of particles.

Figure 1.3 visualises the ways in which these coarser particles can interact with the

Earth system from emission to deposition. These di�erences are driven by varia-

tions in particle characteristics such as mass, composition and morphology. With

increasing mass, it becomes increasingly di�cult to raise particles from the surface

during emission (Section 1.1.2), as well as having a shorter atmospheric lifetime

due to having a greater dry deposition velocity than smaller, and therefore lighter,

particles. Additionally, in terms of the particle characteristics, coarser particles

are more likely to have a complex shape (Scheuvens and Kandler 2014), be charged

positively rather than negatively (Nicoll et al. 2020) and be composed of fewer clays.
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Figure 1.3: Schematic taken from Adebiyi et al. (2023) to illustrate the impacts
of coarse dust on the Earth system.

As discussed previously, dust has varying impacts on the Earth's radiative bud-

get. In terms of the SW direct e�ect of dust on the Earth's radiative budget, the

balance between the amount of SW radiation that is scattered or absorbed depends

on the particle size. As particle size increases, absorption increases. Coarse and

super-coarse particles account for� 75% of SW extinction due to absorption (Ade-

biyi et al. 2023). Coarser dust has a lower single-scattering albedo (SSA; ratio of

scattered radiation to the total extinguished radiation) than �ne dust (Kok et al.

2023). As diameter increases, the SSA decreases: submicron dust has an SSA of

close to 1, 2µm dust has an SSA of between 0.9-0.97 and 10µm dust has an SSA of

between 0.75-0.85 (Adebiyi et al. 2023; Tegen and Lacis 1996). Thus, the presence

of coarser dust means that the TOA SW e�ect is less cooling as shown in Figure 1.4b

(Adebiyi and Kok 2020). In terms of the LW direct e�ect, coarse dust accounts for

the majority of LW extinction due to its size, with the peak in extinction occurring

at � 5 µm. Super-coarse dust has the next largest contribution and �ne particles

have the least impact.

Both the decreased SW cooling and increased LW warming e�ects mean that

coarser dust has a net warming e�ect at the TOA (Figure 1.4a). The SW cooling

e�ect of �ne dust is great enough that the total DRE of all dust at the TOA is still

net cooling (approximately � 0.15 � 0.35 W m� 2 (Kok et al. 2023)), though much

uncertainty remains in this value, partly due to poor understanding of the quantity

and atmospheric lifetime of coarse dust.

Induced heating and cooling throughout the atmosphere caused by the coarser

dust can encourage the formation of clouds, thus altering the radiative budget (Do-
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Figure 1.4: Net DRE at TOA in W m � 2 split by coarse (5-20µm) and �ne (0.1-
5 µm) dust fractions (a). DRE at TOA of all dust sizes split by the LW and SW
e�ect, with the net e�ect shown on the right (b). 'This study' refers to the work
in Adebiyi and Kok (2020). The error bars refer to the 95% con�dence interval.
Plot taken from Adebiyi and Kok (2020).

herty and Evan 2014; Wong et al. 2009). An increase in the ratio of coarse-to-�ne

dust would inhibit cloud formation due to increased absorption creating atmospheric

stability, inhibiting the formation of condensation (e.g. Samset et al. 2016). Al-

though Samset et al. (2016) simulate the heating mechanism by increasing black

carbon concentrations, the hypothesis stands regardless of the initial forcing mech-

anism.

Alternatively, if the dust is in a cloud, it can act as CCN and INPs. In ice clouds,

coarser particles are also more likely to activate ice nucleation; at warmer tempera-

tures coarse particles dominate the total fraction of INP (Adebiyi et al. 2023).

Upon deposition, dust particles can provide helpful nutrients to land surfaces

and oceans. While coarser particles have a greater potential for nutrient supply due

to their greater mass, this also means that they have a reduced time in ocean surface

water (Barkley et al. 2021). With iron being one of the most important nutrients in

marine ecosystems to come from dust (Boyd and Ellwood 2010; Jickells et al. 2005),

if the particles do not contain forms of iron that are readily soluble, then the coarser

particles will sink before having released any nutrients.

The above impacts all concern the Earth system, however, coarse particles can

also impact the way the dust interacts with the human body (Kotsyfakis et al.

2019). Super-coarse particles (10< d < 62.5 µm) are too large to be transported
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into the respiratory system, so they mostly impact the skin and eyes, whereas coarse

particles (2.5< d < 10 µm) are respirable and �ne (d< 2.5 µm) particles are small

enough to enter the bloodstream.

Observations of coarse dust

Until fairly recently, super-coarse and giant particles were assumed to be short-lived

in the atmosphere due to their larger mass and consequently greater Stokes' settling

velocity, and thus frequently not measured in observational campaigns, and due to

di�culties in measuring larger particle sizes due to instrument inlets or pipework

in the instrumentation (Rosenberg et al. 2014). However, once campaigns began

to measure into this larger size range, it became apparent that these particles were

more frequently present and are transported further from the source than expected

(e.g. Ryder et al. (2019) and Weinzierl et al. (2017)). Here we will brie
y discuss the

�ndings of campaigns such as Fennec, AER-D, SALTRACE, SAMUM, GERBILS

and ChArMEx/ADRIMED. Volume size distributions (VSD) from these campaigns

are shown in Figure 1.5. The VSD reveals how the volume of the dust population

is spread across the measured size range. The calculation needed for the population

size distribution was shown in Section 1.1.2.

The Fennec (Ryder et al. 2013b) and Saharan Mineral Dust Experiment (SA-

MUM; Weinzierl et al. 2009) campaigns both collected data close to the Sahara

Desert dust source. The Fennec campaign occurred in June 2011 and was the �rst

to measure particles up to 300µm diameter in a remote region of the Sahara Desert.

Ryder et al. (2019) estimate that 93% of dust mass over the Sahara is made up of

particles larger than 5µm, and 40% is made up of particles> 20 µm. Also close to

the Sahara, SAMUM-1 occurred in May-June 2006 in southern Morocco measuring

particles up to 100µm diameter (Weinzierl et al. 2009). Larger particles were also

measured during this campaign which led to Ryder et al. (2013b) suggesting that

coarser particles were at least more prevalent close to the source than previously

anticipated.

The Fennec campaign also collected data at the Canary Islands as part of the

same 
ights which travelled to the Sahara in June 2011 (Ryder et al. 2013a). The

location of these measurements mark the next stage in the transport and life cycle

of dust as the MBL begins to form below the SAL. Ryder et al. (2013a) observed

a 60-90% loss of particles greater than 30µm more than 12 hours after uplift. The

AERosol Properties { Dust (AER-D) campaign, occurring in August 2015, also
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Figure 1.5: Volume size distributions from recent aircraft campaigns measuring
Saharan dust at various points throughout long-range transport. Orange mea-
surements were made close to source. ADRIMED a and b represent data taken
above and below 3 km, respectively. SALTRACE E and W represent data taken
in the East and West Atlantic, respectively. Plot taken from: Ryder et al. (2019).

measured dust up to 100µm diameter in the SAL and MBL at Cape Verde and the

Canary Islands (Ryder et al. 2018). The ChArMEx/ADRIMED (Chemistry-Aerosol

Mediterranean Experiment/Aerosol Direct Radiative Impact on the regional climate

in the MEDiterranean region) campaign occurred in June-July 2013 and was fo-

cused in the Mediterranean (Mallet et al. 2016). This campaign measured up to

32 µm diameter. The SALTRACE (Saharan Aerosol Long-Range Transport and

Aerosol{Cloud-Interaction Experiment) aircraft campaign measured dust both at

Cape Verde and in the West Atlantic at the Caribbean in June-July 2013 (Weinzierl

et al. 2017). Based on Stokes' settling velocity, we would expect to see very few

particles > 7 µm diameter reaching the Caribbean, however, the SALTRACE cam-

paign measured a large quantity (Figure 1.5). In all campaigns mentioned and those

shown in Figure 1.5, except for GERBILS (Geostationary Earth Radiation Budget

Intercomparison of Longwave and Shortwave Radiation)(Haywood et al. 2011) and

SAMUM-2 (Ansmann et al. 2017), coarse and super-coarse dust was found in greater

quantities than is expected based on the particles large mass (Denjean et al. 2016;

Ryder et al. 2013a; Ryder et al. 2018).

GERBILS likely measured aged dust events which showed a depleted volume of
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coarse particles (Ryder et al. 2019) relative to the other campaigns mentioned here

(Figure 1.5). The second observational period of the SAMUM campaign, SAMUM-

2, occurred in January-February 2008 at Cape Verde (Weinzierl et al. 2011). As this

campaign occurred at a di�erent time of year to the others, it is likely that di�er-

ent meteorological conditions contributed to the smaller volume of coarse particles

measured (Ryder et al. 2019; Tsamalis et al. 2013)

This abundance of coarse particles has also been observed in deposition mea-

surements across the Atlantic (van der Does et al. 2018; van der Does et al. 2016).

Dust was collected in �ve submarine deposition buoys spread across the tropical

North Atlantic, giant dust particles were found 3500 km west of the African coast,

signi�cantly further than allowed by our understanding of the forces acting upon

these particles. It should be noted, however, that as these measurements are taken

from 1.1-3.6 km below the sea surface, we should not assume that the particles col-

lected in the sediment traps were deposited directly above the traps (i.e. had been

transported through the atmosphere to the distance of the trap), as they could have

been transported horizontally through the water.

All these campaigns focus on westwards transport of Saharan dust along the

trans-Atlantic summertime dust pathway. However, giant dust particles have also

been recorded transported elsewhere from the Sahara, including to the Arctic. Varga

et al. (2021) found> 100µm dust particles from the Sahara in Iceland during multi-

ple spring-time dust events. Thus, this shows that it is not just conditions occurring

during summer which results in the long-range transport of coarse, super-coarse or

giant dust particles and that there must be processes which act at di�erent times of

the year in di�erent transport pathways which encourage this long-range transport.

Through these observations, we see that coarse, super-coarse and giant mineral

dust particles appear more frequently and in greater concentrations than previously

thought possible due to their great mass.

1.1.6 Modelling Dust

For a long time, models have been used as a tool to improve our understanding of

large-scale processes related to the emission, transport and deposition of dust across

the globe.

The emissions are dependent on factors such as the surface winds, land surface

properties and vegetation, though it depends on the model as to how these are
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represented. Dust concentrations in models can be represented by size bins, modal

distributions or bulk concentrations. Zhao et al. (2022) shows the various dust size

representations by models in the Coupled Model Intercomparison Project 6 (CMIP6)

suite, as well as the emissions schemes used.

Challenges

Despite models being an e�ective tool to better understand dust, there are often

many 
aws in the ways the dust is modelled, some stemming from our own lack of

understanding (as is evidenced by recent research into the coarser size distribution).

In part due to a lot of assumptions that have to be made about the dust-related

processes in order to reduce computational cost. An assumption that nearly all

global climate models (GCMs) make is that the dust particles are perfectly spheri-

cal, whereas dust in the real world tends to be fairly aspherical; Huang et al. (2020)

found particle length was often 5 times the particle height.

Models often succeed at representing the dust AOD in terms of magnitude and

location in comparison to observations. In recent years, this improved modelling

of AOD is due to increasing use of data assimilation of AOD satellite retrievals

(e.g. Benedetti et al. (2009) and Di Tomaso et al. (2017)). However, these model

AODs are often produced by increasing the number of �ne dust particles (which

AOD calculations are most sensitive to) present in the atmosphere, leading to a

�ne bias in the dust size distribution (O'Sullivan et al. 2020). Previous research

(e.g. R•ais•anen et al. 2013) has shown that randomly oriented aspherical particles

in models have only minor impacts on the SW TOA DRE. Thus, choosing to model

spherical particles reduces computational cost, and the biases created can be easily

reduced with tuning. However, this tuning leaves gaps in GCMs in relation to how

asphericity impacts, for example, gravitational settling, chemical interactions and

ice nucleation, which may have further impacts which have not been extensively

studied. It should also be noted that the assumption that any aspherical particles

are randomly oriented ignores the potential for uniformly oriented particles (caused

by electrical charging; Ulanowski et al. 2007).

Additional to this, the �ne bias is further exacerbated by the under-representation

of coarser particles in models and an over-representation of �ne particles (Evan et

al. 2014; Kok 2011; Kok et al. 2017). Coarser particles tend to be excluded from

GCMs (Zhao et al. 2022) in part to reduce computational cost, but also due to

historical assumptions that coarser particles were not abundant or transported over

long distances. In the CMIP6 suite, the maximum particle diameter ranges from
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0.01 to 63.2µm. Due to these underestimations of coarser particles, models tend to

underestimate dust mass; Ryder et al. (2019) suggested dust mass at the Sahara was

underestimated by 5 times in models when compared to observations and Checa-

Garcia et al. (2021) discussed issues relating to the misrepresented deposition of dust

mass due to incorrect transported size distribution. Ansmann et al. (2017) observed

this �ne bias increasing with magnitude with distance from the dust source. This

is likely associated with another issue which models seem to face; fast removal of

coarse particles during transport. Not only do models not appear to emit enough

of the coarsest particles, but many studies have observed these coarser particles de-

pleting in quantity at a faster rate in models than in observations (Ansmann et al.

2017; Ratcli�e et al. 2024; Ryder et al. 2019).

Not only do we not fully understand the size distributions of emitted and trans-

ported particles, but recently, Emerson et al. (2020) and Mailler et al. (2023) sug-

gested that widely-used dry deposition parameterisations (e.g. by Zhang et al.

(2001)) may be incorrect. Mailler et al. (2023) suggest that with the inclusion of the

Clift and Gauvin (1971) drag correction coe�cient, the settling velocity of 100µm

particles could be reduced by� 25%.

The issue of vertical transport of dust in models appears in two di�erent man-

ners. Firstly, O'Sullivan et al. (2020) found that a MetUM NWP model often placed

dust too low in the model atmosphere; this could be an issue with the meteorology in

the model. Alternatively, Ginoux (2003) suggests that numerical di�usion between

the vertical layers may result in fast settling of dust particles in the atmosphere.

Due to uncertainty in the mineralogical composition, size and shape of the dust

particles, a large amount of uncertainty remains in models over the radiative impacts

of dust. Recent research suggests that dust in models may be too weakly absorbing

(Adebiyi and Kok 2020; Balkanski et al. 2021; Di Biagio et al. 2020).

1.1.7 Mechanisms to Extend Coarse Dust Lifetime

Coarse particles have been found a greater distances from their source than expected.

Recent research has explored the potential mechanisms which could increase the life-

time of coarser particles in the atmosphere, thereby increasing the distance trans-

ported. Here, I will discuss the mechanisms which are related to individual particle

characteristics, before looking at mechanisms which are more related to meteorology.
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As has been mentioned in previous sections, dust particles are fairly aspherical,

but tend to be modelled as spherical. However, if asphericity is considered, then

the forces on the particle in the atmosphere are di�erent, with higher drag counter-

acting gravity. Some studies have looked at the impact of including asphericity in

their models; Colarco et al. (2014) and Yang et al. (2013) showed that aspherical

particles were likely to have a higher mean altitude than spherical particles. Huang

et al. (2020) showed that asphericity increased particle lifetime by� 20% and Saxby

et al. (2018) found that asphericity increased transport distance of 100µm volcanic

ash particles by 44%. Asphericity was also found to increase in-plume heating by

up to 20% (Otto et al. 2011), which could increase mixing within the plume, raising

coarse dust higher, thus transporting it further.

Dust plumes often tend to carry some level of electric charge (e.g. Harrison

et al. (2018); M�endez Harper et al. (2022)) and this charging is another suggested

mechanism to increase coarse particle lifetime. The process of particles continuously

hitting into each other, both at emission and during transport, to create an electric

charge is known as triboelectri�cation (van der Does et al. 2018). This charging

of the particles has been shown in real-world (Renard et al. 2018) and laboratory

(Toth III et al. 2020) settings to keep coarser particles suspended higher and for

longer in the atmosphere during transport. Nicoll et al. (2020) clari�es that the

charging of a particle can be dependent on both its size and mineralogy, with larger

particles charging positively and quartz particles more likely experiencing charging.

M�endez Harper et al. (2022) estimate that 10µm particles experience the greatest

change in atmospheric lifetime due to charging.

It is worth noting at this stage that particle charging will likely orient an aspheri-

cal particle in the direction whereby its longest axis is placed vertically (Ulanowski et

al. 2007), thereby nullifying the e�ect of the asphericity on settling velocity. Mallios

et al. (2020) assessed the importance of aspherical particle orientation and found

that horizontally oriented particles had a longer atmospheric lifetime than vertically

oriented particles. Thus, it is unlikely that these mechanisms can work in unison

to further increase the lifetime of the particles. For example, the coarsest particles

found at buoys placed in the Atlantic were fairly spherical and predominantly made

up of quartz (van der Does et al. 2018), suggesting that charging could have been

the dominant mechanism of the two discussed so far.

Next, I will think about meteorological-scale processes which impact the dust

from emission to deposition. Shortly after emission, dust plumes that encounter

raised topography may experience additional lifting of particles. Heisel et al. (2021)



1. Introduction 23

and Rosenberg et al. (2014) found that topography enhanced the upward transport

of super-coarse dust particles into the BL, where they are able to interact with larger

scale motions in the free atmosphere, increasing the possibility of longer range trans-

port.

Turbulence in the atmosphere acts in both an upwards and downwards motion

on dust particles (Garcia-Carreras et al. 2015). Denjean et al. (2016) found in data

from the ChArMEx/ADRIMED campaign that turbulent updraft and downdraft

motions could have been enhancing coarse particle lifetime. They observed updrafts

an order of magnitude greater than the settling velocity of particles� 8 µm in diam-

eter. Cornwell et al. (2021) found emitting modelled particles into a more turbulent

atmosphere increased the mass of coarse particles at height.

Larger scale vertical mixing has also been proposed as a mechanism which could

increase the atmospheric life of dust (Gasteiger et al. 2017; Takemi 2005; van der

Does et al. 2018; Xu et al. 2018). Gasteiger et al. (2017) suggest that repeated diur-

nal convective mixing in the SAL could increase the lifetime of coarse dust. Moist

convective cells can mix dust up beyond the top of the SAL. Though they are more

susceptible to wet deposition in these systems, satellite observations have shown

that the particles can escape at high altitudes, creating a pathway for long-range

transport. However, van der Does et al. (2018) suggest that this mechanism of lifting

the particles above the SAL repeatedly would deplete the concentration of coarse

particles transported long distances by too much to correspond to concentration

observations based on research by Sauter and L'Ecuyer (2017).

It is proposed that self-lofting of dust as a result of in-plume heating can lift dust

to higher altitudes, potentially increasing the lifetime (Colarco et al. 2014). New

evidence to suggest that dust could be more absorbing than previously thought

(based on coarser size distributions and varying particle mineralogy) suggests that

dust plumes could be experiencing more internal heating than previously thought

(Di Biagio et al. 2020). Plus, increased radiative heating in the lower SAL from

lower water vapour content can increase atmospheric heating by 17% (Ryder 2021).

This heating in the atmosphere has the potential to modify the atmospheric stabil-

ity, potentially encouraging and/or sustaining turbulence (van der Does et al. 2018).

Despite the existence of potential mechanisms to increase coarse particle lifetime,

many of them are not strong enough individually to enable the long-range transport

of coarser particles seen in observations. Thus, we may expect a combination of

these mechanisms, or additional mechanisms not yet considered to be the cause.
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Improving model representation compared to observations

Some studies have changed certain model parameters as a proxy to represent the

previously mentioned poorly understood mechanisms for increasing coarse particle

lifetime. These changes have resulted in an improvement in the model's performance

in comparison with observations. Huang et al. (2020) suggest reducing the dust set-

tling velocities by 13%. By decreasing settling velocities of dust by 40-80%, Drakaki

et al. (2022) improved the model representation of dust size distributions over the

Sahara and Eastern Atlantic. This change in deposition velocity is not realistic or

related to a speci�c mechanism, but rather suggests that the dry deposition velocity

is being counteracted by a mechanism or group of mechanisms by up to 80% of the

downwards force. Similarly, Meng et al. (2022) reduced the particle density from

2500 kg m� 3 to 125-250 kg m� 3 and the settling velocity by 13% (in accordance with

Huang et al. (2020)) to achieve an improved modelled dust mass concentration near

the Sahara. Despite this order of magnitude change, the dust volume in out
ow

regions was still underestimated in the model compared to observations. Alterna-

tively, Maring et al. (2003) found that by adding an upward velocity of 0.33 cm s� 1

to dust Stokes' settling velocities in a model, they were able to bring a model into

line with observations.

The following research has looked into the e�ect of better representing turbulent

mixing in a model on the long-range transport of dust. Cornwell et al. (2021) found

that by emitting particles later in the day in a model, they were able to increase

the rate at which the particles reached cloud level. A midday release of 10µm par-

ticles led to a 700% increase of these particles remaining above 1500 m by the end

of the simulation. Approximately 50% of dust uplift at the Sahara occurs at night

(Marsham et al. 2013). If a model was found to be emitting a large proportion of

dust at night, this could inhibit its vertical transport and therefore its atmospheric

lifetime. With high temporal resolution observations, the diurnal cycle of emissions

compared to a model could be analysed as the models could be releasing particles

at the wrong time of day, hindering particle altitude and thus, atmospheric lifetime.

Finally, in a promising study, Rodakoviski et al. (2023) show that coarse particle

lifetime can be increased by up to a factor of 2 when modelling eddy motion in

a large-eddy simulation (LES) model, resulting in improved modelled long-range

transport of super-coarse dust.

Attempts to replicate observed long-range coarse particle transport in models

generally �nd that particle characteristics or settling velocities have to be reduced

by unrealistic amounts to produce results vaguely resembling observations. Ex-
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periments such as that by Rodakoviski et al. (2023) which are conducted in high

resolution, expensive simulations are more realistic, potentially suggesting that the

coarse resolution and parameterisations included in GCMs may not be capable of

representing long-range coarse dust transport due to complicated sub-grid scale pro-

cesses.
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1.2 Objectives of This Work

The overarching aim of this thesis is to improve our understanding of long-range

transport of coarse mineral dust particles and to better understand why models are

unable to achieve such transport. To achieve this, I will focus on three separate re-

search questions which I will tackle in three chapters of work. The research questions

are as follows:

1. How does dust size distribution evolve over long-range transport in both ob-

servations and a climate model?

2. How sensitive are coarse dust particles to di�erent transport and deposition

processes in the model?

3. Does plume altitude at the Sahara impact coarse particle transport?

1.3 Thesis Outline

Chapter 2 is a methodology containing a description of the Met O�ce Uni�ed Model

con�guration (HadGEM3-GA7.1) which is used throughout this thesis. The dust

scheme used in the model will also be discussed thoroughly. Chapter 3 contains an

evaluation of the representation of dust size distribution evolution over long-range

transport in the HadGEM3-GA7.1 model against aircraft observations. Chapter

3 also contains a detailed methodology of the observational datasets used within

this thesis. Chapter 4 contains the relevant methodology and results from a series

of sensitivity studies on the model. Chapter 5 contains the relevant methodology,

results and discussion of a set of model experiments testing the sensitivity of coarse

particle transport to release altitude at the Sahara. Finally, Chapter 6 presents an

overview of the conclusions from the previous three Chapters, an in-depth discussion

of the results and suggestions for future research.



Chapter 2

Dust in the Met O�ce Uni�ed Model

In this Chapter, the climate model used in this thesis will be introduced, the sim-

pli�cations of theory implemented in the model will be explored, and �nally, the

complexities of comparing between observations and models will be discussed.

A Hadley Centre Global Environment Model 3 (HadGEM3-GA7.1) (Mulcahy

et al. 2020; Walters et al. 2019) con�guration of the Met O�ce Uni�ed Model (Me-

tUM) run at version 10.7 is used here. Throughout this thesis, varying setups of the

same model are used for di�erent purposes. Here, the setup and parts of the model

that are relevant to this thesis and remain consistent throughout will be discussed.

Chapters 4 and 5 will contain a short methodology of changes to the model speci�c

to the work of that chapter. Chapter 3 Section 3.2.2. contains some overlap with

this Chapter as it is a journal article and thus contains largely similar information

although more detail has been included here for the purpose of this thesis.

2.1 MetUM Introduction

HadGEM3-GA7.1 is an atmosphere-only global climate model (GCM) which con-

tributed to the Coupled Model Intercomparison Project phase 6 (CMIP6). As an

atmosphere-only con�guration, the atmosphere is not coupled with the ocean; in-

stead prescribed sea surface temperatures (SSTs) and sea ice concentrations are used

(Eyring et al. 2016). The model uses a horizontal grid resolution of 1.875� longi-

tude x 1.25� latitude (sometimes referred to as N96). This is the coarsest resolution

available in the HadGEM3 setup corresponding to a grid box width of� 210 km

at the equator. In the vertical, the model has 85 model levels which increase in

depth with height so that 29 of which are concentrated below 6 km altitude. At this

resolution, the model has a 20-minute time step. Some of the key parameterisations

used in the atmosphere-only HadGEM3-GA7.1 con�guration are shown in Table 2.1.

27
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Documentation
Dynamics Wood et al. (2014)
Clouds Morcrette (2012), Van Weverberg et al. (2016), and Wilson et al.

(2008)
Precipitation Wilson and Ballard (1999)
Convection Gregory and Rowntree (1990) and Lock et al. (2000)
Radiation Edwards and Slingo (1996) and Manners et al. (2015)

Table 2.1: Main parameterisation schemes used in the HadGEM3-GA7.1 setup
(Walters et al. 2019).

Dust is modelled in HadGEM3-GA7.1 using the Coupled Large-scale Aerosol

Simulator for Studies in Climate (CLASSIC) scheme, as described in Woodward

(2001) and Woodward et al. (2022). The dust is mixed externally with other aerosols,

which are simulated in the United Kingdom Aerosols and Chemistry (UKCA) Global

Model of Aerosol Processes (GLOMAP-mode) scheme (Bellouin et al. 2013). The

dust interacts with radiation (Section 2.5) and ocean biogeochemistry via the Model

of Ecosystem Dynamics, nutrient Utilisation, Sequestration and Acidi�cation (MEDUSA)

scheme. In this atmosphere-only con�guration, MEDUSA is not used and so will

not be discussed further. The dust cannot act as cloud condensation and ice nuclei

or chemically interact with the model.

Dust is simulated in terms of its mass mixing ratio (kg of dust per kg of air),

this has been converted here to a mass concentration of dust using the air density

calculated from the model's temperature and pressure at each model level.

2.2 Dust Emission

At each model time step, dust emissions are calculated interactively using the fric-

tion velocity, soil moisture, and soil particle size distribution with the models land

surface and vegetation modelling. The emissions are calculated by using the hor-

izontal 
ux of dust ( G) in nine size bins between 0.0632-2000µm diameter. G is

then used to calculate the vertical 
ux of dust (F ) transported into the atmosphere

in six size bins up to 63.2µm diameter. A fraction of these particles are deposited

to the ground within the same time step as that in which they are lofted. The rep-

resentative diameter (D rep) of each size bin is used in calculating the emitted size

distribution and the particle settling velocity. All nine size bins are shown in Table

2.2 with their diameter size ranges,D rep, dry threshold friction velocity (U�
td ) and
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wet deposition scavenging coe�cient for the relevant size bins.

Table 2.2: Size range, representative diameter (D rep), dry threshold friction ve-
locity ( U �

td ) and wet scavenging coe�cient (�) of the modelled mineral dust size
bins in the CLASSIC aerosol scheme described in Woodward (2001).D rep is
shown for the 6 transported size bins. Within each size bin,dV=dlog(r ) is as-
sumed constant, whereV is particle volume and r is particle radius.

Bin
number

Bin diameter range
(µm)

Representative
diameter
(D rep; µm)

Dry threshold
friction velocity
(U�

td ; m s� 1)

Scavenging
coe�cient
(�)

1 0.0632� d < 0.2 0.112 0.85 2 � 10� 5

2 0.2 � d < 0.632 0.356 0.72 2 � 10� 5

3 0.632� d < 2 1.12 0.59 3 � 10� 5

4 2 � d < 6.32 3.56 0.46 6 � 10� 5

5 6.32 � d < 20 11.2 0.33 4 � 10� 4

6 20 � d < 63.2 35.6 0.16 4 � 10� 4

7 63.2 � d < 200 0.14
8 200 � d < 632 0.18
9 632 � d < 2000 0.28

G and H are calculated using the method described in Marticorena and Berga-

metti (1995)(in kg m� 2 s� 1). Threshold friction velocity (U�
t ; in m s� 1) from Bagnold

(1941) with a correction for soil moisture based on the soil clay fraction (Fc) and

the method in Fecan et al. (1998) are used.G is calculated in each size bin,i , as in

Woodward et al. (2022)

G(i ) = � aBU � 3(1 +
U�

t ( i )

U�
)(1 � (

U�
t ( i )

U�
)2)

M (i )CD
g

(2.1)

where� a is the air density (in kg m� 3), B is the bare soil fraction in the grid box

depending on the land surface,U� is the surface layer friction velocity (in m s� 1),

M (i ) is the ratio of dust mass in the size divisioni to the total mass based on soil

clay, silt and sand fractions,C is a constant of proportionality (set to 2.61 based on

wind-tunnel experiments by White (1979)) andg is the acceleration due to gravity

(in m s� 2). D is a dimensionless tunable parameter; i.e. a coe�cient that can be

varied to improve model representation.M is calculated from the soil clay, silt and

sand fractions. The ratio ofU� to U�
t and M therefore act together to calculate the

emitted size distribution, with U�
t being dependent on particle size usingD rep values

from Table 2.2.

U�
t = I log10(D rep) + J! + L (2.2)
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where! is the volumetric soil moisture and I, J and L are determined constants.

The emissions are tuned using three dimensionless parameters:D, k1 and k2.

These represent a global multiplier to the horizontal dust 
ux, a friction velocity mul-

tiplier and a top level soil moisture multiplier, respectively. Tuning is carried out to

improve agreement between the model with observations of AOD, near-surface dust

concentrations and dust deposition rates (Woodward et al. 2022). In the CMIP6

con�guration of HadGEM3-GA7.1, the three parameters are set asD=2.25, k1=1.45

and k2=0.5.

As the model calculates variables for whole grid boxes and full time steps, as

opposed to instantaneous point sources which were used to derive Equation 2.1,U�

is adjusted to correct for the spatial and temporal averaging. The model value (U�
M )

and k1 are used to calculateU�

U� = k1U�
M (2.3)

In dry conditions, a dry threshold friction velocity (U�
td ) applies, the values of

which were obtained by Bagnold (1941) (values in Table 2.2). When the soil is

moist, U�
t is related to U�

td by

U�
t

U�
td

= 1 for ! < ! 0

U�
t

U�
td

= (1 + 1 :21(! � ! 0)0:68)0:5 for ! > ! 0 (2.4)

! 0 = 0:14F 2
C + 17:0FC

where! 0 is the minimum soil moisture for which the erosion threshold increases.

The �nal tunable parameter, k2 is used in the calculation of! .

! = k2! 1 (2.5)

where ! 1 is the grid box mean soil moisture in the top soil level (in kg m� 2).

The above works in arid and semi-arid regions. Additional derivation is required for

moister soil, though as I focus on the Sahara in this thesis, I will not discuss this

further.

According to Marticorena and Bergametti (1995) and based on the measurements

from Gillette (1979), the size distribution in G follows on from the equivalent size

bins of F . F is given in each of the �rst six size bins by
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F(i ) = 10(13:4Fc � 6:0)G(i )
� i =1 ;9(G(i ))
� i =1 ;6(G(i ))

(2.6)

2.3 Mixing of Dust in the Atmosphere

Convective mixing in the model occurs in the presence of a positive buoyant surface


ux (Lock et al. 2000). Parameterised convective mixing is responsible for both

upwards and downwards movements of dust through the model atmosphere and is

based on the mass 
ux scheme of Gregory and Rowntree (1990), with additions of

downdrafts (Gregory and Allen 1991) and convective momentum transport. This is

a larger scale process than the turbulent mixing.

Turbulent mixing in the model's atmosphere plays a role in the dry deposition

of dust near the surface. Turbulent mixing is parameterised as a �rst-order closure

scheme in HadGEM3-GA7.1 (Lock et al. 2000), with additions from Brown et al.

(2008) and Lock (2001). As Walters et al. (2019) explains, turbulent mixing can

be triggered in two regions in an unstable model pro�le: the surface (caused by

surface heating and wind shear) and cloud-tops (caused by radiative and evaporative

cooling). The resultant turbulent mixing acts as a function of height within the

boundary layer. Mixing at the top of the boundary layer is via an entrainment

parameterisation, meaning that turbulent mixing is seen throughout the depth of

the boundary layer and extending just above. Turbulent mixing is a smaller scale

process than the convective mixing.

2.4 Dust Deposition

Dust can be deposited by either dry or wet deposition in the model. Both are given

as a mass 
ux in kilograms per metre squared per second (kg m� 2 s� 1). Wet de-

position is calculated �rst in a model time step, followed by dry deposition. The

order of this is constrained by a dependence on the ordering of di�erent routines

throughout the UM.

2.4.1 Dry deposition

Dust can be deposited to the model surface by either gravitational settling or turbu-

lent mixing. Dry deposition occurs from the two lowest model levels to the surface

(0-36 m and 36-76 m) in one time step (20 minutes). The total dry deposition veloc-

ity ( VD ) is represented using an inverse resistance analogue method (Seinfeld 1986),
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given by Equation 1.8 in Section 1, repeated here

VD = ( RA + RB + RA RB VS)� 1 + VS

In this equation, VS is responsible for the gravitational settling, while resistances

RA and RB are used in representing the turbulent mixing of dust. Thus, both

deposition by gravitational settling and turbulent mixing are calculated at the same

time in the model. VS is used to calculate the downward 
ux of dust, as was shown

in Section 1.1.2 Equation 1.13 and is taken from Pruppacher and Klett (2010)

VS(i ) =
D rep(i )

2g� pCc

18:0� air

whereD rep is the representative diameter (size bin values in Table 2.2; inµm), � p

is the particle density (in g m� 3), Cc is the Cunningham correction factor (calculated

using Equation 1.14), and� air is the dynamic viscosity of air (in Pa s� 1).

2.4.2 Wet deposition

Wet deposition of dust is given by the impaction scavenging of dust below-cloud

and up to the cloud-top. Wet deposition is decomposed into two diagnostics: wet

deposition by convective precipitation and by large-scale precipitation. In the model,

due to the ordering of routines, the removal of dust due to large-scale precipitation

occurs �rst, followed by the convective precipitation removal. In this thesis, these

two methods of wet deposition will be collated and treated as one. Removal by both

convective and large-scale precipitation are calculated in the same way. The rate

of impaction scavenging is controlled by a dimensionless scavenging coe�cient (�),

the precipitation rate (R), and dust concentration (C) using the equation,

�C (i )

�t
= � � (i )RCi (2.7)

The values of � for each size bin,i , are shown in Table 2.2 and generally increase

with particle diameter. These values are based on experimental measurements by

Volken and Schumann (1993) and have more recently been corroborated by Laakso

et al. (2003). More information on the impaction scavenging scheme is given in

Jones et al. (2022).
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2.5 Radiative E�ect of Dust

Dust interacts directly with radiation in the shortwave and longwave spectral regions

of the model. This means the dust can alter aspects of the model such as wind and

temperature pro�les, and dust emissions by heating and cooling of the atmosphere.

Each dust division is treated independently by the radiation scheme, with the model

having prescribed values for the absorption, scattering and asymmetry parameter of

each size bin in six and nine di�erent spectral bands for the shortwave and longwave,

respectively. The radiative properties are calculated from Mie theory and assume

that the particles are spherical. The refractive indices of dust are provided in Table

2 in Woodward (2001).

The interaction of dust with radiation can be turned o� in the model which al-

lows two simulations with di�erent dust distributions to follow the same evolution in

meteorology, as interactions with radiation are the only way for dust to interact with

the model here. Doing so removes changes in meteorology due to internal variability,

allowing for a clearer comparison between simulations. This has been done for most

simulations in Chapter 4 and all simulations in Chapter 5. Clarity will be provided in

each chapters methodology as to whether radiative e�ects have been removed or not.

2.6 Comparing Between Models and Observations

In order to assess the skill of the model, we need to understand the physical, dy-

namical and possibly chemical mechanisms that in
uence dust in the real world

using in-situ observations. As explained in Chapter 1 Section 1.1.4, aircraft ob-

servations are a vital resource which can be incredibly useful for assessing model

representation. In this thesis, I analyse observations taken during three aircraft

campaigns sampling the summer Saharan trans-Atlantic dust plume at various lo-

cations during long-range transport of dust. The Fennec, AER-D and SALTRACE

campaigns provide in-situ observations at the Sahara, Canary Islands, Cape Verde

and the Caribbean. I refer to the results from these campaigns throughout the the-

sis, however, the results are dominantly discussed in Chapter 3 which also contains

methodology associated with the observations.

Comparisons between observations and models are fairly di�cult for many rea-

sons, including di�erences in both temporal and spatial scales. For example, at

points in this thesis I compare the monthly mean output of a climate model to

aircraft observations which cover as little as 45 hours over a 10 day period. I have
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carried out work to assess how representative of normal conditions the campaigns

are, and if not, whether any bias in data collection is large enough to skew my re-

sults. I discuss this more in Chapter 3. I have additionally ensured that when using

the model to use a long average to cover a su�ciently large degree of variability. In

Chapter 3 Section 3.3, I found that �ve model June months contained enough vari-

ability in the AOD to produce a mean representative of 'normal' model conditions.

In Chapter 4 Section 4.1, it was deemed that a longer average of 20 model June

months was required to fully assess the impact of the experiments carried out.



Chapter 3

Evaluation of the Met O�ce Uni�ed Model

Against Aircraft Observations

Preface

This chapter has been published at the Copernicus journal, Atmospheric Chemistry

and Physics (Ratcli�e et al. 2024). The introduction and methodology in this paper

may contain material repeated from Chapters 1 and 2.

Author contributions: 90% of the work in this paper is contributed to by Natalie

Ratcli�e (NGR). NGR carried out the analysis and wrote the paper. NGR, CLR

and NB designed the research. All authors discussed the methodology and results.

BW, LMW, JG and MD provided the SALTRACE data. All authors read and com-

mented on the paper.

Abstract

Coarse mineral dust particles have been observed much further from the Sahara

than expected based on theory. They have impacts di�erent to �ner particles on

Earth's radiative budget, as well as carbon and hydrological cycles, though they tend

to be under-represented in climate models. We use measurements of the full dust

size distribution from aircraft campaigns over the Sahara, Canaries, Cabo Verde

and Caribbean. We assess the observed and modelled dust size distribution over

long-range transport at high vertical resolution using the Met O�ce Uni�ed Model,

which represents dust up to 63.2µm diameter, greater than most climate mod-

els. We show that the model generally replicates the vertical distribution of the

total dust mass but transports larger dust particles too low in the atmosphere. Im-

portantly, coarse particles in the model are deposited too quickly, resulting in an

underestimation of dust mass that is exacerbated with westwards transport; the

35
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20{63 µm dust mass contribution between 2 and 3.7 km altitude is underestimated

by factors of up to 11 in the Sahara, 140 in the Canaries and 240 in Cabo Verde.

In the Caribbean, there is negligible modelled contribution of d> 20 µm particles

to total mass, compared to 10% in the observations. This work adds to the growing

body of research that demonstrates the need for a process-based evaluation of cli-

mate model dust simulations to identify where improvements could be implemented.

3.1 Introduction

Every year, 400{2200 Mt of mineral dust is lifted from Earth's surface and becomes

suspended in the atmosphere (Huneeus et al. 2011). This lofted dust can alter the

global radiation budget by directly re
ecting and absorbing radiation (Kok et al.

2018) and altering cloud properties (Lohmann and Feichter 2005; Price et al. 2018)

and precipitation patterns (Rosenfeld et al. 2008) by activating ice and liquid droplet

nucleation. Shao et al. (2011) estimate that 75% of the uplifted dust is deposited

on land, providing important nutrients to locations such as the Amazon rainforest

(Prospero et al. 2020) as well as altering the surface albedo upon deposition, for

example on snow and ice (Dumont et al. 2020; Painter et al. 2007). The remain-

ing dust supplies valuable nutrients to nutrient-poor oceans, potentially resulting

in the formation of phytoplankton blooms (Dansie et al. 2022; Jickells et al. 2005).

Lofted dust also negatively impacts aviation (Nickovic et al. 2021), energy produc-

tion (Piedra et al. 2018) and human health (Kotsyfakis et al. 2019). Many of these

processes are sensitive to particle size.

Coarse (2.5< d < 10µm), super-coarse (10< d < 62.5µm) and giant (d > 62.5µm)

dust particles (size ranges as reviewed and de�ned in Adebiyi et al. (2023)) have

vastly di�erent impacts on the Earth system than �ne (d < 2.5 µm) particles. The

lifetime of dust in the atmosphere decreases exponentially with increasing particle

diameter (Kok et al. 2017). Sedimentation varies strongly with particle size and

dominantly a�ects super-coarse and giant particles (Foret et al. 2006). The larger

particles are also more susceptible to wet deposition processes as they are e�cient

in-cloud nucleators of ice (Adebiyi et al. 2023; Hoose and M•ohler 2012; Pruppacher

and Klett 2010; Sassen et al. 2003) and, after undergoing in-cloud chemical pro-

cessing, liquid water (Karydis et al. 2011; Nenes et al. 2014). Coarser particles

are also more likely to be removed by below-cloud scavenging (Jones et al. 2022).

Coarser particles decrease the amount of outgoing longwave radiation at the top of

the atmosphere (TOA) and increase shortwave absorption in the atmosphere, both
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of which cause a net warming e�ect at the TOA (Kok et al. 2018). Larger particles

also contain a greater mass of the nutrients which provide vital sustenance for the

biosphere (Baker et al. 2006; Barkley et al. 2021; Dansie et al. 2017). Simulating the

lifetime and transport range of di�erently sized dust particles in models is therefore

key to capturing their various e�ects and impacts.

Recent �eld campaigns have revealed that coarse, super-coarse and giant par-

ticles are transported further across the Atlantic from the Sahara than expected,

given their estimated deposition velocity and amount of time in transit (Denjean

et al. 2016; Ryder et al. 2019; Ryder et al. 2018; van der Does et al. 2016; Weinzierl

et al. 2017). The processes responsible for this unexpected long-range transport

are unclear. Additionally, many global climate models (GCMs) do not represent

super-coarse or giant particles and fail to represent the mass concentration of coarse

particles at any stage of transport (Adebiyi and Kok 2020; Ansmann et al. 2017;

Huang et al. 2021; O'Sullivan et al. 2020). Ryder et al. (2019) estimate that by not

representing these particles, dust mass over the Sahara in GCMs is underestimated

by up to a factor of 5. The lack of representation of coarser dust particles in GCMs

means that they may simulate a direct radiative e�ect (DRE) forcing that is too

small in the longwave (positive DRE) and too negative in the shortwave (negative

DRE) (Adebiyi and Kok 2020; Kok et al. 2017) and therefore are too negative in

total forcing (shortwave plus longwave). By representing particles up to 20µm, Ade-

biyi and Kok (2020) estimate that the dust DRE at the TOA in AeroCom models

(currently in the range of � 0.78 to� 0.03 W m� 2) would be shifted to approximately

� 0.4 to +0.3 W m� 2, meaning that dust could have a net warming or cooling impact

on climate.

By comparing observations to model simulations, previous studies have been able

to evaluate the representation of dust size distribution at various points through-

out the dust life cycle. Ansmann et al. (2017) found that several dust numerical

weather prediction (NWP) forecasts were accurate up to 2000 km west of the coast

of Africa, but, beyond this, rapid dust removal reduced the quality of the forecast

in terms of the total dust mass concentration and 500{550 nm extinction coe�cient.

Dust-related processes in models are often tuned so that the modelled aerosol optical

depth (AOD) matches observed AODs retrieved by satellite instruments. O'Sullivan

et al. (2020) show that observations from a campaign obtaining in situ and remote

sensing measurements over the eastern Atlantic agreed with an NWP forecast and a

reanalysis output in terms of the AOD but struggled to show the correct vertical and

horizontal distribution of coarser particles. By tuning models to AOD, a �ne bias is

often created in the dust size distribution to compensate for the under-represented
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(or absent) coarser particles.

Some studies have shown that altering certain �xed parameters in the model,

such as settling velocity or particle density, can improve model agreement with ob-

servations. Drakaki et al. (2022) found that decreasing the settling velocities of dust

in the model by 40%{80% produced good agreement of the size distribution with

in situ aircraft observations over the Sahara and the eastern Atlantic. By reduc-

ing the settling velocity (by 13% in line with suggestions by Huang et al. (2020)

and lowering the dust particle density from 2500 to between 125 and 250 kg m� 3,

Meng et al. (2022) were able to improve model agreement with observations in terms

of the super-coarse-particle volume near the Sahara, though the dust volume was

still underestimated in dust out
ow regions. These signi�cant, order-of-magnitude

changes to particle density and settling velocity are not representative of realistic

uncertainties in these variables or processes and instead act as a proxy for repre-

senting poorly understood processes which can potentially impact particle lifetime,

such as electric charging (M�endez Harper et al. 2022; Renard et al. 2018; Toth III

et al. 2020; van der Does et al. 2018), asphericity (Colarco et al. 2014; Huang et al.

2020; Huang et al. 2021; Mallios et al. 2020; Saxby et al. 2018; Yang et al. 2013),

turbulence (Denjean et al. 2016; Rodakoviski et al. 2023), topography (Heisel et al.

2021; Rosenberg et al. 2014) and vertical mixing (Cornwell et al. 2021; Gasteiger

et al. 2017). Nowottnick et al. (2010) found that an improvement of wet scavenging

processes in a model improved coarse particles' lifetime.

The Fennec (Ryder et al. 2013a, 2015; Ryder et al. 2013b), AERosol properties

{ Dust (AER-D) (Ryder et al. 2018), and Saharan Aerosol Long-range Transport

and Aerosol-Cloud-Interaction Experiment (SALTRACE) (Weinzierl et al. 2017) air-

borne campaigns measured vertically resolved size distributions at four locations be-

tween the Sahara and Caribbean and thus represent observations at di�erent stages

in the long-range trans-Atlantic transport of Saharan dust. These campaigns mea-

sured the full size range of lofted mineral dust particles using open-path wing probes,

unlike many previous campaigns which assumed the transport of coarser particles

to be minimal. They therefore did not substantially measure into the coarse, super-

coarse or giant size range, or measurements of coarser particles were restricted by

sampling constraints due to instrument inlets and pipework (Rosenberg et al. 2014;

Ryder et al. 2019). This study is the �rst time that these three campaigns will have

been analysed together, in particular taking the vertical distribution of dust size

into account. In order to better understand the ability of models to simulate dust

transport and deposition, these campaigns will be analysed and compared to a Met

O�ce Uni�ed Model (MetUM) climate simulation (HadGEM3-GA7.1) (Walters et
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al. 2019). HadGEM3-GA7.1 includes a representation of coarse dust particles up

to 63.2 µm in diameter, a notably larger upper size limit than other models which

tend to cut o� the represented dust size distribution at � 20 µm (Huneeus et al.

2011; Mahowald et al. 2014; Zhao et al. 2022). The HadGEM3-GA7.1 dust simula-

tion has not yet been extensively compared with in situ airborne observations. The

campaigns and model have not had their vertically resolved dust size distribution

evolution assessed in such detail before and over such a large spatial extent, repre-

senting the vertically resolved size distribution evolution over long-range transport.

(O'Sullivan et al. 2020) suggest that the earlier MetUM NWP GA6.1 con�guration

(notably di�erent with dust represented by two size bins) often places dust too low

in the atmosphere, over the eastern Atlantic, which we investigate in this study.

This study aims to gain a more in-depth insight into the systematic biases be-

tween modelled and observed size distributions and how those biases evolve during

transport. Such assessments of model performance are crucial in guiding improve-

ments to the model representation of mineral dust transport and deposition.

In Sect. 3.2, we introduce the aircraft campaigns, the model setup used in this

study and our methodology for the analysis. In Sect. 3.3, we investigate the re-

lationship between the coarser-dust size distribution and the AOD in the aircraft

observations. In Sect. 3.4, we present and discuss our results, analysing the vertical

dust structure, size distribution and concentration evolution across the Atlantic in

the model and observations. In Sect. 3.5 we summarise and present conclusions.

3.2 Methods

3.2.1 Aircraft Observations

The vertically resolved in situ aircraft observations used in this study were taken

during scienti�c 
ights in the Sahara, the Canary Islands, Cabo Verde and the

Caribbean during the Fennec, AER-D and SALTRACE campaigns. Figure 3.1 shows

the location of the observations (
ight tracks) used in this study. All aircraft ob-

servations are presented at ambient conditions. The Fennec and AER-D campaigns

made use of the Facility for Airborne Atmospheric Measurements (FAAM) BAe-

146 aircraft and instruments (Ryder et al. 2013a; Ryder et al. 2018; Ryder et al.

2013b), while the SALTRACE campaign used the Deutsches Zentrum f•ur Luft- und

Raumfahrt (DLR) Falcon aircraft and instruments (Weinzierl et al. 2017). The fol-

lowing two sections describe these two di�erent aircraft and instrumentation setups.
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