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Abstract of the Dissertation

Observational constraints on dust size and shape: implications for global aerosol models

and remote sensing retrievals

by

Yue Huang

Doctor of Philosophy in Atmospheric and Oceanic Sciences

University of California, Los Angeles, 2021

Professor Jasper F. Kok, Chair

Desert dust is the dominant aerosol type by mass in the atmosphere. Dust impacts on various

aspects of the Earth system depend sensitively on its size and shape. However, global aerosol

models and remote sensing retrievals struggle to correctly account for dust shape and size

for a few reasons. These issues include that (i) models and retrieval algorithms lack a

consistent and accurate quantification of dust shape, (ii) models and retrievals substantially

underestimate the abundance of coarse dust in the atmosphere relative to measurements, (iii)

measurements of size distributions are also problematic because they are based on different

diameter types that do not account for realistic dust shapes, and (iv) measurements of

emitted dust size distributions are not available for some major soil types (e.g., active sands),

making the validation process for these regions difficult. The resulting biases in dust shape

and size can propagate into dust optical properties used in models and retrieval algorithms,

which further contributes to inaccurate estimates of dust effects on the Earth system.

This dissertation addresses the issues above. Specifically, I present the first (to my knowl-

edge) in situ field measurements of the size distributions of dust aerosols emitted from active

sands. I show that active sands emit substantially finer dust than non-sandy soils. Second,

I compile dozens of in situ observations of dust shape across the globe and obtain a globally

representative constraint on the probability distributions describing dust shape. I show that
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models and retrieval algorithms substantially underestimate dust asphericity by a factor of

∼3 to 5; as aspherical dust deposits less quickly from the atmosphere, this underestimated

dust asphericity causes models to underestimate dust lifetime by ∼20%. Third, I use this

shape constraint to correct a compilation of measurements of emitted dust size distributions

that neglected this substantial dust asphericity. I find that accounting for asphericity yields

a substantially coarser emitted dust size distribution and that, consequently, current pa-

rameterizations underestimate coarse dust emission by more than a factor of ∼2. Finally,

I account for the observational constraints on dust shape and size in obtaining the single-

scattering properties of dust aerosols. This newly-developed dataset is extensively resolved

by a wide range of wavelength, dust size, and dust refractive index values, which enables

wide applications on models and remote sensing products.

These findings have several key implications. First, active sands emit substantially finer

dust, which could enhance its downwind impacts on human health, the hydrological cycle,

and regional climate. Second, the findings that models and retrieval algorithms underesti-

mate both dust asphericity and coarse dust emission help explain why models underestimate

the abundance of coarse dust in the atmosphere. Third, the results highlight the importance

of standardized diameter conversions. A lack of such standardization can generate substan-

tial biases, for instance in the measurements of dust size distributions. Finally, the extensive

single-scattering properties accounting for realistic dust shape and size are being imple-

mented into several global aerosol models, including MONARCH, IMPACT, NCAR CESM,

and NASA GISS ModelE. This work could ultimately help narrow the large uncertainties in

dust impacts on the Earth system.
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CHAPTER 1

Overview

Desert dust is the dominant aerosol type by mass in the atmosphere (IPCC AR5 , 2013).

Throughout the dust cycle (including dust emission, short- and long-range transport, and

deposition; Shao et al. (2011b)), dust produces important effects on the Earth system. First,

dust absorbs and scatters both shortwave and longwave radiations, thereby modulating the

Earth’s energy budget directly (Kok et al., 2017). Second, dust acts as nuclei for cloud

droplets and ice crystals, thereby modifying cloud microphysical properties and affecting

the energy budget indirectly (DeMott et al., 2015). Third, dust carries key nutrients (i.e.,

iron and phosphorus), and its deposition to the downwind ocean and land boosts primary

productivity and carbon sequestration (Yu et al., 2015; Ito et al., 2019). In this way, dust

aerosols affect the carbon cycle and associated climate feedbacks. Furthermore, dust aerosols

impact anthropogenic activities, including by depleting renewable energy generation (Piedra

and Moosmüller , 2017), degrading regional air quality and visibility (Mahowald et al., 2007),

and producing hazards to human health (Burnett et al., 2014).

These varied impacts above depend sensitively on dust microphysical properties, espe-

cially dust size and shape. The overall effect of the fine dust cools the Earth system by

scattering shortwave radiation, whereas coarse dust net warms the system by also absorbing

both shortwave and longwave radiation (Kok et al., 2017). In addition, dust asphericity in-

creases aerodynamic drag force at a given volume and mass, causing aspherical dust to have

a longer lifetime in the atmosphere than volume-equivalent spherical dust (Yang et al., 2013;

Huang et al., 2020). Aspherical dust also differs from volume-equivalent spherical dust in

the angular and the wavelength dependencies of single-scattering properties (Dubovik et al.,
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2006; Nousiainen and Kandler , 2015). As such, accurate knowledge of dust shape and size

is key to, for instance, accurate estimates of dust deposition fluxes, spatial and temporal

distributions, and direct radiative effects at both regional and global scales.

Although accurate quantifications of dust shape and size are thus important for calcu-

lating dust impacts, current representations of dust shape and size in global aerosol models

and remote sensing retrievals conflict with in situ measurements. Specifically, models and

retrieval algorithms lack a consistent quantification of dust shape (Kalashnikova et al., 2005;

Dubovik et al., 2006; Mahowald et al., 2014); their quantifications are inaccurate relative to

measurements of dust shape (Huang et al., 2020). In addition, models and retrieval algo-

rithms substantially underestimate the abundance of coarse dust in the atmosphere relative

to measurements (Ryder et al., 2019; Adebiyi and Kok , 2020). During the validation process,

measurements are treated as the ”ground truth” in general; however, measurements of size

distributions can be problematic because they are based on different diameter types that do

not account for realistic dust shapes (Huang et al., 2021). Furthermore, measurements of

emitted dust size distributions are not available for some major soil types (e.g., active sands),

making the validation process for these regions difficult. The resulting biases in dust shape

and size can propagate into dust optical properties used in models and retrieval algorithms,

which further contributes to inaccurate estimates of dust effects on the Earth system. In

this dissertation, I address the above issues in the following chapters.

In Chapter 2, I present the first (to my knowledge) in situ field measurements of the size

distributions of emitted dust from active sands, which cover 20% of arid lands worldwide

(Huang et al., 2019). I conducted field measurements of dust emission under natural aeolian

saltation from coastal Oceano Dunes in California as well as laboratory analyses on the topsoil

sand samples. I found that dust emission from active sands differs from dust emission from

non-sandy soils not only in the size distribution of emitted dust, but also in the magnitude

of dust emission flux, the magnitude and the shear velocity dependence of the sandblasting

efficiency, and the mineralogical composition of the emitted dust. This work improves the
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understanding on the physical processes that drive dust emission from active sands, and

suggests important implications of dust emission from active sands for downwind human

health, park management, the hydrological cycle, and climate.

In Chapter 3, I present a globally representative parameterization of dust shape from a

measurement compilation (Huang et al., 2020). I compiled dozens of measurements of dust

shape descriptors across the globe. I found that at the regional scale, North African dust

becomes more aspherical during transport, whereas Asian dust might become less aspherical.

At the global scale, the longest dimension (dust length) is on average five times larger than the

smallest dimension (dust height), and current climate models and remote sensing retrievals

underestimate this dust asphericity (i.e., dust length divided by its height) by a factor of

∼3 - 5. Accounting for realistic dust asphericity increases gravitational settling lifetime by

∼20%, which helps explain the underestimation of coarse dust transport by models. This

work points out the direction for future improvements with regard to dust shape in global

aerosol models and the retrieval algorithms of remote sensing products.

In Chapter 4, I harmonize the measurements of dust size distributions that are based

on four different types of diameters (including the geometric, aerodynamic, optical, and

projected area-equivalent diameters) (Huang et al., 2021). I obtained conversions between

these different diameter types that account for dust asphericity. Even for the same dust

particle, these diameter types are highly different from each other, suggesting the importance

of diameter standardization in the dust research community. I then used these diameter

conversions to obtain a consistent observational constraint on the size distribution of emitted

dust. This observational constraint is substantially coarser than parameterizations used in

global aerosol models, which underestimate the mass of emitted dust with a diameter in

between 10 to 20 µm by a factor of ∼2 and usually do not account for the substantial dust

emissions larger than 20 µm in diameter. This work suggests that models substantially

underestimate coarse dust emission, which helps explain the underestimation of coarse dust

transport by models (Adebiyi and Kok , 2020).
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In Chapter 5, I for the first time account for a realistic dust shape distribution in obtaining

single-scattering properties of dust aerosols. I found that neglecting the asphericity of dust

and approximating dust as spherical particles underestimates the extinction efficiency, the

mass extinction efficiency, the asymmetry factor, and the single-scattering albedo for all dust

sizes at both shortwave and longwave spectra, since global aerosol models approximate dust

as spheres. In addition, I found that the inaccurate quantification of dust shape in retrieval

algorithms causes them to generate an incorrect magnitude and wavelength dependence of

the linear depolarization ratio relative to observations. The newly-developed ellipsoidal dust

optics accounting for realistic shape distributions produce an excellent agreement with the

measured linear depolarization ratio. Although the new ellipsoidal dust optics show poten-

tial to improve models and retrievals, it underestimates the magnitude of the backscattering

intensity relative to laboratory and field observations. This finding indicates that a realis-

tic quantification of dust body shape is not sufficient and that an accurate quantification

of dust surface texture is also critical to accurately reproduce dust optical properties at

backscattering angles.
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CHAPTER 2

Fine dust emissions from active sands at coastal

Oceano Dunes, California

[Huang, Y., J. F. Kok, R. L. Martin, N. Swet, I. Katra, T. E. Gill, R. L. Reynolds,

and L. S. Freire (2019), Fine dust emissions from active sands at coastal Oceano Dunes,

California, Atmospheric Chemistry and Physics, 19(5), 2947-2964, https://doi.org/10.

5194/acp-19-2947-2019.]

Abstract

Sand dunes and other active sands generally have a low content of fine grains and, there-

fore, are not considered to be major dust sources in current climate models. However, recent

remote sensing studies have indicated that a surprisingly large fraction of dust storms are

generated from regions covered by sand dunes, leading these studies to propose that sand

dunes might be globally relevant sources of dust. To help understand dust emissions from

sand dunes and other active sands, we present in situ field measurements of dust emission

under natural saltation from a coastal sand sheet at Oceano Dunes in California. We find

that saltation drives dust emissions from this setting that are on the low end of the range

in emissions produced by non-sandy soils for similar wind speed. Laboratory analyses of

sand samples suggest that these emissions are produced by aeolian abrasion of feldspars and
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removal of clay-mineral coatings on sand grain surfaces. We further find that this emitted

dust is substantially finer than dust emitted from non-sandy soils, which could enhance its

downwind impacts on human health, the hydrological cycle, and climate.

2.1 Introduction

Dust emission by wind-blown (aeolian) processes produces important effects on the Earth

system, including modulating the radiation budget (Miller et al., 2006; Kok et al., 2017),

modifying cloud microphysics (DeMott et al., 2015) and the hydrological cycle (Ramanathan

et al., 2001; Miller et al., 2004), and producing risks to human health (Burnett et al., 2014).

Despite these critical impacts, simulations of dust emissions in current climate models have

large uncertainties, particularly in predicted rates and spatial patterns of dust emissions

(Engelstaedter et al., 2006; Huneeus et al., 2011; Kok et al., 2014b; Evan et al., 2015). These

uncertainties arise in part from a lack of understanding (i) of the physics of the emission

process and (ii) of the dust emission productivity of different soil types.

Most parameterizations of dust emissions account only for emission through soil aggregate

fragmentation, which dominates for non-sandy soils (defined as containing >10% by mass

of clay- and silt-sized soil fines; McKee (1979)), and these parameterizations do not account

for dust emission through removal of clay-mineral coatings or aeolian abrasion, which might

dominate emissions from sandy soils (Shao et al., 1993; Alfaro and Gomes , 2001; Ginoux

et al., 2001; Zender et al., 2003; Kok et al., 2014a). For both soil types, dust emission

is facilitated by aeolian saltation (the ballistic motion of sand particles) and sandblasting

(saltator-driven release of dust) (Shao, 2008). Sandblasting can emit dust in four primary

ways:

1. fragmentation of aggregates of clay-sized (< 2 µm in diameter) and silt-sized (2-63

µm in diameter) fine particles in the soil (Kok , 2011a);

2. release of single fine particles trapped between the sand particles (also referred to as
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“resident fines”) (Bullard et al., 2004);

3. rupturing of clay and oxide coatings attached to the surfaces of sand grains (Bullard

et al., 2004, 2007); and

4. chipping or spalling of sand grains, for instance of sharp corners, which is also known as

aeolian abrasion (Kuenen, 1960; Whalley et al., 1987; Jerolmack and Brzinski , 2010; Sweeney

et al., 2016).

The relative importance of the four physical processes depends largely on soil texture

and composition: soil aggregate breakage is likely most important for soils with a large

fraction of fine (clay- and silt-sized) grains (Shao, 2008; Kok et al., 2012; Swet and Katra,

2016), whereas removal of mineral coatings and aeolian abrasion might be more important

for sandy soils (Kuenen, 1960; Bullard et al., 2004, 2007; Jerolmack et al., 2011; Crouvi et al.,

2012). Many dust models use preferential source functions to identify emissions in regions

with a large content of fine grains held in soil aggregates, which are implicitly used as a

proxy for dust emissions through aggregate fragmentation (Ginoux et al., 2001; Tegen et al.,

2002; Zender et al., 2003). As a consequence, dust models weigh emissions heavily towards

non-sandy soils, and sandy soils are not treated as important dust sources in most current

models (Shao et al., 1993; Ginoux et al., 2001; Tegen et al., 2002; Zender et al., 2003; Ito

and Kok , 2017).

Although current models do not treat active sands (i.e., sands with active saltation

transport; Swet et al. (2019)) as major dust sources, recent remote sensing observations

found a higher correlation between dust emission events and wind strength over dune-covered

surfaces than over many other geomorphic units of the Sahara Desert, the Chihuahuan

Desert, the Lake Eyre basin, and the Taklamakan Desert (Baddock et al., 2011; Bullard

et al., 2011; Crouvi et al., 2012). Specifically, Crouvi et al. (2012) found that more than 40%

of Saharan dust storms originated from sand dunes and that sand dunes had a higher land

erodibility (regression of number of dust storms against surface wind) than other soil types.

Based on these observations, Crouvi et al. (2012) proposed aeolian abrasion on active sand
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dunes as an important dust emission mechanism. Although remote sensing observations are

informative for regional dust emission patterns (Prospero et al., 2002; Crouvi et al., 2012),

uncertainties in backtracking satellite images to locate exact dust sources, combined with the

lack of information on dust concentration or composition, small-scale land–surface dynamics,

and magnitude of wind stress (Bullard et al., 2011), impede the resolution of the productivity

of active sands.

Considering these limitations of satellite observations, field measurements of dust emis-

sion from active sands are needed to inform whether active sands are indeed important con-

tributors to the global dust cycle and, if so, what the physics of the emission process and the

dust emission productivity of active sands are. Unfortunately, there are few measurements

of dust emissions from active sands, especially under natural field conditions (Bullard et al.,

2004; Sweeney et al., 2016; Swet et al., 2019). To improve our understanding of dust emission

from active sands, we present the first (to our knowledge) in situ field measurements of dust

emission under natural aeolian saltation from active sands at the coastal Oceano Dunes in

California. Sect. 2.2 details the field campaign setup, in situ data processing methods, and

laboratory techniques used to analyze sand samples. Section Sect. 2.3 presents results of the

vertical dust mass flux, the particle size distribution of emitted dust, the size-resolved sand-

blasting efficiencies, and the properties of sand samples. Section 2.4 discusses dust emission

processes at the study site and their representativeness for dust emissions from other active

sands, as well as the implications of our results for downwind human health, the hydrological

cycle, and climate. Conclusions follow in Sect. 2.5.

2.2 Methods

We conducted a field campaign from 15 May to 7 June 2015 on the southern edge of the

Oceano Dunes State Vehicular Recreation Area (35.03◦N, 120.63◦W) where off-highway mo-

tor vehicles were prohibited (Oceano Dunes State Vehicular Recreation Area, SVRA, map:
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http://ohv.parks.ca.gov/?page_id=1208, last access: 27 February 2019). At the time of

measurements, the site was not downwind of any vehicle activity and was completely non-

vegetated and topographically mostly flat. This active coastal sand sheet is followed inland

by low transverse dunes. These dunes are part of the broader late Quaternary Guadalupe-

Nipomo Dunes Complex, which extends north–south along roughly 25 km of California’s

Central Coast and is shaped by strong onshore (westerly) sea breezes transporting sand

primarily derived from fluvial deposits of the Santa Maria River estuary at the south end

of the dune field (Cooper , 1967; Orme, 1992; Pye and Tsoar , 2009). Currently, active ae-

olian transport occurs only within 1-2 km of the beach, but inactive, vegetation-stabilized

transverse dune surfaces extend up to 18 km inland.

We erected a 10 m tower (Fig. 2.1) at a distance of ∼ 650 m from the shoreline to measure

wind speed and direction, sand flux, and dust concentration from 15 May to 4 June 2015. We

mounted six Campbell Scientific CSAT3 sonic anemometers (Liu et al., 2001) on the tower,

of which we used the three-dimensional winds measured by the lowest sonic anemometer

(about 0.5 m above the surface) to determine shear stress and shear velocity (details in

Martin and Kok (2017)). In addition, we obtained the vertical profile of horizontal sand

saltation flux q(z) from nine Wenglor YH03PCT8 electric laser gate sensors (Barchyn et al.,

2014), mounted at heights z spanning from 0.02 to 0.47 m above the surface. We converted

the measured particle count to sand flux by calibrating to eight concurrently sampling Big

Spring Number Eight (BSNE) samplers (Fryrear , 1986; Goossens et al., 2000). We then

obtained the total sand flux by integrating the flux through the depth of the saltation layer

(see Martin and Kok (2017); Martin et al. (2018)). Furthermore, we obtained the dust

concentration profile using six identical optical particle counters (OPCs) (the 212 ambient

particulate profiler, manufactured by Met One Instruments, Inc.), of which we mounted

four on the tower at four different heights at any given time within 0.74-6.44 m above the

surface. Each OPC measured size-resolved aerosol concentrations using seven size bins with

equivalent light scattering diameter ranges within 0.49-10 µm, calibrated using polystyrene
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latex spheres (PSLs) (Table 2.1, column 1). Of the seven size bins, we only used the smallest

six bins. Past studies have found that the sampling efficiency (i.e., the ratio of particle

concentration measured by the sensor to the particle concentration in the ambient air; Von

der Weiden et al. (2009)) can decrease strongly with wind speed for coarse particles; for

instance, the loss rate can approach 100% for particles larger than 10 µm in diameter under

strong wind events (Von der Weiden et al., 2009). As the dependence of sampling efficiency

on wind speed and particle size was not provided by the instrument’s manufacturer, we did

not use the largest size bin (bin 7) and only used the smallest six bins (with PSL diameter

ranging from 0.49 to 7 µm; see Table 2.1). The optical sizing of aerosols is sensitive to

differences in the refractive index between the measured aerosols and the particles used to

calibrate the instrument (Hinds , 1999). The manufacturer calibrated the OPCs against

PSLs, following the international standard ISO 21501-1:2009 (ISO , 2009). We corrected the

manufacturer-provided bin size limits to dust size limits using Lorenz–Mie theory (Bohren

and Huffman, 1983; Mätzler , 2002; Rosenberg et al., 2012), thereby approximating dust

as spherical particles. Specifically, we calculated the light scattered by PSLs (refractive

index: m = 1.59 − 0i) at the instrument’s laser wavelength (589 nm) and scattering angle

range (90 ± 60◦; information provided by the Met One engineering department), using the

manufacturer-provided size boundaries of each of the six OPC bins. For each bin, we then

determined the size range of dust particles that would produce an equal range of scattered

light, using globally representative dust refractive indices (real part n = 1.53 ± 0.03 and

imaginary part k = −10−2.5±0.3, following Kok et al. (2017)). This operation yielded the

corrected bin size boundaries for dust and their uncertainties (Table 2.1, column 2).

Using the instrumentation and procedure mentioned above, we obtained shear stress,

total sand flux, and size-resolved dust concentration, which we averaged over 30 min periods.

We chose a 30 min averaging time interval because this interval is shorter than the typical

timescale of a mesoscale weather system but sufficient to capture most of the turbulent energy

spectrum (Stull , 1988; Sterk et al., 1998). Furthermore, we inter-calibrated the six OPCs to
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reduce systematic errors in the measured dust concentration and to quantify the instrument

uncertainty. To obtain measurements for this inter-calibration, we mounted five OPCs (the

sixth one malfunctioned after 25 May 2015) at the same height and in a line perpendicular

to the wind for 3 days (5, 6, and 7 June 2015) immediately following the field campaign.

Specifically, for each of the six size bins, we applied linear-least-squares regression on the

aerosol concentration of each of the five OPCs against the mean of the five OPCs. This

procedure yielded a concentration-dependent correction factor with uncertainty for each size

bin of each OPC, which we propagated throughout our analysis. For all of our subsequent

analysis, we did not use dust concentrations measured by the malfunctioning OPC, because

they did not satisfy our data-quality control criteria.

We used the calibrated dust concentration to obtain the size-resolved mass flux of emitted

dust using the gradient method, which is analogous to the methods for determining vertical

scalar fluxes from turbulent and molecular diffusion in the atmospheric surface layer (Gillette

et al., 1972; Shao, 2008). The gradient method assumes constant dust flux within the surface

layer, neutral atmospheric stability (see Fig. S2 of Martin and Kok (2017)), and negligible

dust deposition from upwind sources, and it is expressed as

Fd,i = −Kd
∂ci
∂z

(2.1)

Kd = ηκu∗z (2.2)

where Fd,i is the vertical mass flux (kgm−2s−1) of the i th size class of the six bins; ci

denotes the mass concentration (kgm−3) of the i th size class at height z (m); Kd is the

turbulent diffusivity (m−2s−1) obtained by the mixing length theory (Stull , 1988); η is the

ratio between the turbulent diffusivity of a passive tracer and that of momentum, which

we take as unity based on previous studies (Gillette et al., 1972; Stull , 1988); κ is the von

Kármán constant, which we take as 0.387 (Andreas et al., 2006); and u∗ is the shear velocity

(ms−1). Combining Eqs. (2.1) and (2.2), and integrating from a reference height zr (m), we
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obtain

ci(z) = ci(zr)−
Fd,i
κu∗η

ln(
z

zr
) (2.3)

where ci(zr) is the reference concentration of the i th size class at zr. For calculation purposes,

we set zr as the height of the “D1” OPC (Fig. 2.1). Applying Eq. (2.3) to each of the six bin

classes yields the size-resolved vertical dust mass flux Fd,i for each bin. We then obtained

the bulk vertical mass flux as the sum of the size-resolved fluxes Fd =
∑6

i=1 Fd,i. Note that

for each bin, we only used measurements that showed a negative gradient (concentration

decreases with height) and thus a positive dust flux, as discussed further below.

We used the size-resolved vertical dust flux obtained above to calculate the particle

size distribution (PSD) of emitted dust and the sandblasting efficiency, which together give

insights into the physical processes governing dust emission from active sands (Kok et al.,

2014b; Mahowald et al., 2014). We computed the normalized volume PSD of dust at emission

as
dVi
dlnDi

=
Fd,i

Fd × ln(Di+1/Di)
(2.4)

where Di (µm) and Di+1 (µm) are the lower and upper boundary geometric diameter sizes,

respectively, of the i th size class (Table 2.1, column 2). The integral of dVi
dlnDi

over particle

size thus yields unity. For each size bin we then obtained the sandblasting efficiency, which

is the vertical dust flux produced by a unit horizontal sand saltation flux (Marticorena and

Bergametti , 1995),

αi =
Fd,i
Q

(2.5)

where Q (kgm−1s−1) is the total horizontal sand flux integrated over all sand grain sizes

(see Martin and Kok (2017)). We then obtained the bulk sandblasting efficiency α (m−1)

by summing over the six αi (m−1), α =
∑6

i=1 αd,i.

We used the size-resolved vertical mass flux calculated above to obtain the vertical flux

for particulate matter with geometric diameter Dg ≤ 10 µm (PM10,g) and with aerodynamic

diameter Da ≤ 2.5 µm (PM2.5,a). Dust in atmospheric circulation models is usually repre-

sented in terms of geometric diameter (Mahowald et al., 2014), and the PM10,g size range
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is considered most relevant to dust impacts on weather and climate (Kok et al., 2017). In

contrast, aerodynamic diameter is more relevant to aerosol impacts on human health, which

corresponds with the PM2.5,a concentration (Burnett et al., 2014). To obtain the PM10,g

flux, we summed the mass flux of the smallest six size bins and part of the seventh size bin

that is within the PM10,g size range (see Table 2.1, column 2), for which we integrated over

the sub-bin size distribution obtained by linear-least-squares regression on the PSD of the

emitted dust of the sixth and seventh size bin. To obtain the PM2.5,a flux, we first converted

the geometric diameter bin sizes to aerodynamic diameter bin sizes through (Hinds , 1999)

Dg =

√
χρ0
ρP

Da (2.6)

whereDa andDg are the aerodynamic and geometric diameter, respectively; ρ0 = 1000kgm−3

is the density of water; ρP ≈ (2.5 ± 0.2) × 103kgm−3 is the typical density of dust aerosols

(Kok et al., 2017); and χ is the dynamic shape factor, which is defined as the ratio of the

drag force experienced by the irregular particle to the drag force experienced by a spherical

particle with diameter Dg (Hinds , 1999). We used χ ≈ 1.4± 0.1 (Kok et al., 2014a), which

yielded Dg ≈ (0.75 ± 0.04) × Da (values of geometric and aerodynamic bin diameters are

listed in Table 2.1). Second, we summed the mass flux of the smallest two size bins and part

of the third size bin that is within the PM2.5,a size range (see Table 2.1, column 3), for which

we integrated over the sub-bin size distribution obtained by linear-least-squares regression

on the PSD of the emitted dust of the second and third size bin.

We found that aerosol concentration, vertical mass flux, and the PSD calculated with

the procedure above were affected by both dust emission and sea-salt aerosol deposition.

Specifically, we found deviations in the measured aerosol concentration profiles from the

logarithmic profile expected to occur from an active dust emission source (Stull , 1988; Kind ,

1992; Gillies and Berkofsky , 2004), a result that we inferred as the influence of sea-salt

aerosol. Because we measured dust concentrations ∼ 650 m from the shoreline, we expect

increasing sea-salt aerosol concentration with height due to the upwind deposition of near-

surface sea-salt aerosol (Dueker et al., 2011; Liang et al., 2016). We generally observed an
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increasing concentration with height for the lowest two or three OPCs when saltation was

inactive (horizontal saltation flux Q = 0), consistent with sea-salt aerosol deposition, but

found a decrease in concentration with height when saltation was active (Q > 0), consistent

with dust emission. Furthermore, the measured PSD was coarser when saltation was inactive

than when it was active. This observation is consistent with sea-salt aerosol being coarser

than dust aerosol (O’Dowd and de Leeuw , 2007) and dominating when dust emission is not

occurring. We thus mitigated the problem of the influence of sea-salt aerosol on our results

by using only the lowest two sensors (D1 and D2 in Fig. 2.1), which were most affected by

dust emission and least affected by the upwind sea-salt aerosol emission. Indeed, using only

the lowest two sensors caused the aerosol flux to be small and negative (deposition) when

saltation was inactive and large and positive (emission) when saltation was active. Because

using the lowest two sensors did not eliminate the deposition flux of sea-salt aerosol from

our results, we in addition subtracted mass flux measured by D1 and D2 when saltation

was inactive from the flux by D1 and D2 when saltation was active. We found the sea-salt

deposition flux at Oceano was of the order of 0.1 µgm−2s−1, which was roughly an order of

magnitude smaller than measurements 50 m away from the shoreline in coastal Maine, USA

(Dueker et al., 2011). Due to a lack of precise sea-salt deposition data in our measurements,

we assumed the sea-salt aerosol deposition flux to be invariant to shear velocity. However,

accounting for the possible dependence of sea-salt deposition flux on shear velocity does not

qualitatively affect the PSD of dust at emission.

In order to characterize the sand grains at the experimental site, we collected four sand

samples (each ∼ 220 g) on 14 October 2016 from the upper 2 cm of the surface, with two

samples at the tower location and two at 100 m upwind. We analyzed the properties of

each sand sample using a series of physical and chemical techniques. First, we analyzed the

particle size distribution (PSD) using the laser diffraction technique with the ANALYSETTE

22 MicroTec Plus, Fritsch (Katra and Yizhaq , 2017), which measured particles within 0.08-

2000 µm in optical diameter. We calculated the PSD of soil samples with a Fraunhofer
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diffraction model with a size resolution of 1 µm using MasControl software (Katra and

Yizhaq , 2017). Note that we did not convert this soil PSD in terms of optical diameter

into geometric or aerodynamic diameter due to a lack of information on particle shape,

refractive index, scattering angle range, and laser wavelength. Second, we analyzed the

mineralogical composition of the sand grains using the X-ray powder diffraction (XRPD)

method (Klute, 1986). The XRPD method allows the crystal structure data to retrieve the

minerals of a bulk sample. Each analyzed sample of 1 g contains hundreds of grains at

the sand size of the Oceano site. Specifically, we used the Panalytical Empyrean powder

diffractometer equipped with the position-sensitive detector X’Celerator (Philips 1050/70).

Data were collected in the θ/2θ geometry using CuKα radiation (λ = 1.54178 Å) at 40 kV

and 30 mA. Scans were run over ∼ 15 min intervals in a 2θ range of 4 − 60◦ with a step

equal to ∼ 0.033◦ (Sommariva et al., 2014). The reference intensity ratio (RIR) method was

used to determine the concentrations of the crystalline components. The integral intensities

of main peaks were taken for computation (Gualtieri , 1996, 2000). Third, we performed

a qualitative examination of the grain surfaces using scanning electron microscopy (SEM)

(Quanta 200, FEI) and the energy dispersive X-ray spectroscopy (EDS) chemical analysis

technique integrated within SEM. The SEM-EDS stimulates each sample using electrons

and detects the spectrum of outgoing photons to retrieve the elemental analysis of the grain

surfaces, which provided us with information on the mineralogy of grain coatings. In our

case, each sample replica was composed of some dozens of particles, including sand-sized and

dust-sized particles. It additionally provided images at extremely high magnification (6x to

1, 000, 000x) that enable a close analysis of the smallest dust particles (< 2µm).

2.3 Results

We find that dust emitted from the sand sheet at Oceano differs from dust emitted from non-

sandy soils in two key ways. First, the vertical PM10,g and PM2.5,a dust fluxes at Oceano

are both smaller than those fluxes from most non-sandy soils at the same shear velocity
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(Fig. 2.2). The vertical PM10,g and PM2.5,a fluxes at Oceano range from 1 to 100 µgm−2s−1

and 0.1 to 30 µgm−2s−1, respectively. They both increase non-linearly with increasing shear

velocity in the measured range of 0.29-0.43 ms−1. For similar shear velocities, the PM10,g

and PM2.5,a dust fluxes from most non-sandy soils exceed those at Oceano, differing by a

factor of ∼ 1-100 and ∼ 0.1-10, respectively. The second key difference is that dust emitted

from the Oceano site is substantially finer than size-resolved dust emitted from non-sandy

soils under natural saltation (Fig. 2.3a), and it is also significantly finer than dust measured

in situ over North Africa (Fig. 2.3b), which likely accounts for a majority of the world’s dust

emissions (Prospero et al., 2002; Engelstaedter et al., 2006).

Our measurement of the bulk sandblasting efficiency provides further insight into the

differences between dust emissions from the Oceano sand sheet and from non-sandy soils.

First, the bulk sandblasting efficiency at Oceano is around 10−6 m−1 (Fig. 2.5), which is

substantially smaller than the range within 10−5 to 10−2 m−1 typical for non-sandy soils

(Kok et al., 2012). Second, the bulk sandblasting efficiency increases non-linearly as a power

law in shear velocity (Fig. 2.5), a result consistent with some previous studies (Shao et al.,

1993; Marticorena and Bergametti , 1995; Kok et al., 2012).

We find that the dependence of the sandblasting efficiency on shear velocity changes with

dust size (Fig. 2.6), which explains the shift in the PSD of emitted dust to finer size with

increasing shear velocity (Fig. 2.4). Specifically, the power law exponents of the dependence

of the sandblasting efficiency on shear velocity are large and positive for the smallest five

bins, whereas the exponent substantially drops to a negative value for bin 6 (Fig. 2.6). This

explains the fining of the PSD of emitted dust with increasing shear velocity, which is almost

entirely due to a decreased contribution of bin 6 (Fig. 2.4). We consider it likely that this

decreased contribution from bin 6 (with Dg ranging from 6.21 to 9.14 µm; see Table 2.1) with

increasing shear velocity is caused by a decrease in sampling efficiency of coarse particles

with wind speed (Von der Weiden et al., 2009). Therefore, it is possible that the PSD of

emitted dust remains approximately invariant with shear velocity.
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Our analyses of sand grains sampled from the field site show that the Oceano sand is

characterized by a uni-modal size distribution (mode at 461 µm and median at 491 µm)

with 0.95% (by mass) of loose clay- and silt-sized fine particles (∼ 63 µm) between the sand

grains and 0.41% of particulate matter smaller than 10 µm (Fig. 2.7). The sand consists

of a mixture of quartz (51% by mass), feldspars (K-rich feldspar 23% and plagioclase 23%),

and clay minerals (3%) analyzed by the XRPD technique (Table 2.2). We further find

the presence of mineral coatings on the top of quartz sand grains through the SEM-EDS

technique (Fig. 2.8d and e). Note that the mass content of clay minerals detected in the

XRPD analysis can be in the form of loose fine dust in the pore spaces between the sand

grains and/or clay-mineral coatings attached to the sand grains. In addition, we find that

the surface of the feldspars appears more abraded than the solid surface of the quartz sand

grains (compare location “B” and location “C” in Fig. 2.8a), which are representative of a

large number of SEM-EDS observations made for these samples.

2.4 Discussions

We reported in situ field measurements of natural dust emission from an undisturbed coastal

sand sheet at Oceano Dunes in California (Fig. 2.1). We found that dust emission from these

active sands differs in several key ways from dust emission from non-sandy soils, namely in the

magnitude of vertical PM10,g and PM2.5,a dust fluxes (Fig. 2.2), the particle size distribution

(PSD) of dust at emission (Fig. 2.3), and the magnitude and the shear velocity dependence

of the sandblasting efficiency (Fig. 2.5). Furthermore, we found that sand grains at the

study site are coarse with a mode larger than 460 µm (Fig. 2.7), that many sand grains

contain clay-mineral coatings, and that about half of the sand grains are feldspars (K-rich

feldspar and plagioclase) (Table 2.2). These results provide insights into several fundamental

questions.

1. What physical processes drive dust emission from active Oceano sands?
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2. How representative are dust emissions from the sand sheet at Oceano of active sands

elsewhere?

3. What are the implications of dust emission from Oceano for downwind human health,

park management, the hydrological cycle, and climate?

After addressing these questions, we end the discussion section with several limitations

of our methodology.

2.4.1 Insights into processes producing dust from active sands at the Oceano

Dunes State Vehicular Recreation Area

Our results indicate that aeolian abrasion of feldspars is one possible dust emission process

at Oceano. XRPD analysis confirms the existence of feldspars (∼ 46% by mass) (Table 2.2).

Although the content of feldspars is of the same magnitude as that of quartz (∼ 51% by

mass) (Table 2.2), the surfaces of the feldspars commonly appear more abraded than the

surfaces of the quartz sand grains (Fig. 2.8a), suggesting a higher potential to generate dust

through aeolian abrasion of feldspars than of quartz grains. We list four supporting findings

from other experimental studies. First, both laboratory (Dutta et al., 1993; Jari , 1995) and

wind tunnel (Kuenen, 1960, 1969) experiments have found that feldspars are more fragile

than quartz grains to aeolian abrasion, possibly owing to the cleavage structures of feldspars

(Kuenen, 1969) and the greater propensity of feldspars to weather than quartz (Nesbitt et al.,

1997). Second, the feldspar content of dust is higher than that of the parent top soils in

dust-producing regions, including northern Ghana (Tiessen et al., 1991), China (Feng et al.,

2008), and the UK (Moreno et al., 2003), implying the preferential generation of dust from

feldspars. Third, laboratory experiments have found that aeolian abrasion of feldspars can

generate a larger fraction of the PM10 and the PM2.5 size ranges than that generated from

abrasion of quartz (Domingo et al., 2010). Indeed, laboratory experiments on washed and

clean quartz grains (for which grain surface minerals have been removed) (Whalley et al.,

1987; Bullard et al., 2007) and on freshly crushed quartz grains (Wright et al., 1998; Wright ,
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2001) imply that the dust produced by aeolian abrasion of quartz grains has a small portion

(less than 1% by mass) within the PM10 size range. Fourth, Pye and Sperling (1983) found

that when coastal dune sands are exposed to salt solutions under desert diurnal temperature

and humidity cycles, feldspars are more susceptible to breakage into fine grains than quartz.

Because the Oceano measurement site is exposed to high levels of sea-salt aerosols deposition

(see Sect. 2.2), this finding further supports our hypothesis that aeolian abrasion of feldspars

is one possible dust emission process at Oceano.

Our results further suggest that the removal of clay-mineral coatings by saltator impact is

another possible contributor to dust emissions at Oceano, which is supported by the following

two findings. First, XRPD analysis found the content of clay minerals to be around 3% by

mass (Table 2.2) for Oceano sand samples, although the fraction of this contributed by

clay-mineral coatings is uncertain because XRPD analysis cannot distinguish between clay-

mineral coatings and loose clay-sized fines trapped in the pore spaces between sand grains

(Swet et al., 2019). However, the PSD of dust emitted from the Oceano site is generally

consistent with the PSD of emitted dust of laboratory experiments on sand samples taken

from Australian active sand dunes (Bullard et al., 2004, 2007). Specifically, Bullard and co-

workers simulated aeolian abrasion within an air chamber on the Australian sand grains with

the content of clay-mineral coatings as ∼ 1%-2% by mass. They concluded that the removal

of clay-mineral coatings was likely the main process for PM10 dust emissions, implying that

the removal of clay-mineral coatings is a key emission process at Oceano as well. Second, a

companion paper reports results of wind tunnel experiments on sand grains collected from

our Oceano field site, as well as from two active desert dune fields in Israel (Swet et al., 2019).

They reported that all three sands produced substantial dust emissions, and their measured

sandblasting efficiency of Oceano sands was consistent with our field measurements. After

Swet and co-workers washed the sand grains from the two Israeli dune fields to remove most

of the loose resident fines, leaving the clay-mineral coatings largely unchanged, they found

that the washed sand grains still produced PM10 dust emissions that were comparable to
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those before the sand was washed. Although (Swet et al., 2019) did not perform this last

experiment on Oceano sand, these results support the interpretation that removal of clay-

mineral coatings is a key process driving dust emissions from active sands, including at

Oceano.

Our results imply that sandblasting of resident fines by saltators is a third possible dust

emission process at Oceano. The resident fines exist as single particles trapped in between

the sand grains, as was observed when we washed sand samples in the lab. Although XRPD

analysis cannot distinguish between clay-mineral coatings and clay-sized resident fines in the

pore spaces between sand grains (Swet et al., 2019), the content of these resident fines is

less than 3% by mass (Table 2.2). Because we observed a net dust emission flux only when

saltation was occurring, it is unlikely that the direct aerodynamic entrainment of resident

fines (Klose and Shao, 2012) contributed substantially to dust emissions at Oceano. The

occurrence of dust emission by removal of resident fines is supported by the measurements

of Swet et al. (2019), which reported that unwashed sands produced more dust than washed

ones.

Our results provide two insights into the energetics of dust emission from Oceano. First,

the lower bulk sandblasting efficiency at Oceano, compared to that of non-sandy soils, sup-

ports the common hypothesis that sandblasting efficiency increases sharply with clay-sized

grain content (Marticorena and Bergametti , 1995; Kok et al., 2014a). Second, we find that

the bulk sandblasting efficiency of Oceano sand increases as a power law with shear velocity

(Fig. 2.5). Because such enhancement of the sandblasting efficiency occurs despite invari-

ance of mean saltator velocity with shear velocity (Martin and Kok , 2017), such changes

in sandblasting efficiency must be driven instead by changes in the probability distribution

of the saltator impact energies. The recent dust emission model of Kok et al. (2014a) pre-

dicts a power law increase in the sandblasting efficiency with shear velocity for soils for

which the typical saltator impact energy is substantially less than the threshold impact en-

ergy needed to overcome particle bonds. This power law increase occurs because, for such
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erosion-resistant soils, only particularly energetic saltator impacts are capable of emitting

dust, and the fraction of saltators impacts that are particularly energetic increases non-

linearly with wind shear velocity (see Fig. 16 in Kok et al. (2012) and Fig. 1 in Kok et al.

(2014a)). As such, our results both tentatively support the Kok et al. (2014a) dust emission

model and suggest that dust emission from Oceano sands are predominantly produced by

saltators with an impact energy much greater than the mean impact energy (i.e., with impact

energy in the high-energy tail of the saltator-impact-energy distribution). This dependence

of dust emission on the very energetic saltator impacts likely occurs because both removal

of clay-mineral coatings and aeolian abrasion of feldspars are energetic processes and thus

require particularly energetic saltator impacts.

2.4.2 Insights into the representativeness of Oceano dust emissions for other

active sands

It is unclear how representative our measurements on the active coastal sand sheet at Oceano

are of dust emission from other active sands, including active sand dunes, in particular in

relation to the sand size distribution, the content of feldspars, and the extensiveness of

clay-mineral coatings.

Our results indicate that sand at our study site, with a mode around 461 µm (Fig. 2.7),

is coarser than the sand of most active sand dunes (Bullard et al., 2004; Pye and Tsoar ,

2009; Webb et al., 2013; Swet et al., 2019). Because the threshold shear velocity required

to sustain saltation increases with the grain particle size (Shao, 2008; Kok et al., 2012), the

value of 0.28 ms−1 we found at Oceano (Martin and Kok , 2017; Martin et al., 2018) is likely

somewhat higher than that at typical active sand dunes, as also confirmed in the laboratory

measurements of Swet et al. (2019). As such, the horizontal saltation flux at Oceano could

be somewhat lower compared with typical active sand dunes.

Our results further indicate that Oceano sand differs from the sand of typical active sand

dunes in its mineralogy, specifically in the content of feldspars. Oceano sands contain as much
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as ∼ 46% feldspar by mass (Table 2.2). This content is approximately twice the proportion of

feldspar found in coastal dunes along Monterey Bay to the north (Combellick and Osborne,

1977) and more than 3 times as much as in coastal dunes in Baja California to the south

(Kasper-Zubillaga et al., 2007). This mineralogically immature sand suggests rapid erosion

of a feldspar-rich source rock, potentially derived from the Santa Maria River drainage. More

mineralogically mature terrestrial dune fields, including most old and continentally based (as

opposed to coastal) terrestrial desert sand seas and some older coastal dunes, are quartz-

dominated and feldspar-depleted (Pye and Tsoar , 2009; Swet et al., 2019). The removal of

feldspars by ballistic-impact-derived breakdown into dust during aeolian recycling over long

periods of time contributes to the mineralogical maturation (into quartz-dominated deposits)

of aeolian dune sands (Muhs et al., 1997; Muhs , 2004).

Furthermore, weathering of feldspars to clay minerals might produce some of the clay-

mineral coatings on sand grains (O’Hara-Dhand et al., 2010) at the study site. Feldspars

in the Oceano sand, especially plagioclase, are vulnerable to chemical weathering under the

humid and salt-bearing coastal conditions (James et al., 1981; Pye and Tsoar , 2009) and

mechanical breakdown (aeolian abrasion) into dust from saltator impacts in wind events

(Muhs et al., 1997). Additionally, Compton (1991) described how the Santa Maria basin

source sediments, both onshore and off-shore, contained very fine clays derived from the

alteration of volcanic glass mediated by and enhanced by weathering of feldspars. As a

result, the combination of abundant feldspars in the Oceano sand and clay minerals from an

additional source could help explain the observed clay-mineral coatings on Oceano sand and

the fine-grained characteristics of Oceano dust emissions.

Our results also imply that the dust emission processes at Oceano are not main contribu-

tors to dust emissions from North Africa. In situ measurements of the PSDs of atmospheric

dust over North Africa are significantly coarser than the PSD of dust emitted from our

Oceano site (Fig. 2.3b) and the PSD of dust generated in laboratory experiments on the

removal of clay-mineral coatings (Bullard et al., 2004, 2007). As such, although the processes
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responsible for dust emission from the Oceano sand sheet - removal of clay-mineral coatings

and aeolian abrasion of feldspars - could be important for specific North African dust sources,

they are likely not primary dust emission processes on a regional scale in North Africa.

2.4.3 Implications of dust emissions from the Oceano Dunes State Vehicular

Recreation Area for downwind human health, park management, the hy-

drological cycle, and climate

Dust emitted from our Oceano site is significantly finer than dust emitted from non-sandy

soils (Fig. 2.3a), which can amplify its impacts on downwind human health, the hydrological

cycle, and climate. Fine dust has a longer lifetime and therefore is usually transported over

longer distances than coarse dust (Mahowald et al., 2014). Furthermore, fine dust, especially

within the PM2.5,a size range, is associated with cardiopulmonary diseases, lung cancer, and

ischemic heart disease (Burnett et al., 2014). On a per mass basis, dust emitted from Oceano,

and from other source regions with similar emission processes, can thus be expected to have

greater risks to downwind human health than dust emitted from non-sandy soils.

Our measurements of dust emission from the Oceano Dunes State Vehicular Recreation

Area (SVRA) could help inform decisions on the management of this California state park.

Our measurements were performed in the part of the park where public off-highway-vehicle

(OHV) use is prohibited, and we found that substantial dust emissions occur in the ab-

sence of OHV use. Because OHV use can enhance dust emissions (Goossens and Buck ,

2011; Goossens et al., 2012), reconfiguring motorized access to the park could modify dust

emissions and associated downwind dust impacts on human health, vegetation, and water

quality (Ouren et al., 2007). Measurements by Gillies et al. (2017) (see their Fig. 10)

indicated a positive relationship between airborne PM10 and wind speed in a section of

the Oceano Dunes SVRA with vehicular activity; however, their measurements of riding

area dust concentrations are not directly comparable to our calculated non-riding area dust

emission fluxes. Disentangling the relative contributions of natural and OHV-influenced
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dust emissions will be essential as the Oceano Dunes SVRA responds to a dust emission

abatement order recently approved by the local air pollution control district hearing board

(Vaughan, 2018).

Dust emitted from Oceano sands possibly contains a large proportion of feldspars and

thus might modify downwind cloud microphysics and hydrology. Oceano sand has ∼ 46%

feldspars by mass (Table 2.2), which is on the high end for dust-source regions (Murray

et al., 2012; Atkinson et al., 2013). Consequently, the content of feldspars in dust emitted

from Oceano is likely on the high end as well, especially considering that aeolian abrasion

of feldspars (Muhs et al., 1997) could be one of the emission processes. Feldspars, especially

K-rich feldspars, are considered the most important ice nuclei for mixed-phase clouds, based

on both laboratory (Atkinson et al., 2013) and in situ measurements (Price et al., 2018).

Recent observations suggest that cloud glaciation mediated by dust aerosols contributes to

more than half of the ice-phase precipitation in the Sierra Nevada mountain range (Creamean

et al., 2013), which is a major source of water for California residents (Dettinger et al., 2004).

Because Oceano sands are rich in feldspars, we speculate that dust emitted from Oceano

could potentially contribute to glaciating downwind clouds, thereby affecting precipitation

in the Sierra Nevada region. Future measurements to determine the broader occurrence of

dust production by feldspar abrasion for active sands with high feldspar content are thus

clearly needed.

Our findings that dust emitted from Oceano sands is relatively fine, and that the dust

flux is on the low end of that emitted from non-sandy soils, indicate the need for substantial

further study to understand the role of dust emissions from active sands in past, current,

and future climates. Partially because fine dust has a longer lifetime and larger surface area

per unit mass than coarse dust (Mahowald et al., 2014), it produces a substantial cooling

radiative effect (Kok et al., 2017). Therefore, it is important to include size-resolved dust

emission in climate studies. However, the parameterization of dust emissions from active

sands in climate models is difficult because of a scarcity of measurements of dust emissions
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from active sands. Although our measurements help to fill this gap, it remains unclear how

representative our measured fine dust emissions from coastal Oceano sands are for typical

active sands. Therefore, there is a clear need for future investigations of dust emissions

from active sands for a range of geomorphological and sand properties, including grain size

distribution, mineralogy (such as extents of clay-mineral coatings and feldspars), chemical

and physical weathering rates, dune type, and palaeoenvironmental history.

A further complication in representing the role of dust emissions from active sands in

climate models is that sand dunes can transition between stable and active states in past,

current, and future climates. Many stable dunes have accumulated extensive clay-mineral

coatings (Bowler , 1973; Gardner and Pye, 1981; Muhs et al., 1997), and, if activated, these

dunes could possibly produce substantial fine dust emissions through sandblasting-induced

removal of clay-mineral coatings (Bullard et al., 2007; Swet et al., 2019). The transition

from stable to active sand dunes can be triggered by increases in wind speed or decreases

in vegetation coverage, which in turn can be caused by decreased precipitation or by human

activities, such as grazing and land-use change (Ashkenazy et al., 2012). Areas with coex-

isting active and stable sand dunes, such as coastal zones, are especially vulnerable to the

reactivation of stable sand dunes (Yizhaq et al., 2009) and could thus become potent dust

emission sources, especially if the dunes experienced some weathering in the humid, salt-rich

coastal environment (Muhs et al., 1997). Because active sands are generally not represented

as dust emission sources in climate models, reactivation of sand dunes might thus enhance

future dust effects on climate beyond what current models simulate (Kok et al., 2018).

2.4.4 Limitations of the methodology

Our methodology has important limitations. First, our XRPD analysis could not distinguish

the concentrations of clay-mineral coatings from loose individual fine particles contained in

the pore spaces between sand grains. This uncertainty limits our interpretation of the relative

contributions of removal of clay-mineral coatings and saltation-driven release of loose fines
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to our measured dust fluxes. Second, we did not collect aeolian dust samples simultaneously

with the field measurements. Instead, we collected soil samples on 14 October 2016, more

than a year after the field measurements in the summer of 2015, such that it is possible that

these samples are not representative of the sand surfaces at the time of our field campaign.

However, sand-surface properties over a large area are unlikely to change substantially within

a timescale of 1 year (Hillel , 1998). Third, we approximated dust as spherical particles when

correcting the OPC bin sizes, although dust is highly aspherical (Okada et al., 2001; Kandler

et al., 2007). Because OPC measurements use side-scattered light to determine dust size,

which remains poorly understood (Nousiainen and Kandler , 2015), we followed past work

(Sow et al., 2009; Rosenberg et al., 2014; Ryder et al., 2018) in approximating dust as spheres.

Fourth, we did not quantify the effect on the measured PSD due to the dependence of the

sampling efficiency on particle size and wind speed (Von der Weiden et al., 2009), which

might be important especially for the largest particle bin (bin 6), as suggested by the decrease

in sandblasting efficiency with shear velocity for this bin, which contrasts with the increase

with shear velocity for the smaller particle bins. Therefore, it is possible that the PSD of

emitted dust (Fig. 2.4) remains invariant with shear velocity.

2.5 Conclusions

We presented the first (to our knowledge) in situ field measurements of dust emissions under

natural saltation from an active sand sheet at the coastal Oceano Dunes in California (Fig.

2.1). We found that although the PM10,g dust emitted from Oceano is on the low end of the

range in emissions produced by non-sandy soils for similar wind speed (Fig. 2.2a), it is also

substantially finer (Fig. 2.3a) such that the PM2.5,a flux is comparable in magnitude to dust

emitted from non-sandy soils (Fig. 2.2b). As fine dust has a longer atmospheric lifetime, is

associated with adverse impacts on human health, and produces a cooling radiative effect,

dust emissions from Oceano could impact downwind climate and human health.
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Our results provide insights into the physical processes that drive dust emissions from

the sand sheet at Oceano Dunes. We found that Oceano sand has substantial clay-mineral

coatings and feldspars (Table 2.2), suggesting that dust is emitted through a combination of

removal of clay-mineral coatings, release of resident fines, and ballistic breakdown of feldspars

by saltation impacts. As feldspars are the most efficient ice nuclei for mixed-phase clouds, we

speculate that dust emitted from Oceano could potentially contribute to glaciating downwind

clouds, thereby affecting precipitation in the Sierra Nevada region.

Our measurements provide limited insights into the contribution of active sands to the

global dust cycle. We found that the PSD of dust emitted from Oceano is much finer than

that observed in situ over North Africa (Fig. 2.3b). Therefore, although the processes re-

sponsible for dust emission at our Oceano site - removal of clay-mineral coatings and aeolian

abrasion of feldspars - could be important for specific North African dust sources, they are

likely not primary dust emission processes on a regional scale in North Africa. However,

because it is unclear how representative the dust emission processes at our Oceano site are

for emission processes occurring at typical active sands, the contributions of active sands to

dust emission from North Africa and other globally important source regions remain uncer-

tain. Further work on dust emissions from active sands with various properties (sand size

distribution, mineralogy, chemical and physical weathering rates, dune type, and palaeoen-

vironmental history) is thus needed to evaluate the contribution of active sands to the global

dust cycle.
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2.6 Tables and figures

Table 2.1: The dust geometric and aerodynamic diameters of the seven bin

boundaries. Determination of the geometric diameter ranges uses Lorenz–Mie theory such

that they produce the same range of scattered light intensity as the seven manufacturer-

provided polystyrene latex sphere (PSL) diameter sizes. The ranges in geometric diameters

derive from the uncertainty in the dust refractive indices. We determined the aerodynamic

diameter ranges by applying Eq. (2.6) to the geometric diameter ranges.
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Table 2.2: Averaged mineralogy of the Oceano Dunes sand samples in unit of

percentage by mass, determined from X-ray powder diffraction (XRPD) analysis.

Note that the values in the table are averages of mineralogy of four 1 g samples with two

collected from the tower location and two from 100 m upwind. Each analyzed sample contains

hundreds of grains.
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Figure 2.1: The experimental setup at Oceano Dunes. Instrumentation includes

six sonic anemometers (S1–S6), nine Wenglor particle counters (W1–W9), eight Big Spring

Number Eight sand samplers (A1–A4, B1–B4), four optical particle counters (D1–D4), and

a weather station with temperature and humidity sensors (WS) (following Martin and Kok

(2017)).
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Figure 2.2: The vertical dust mass flux as a function of shear velocity within

(a) the PM10,g geometric diameter range and (b) the PM2.5,a aerodynamic diame-

ter range. Each of the two plots includes measurements at Oceano (black open circles) and

previously published field studies of natural dust emissions from non-sandy soils (open trian-

gles). These latter measurements were compiled in Kok et al. (2014a), which corrected these

measurements to the PM10,g geometric diameter range following the procedure described

in that work. Furthermore, we corrected these measurements to the PM2.5,a aerodynamic

diameter range assuming that their PSDs follow the prediction of the brittle fragmenta-

tion theory generated by aggregate fragmentation (Kok , 2011a). Error bars on the Oceano

measurements were obtained through error propagation.
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Figure 2.3: Normalized volume particle size distribution (PSD) of dust at emis-

sion as a function of the dust aerosol geometric diameter averaged over all mea-

surements at Oceano (black open circles). Plotted for comparison are measurements

compiled by Kok et al. (2017) of (a) the emitted dust PSDs from non-sandy soils in the US

(Gillette et al., 1972, 1974; Gillette, 1974), China (Fratini et al., 2007), North Africa (Sow

et al., 2009; Rosenberg et al., 2014), and Australia (Shao et al., 2011a) and (b) in situ aircraft

measurements of dust-dominated PSDs close to the Saharan source regions. Note that these

measurements are normalized using the procedure described in Kok (2011a) and Kok et al.

(2017), which differs somewhat from the procedure used for the Oceano data (see Sect. 2.2).

Also plotted for comparison is the brittle fragmentation theory (dashed–dotted blue lines)

on the PSD of emitted dust generated by aggregate fragmentation (Kok , 2011a). Error bars

on the Oceano measurements were obtained through error propagation.
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Figure 2.4: Shear velocity dependence of the normalized volume particle size

distribution of dust at emission at Oceano. We divided the measurements evenly into

three shear velocity bins, with averaged values of 0.33, 0.37, and 0.41 ms−1, respectively.

Error bars on the measurements were obtained through error propagation.
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Figure 2.5: The bulk sandblasting efficiency α (m−1) at Oceano as a function of

shear velocity. The linear-least-squares fit (black line) indicates that α increases as a power

law in shear velocity with an exponent of 3.50±0.89. Error bars were obtained by propagating

errors from the sensor inter-calibration process, the regression used in the gradient method,

and the subtraction of the sea-salt deposition flux. The two dotted black lines denote the

95% confidence range on the fit. The geometric and the aerodynamic diameter ranges of

the vertical dust mass flux Fd are noted at the top, and Q is the total horizontal sand flux

integrated over all sand grain sizes (Martin et al., 2018).
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Figure 2.6: The sandblasting efficiency αi (m−1) of the six size bins at Oceano

as a function of shear velocity. The linear-least-squares fit (black line) indicates that αi

varies as a power law in shear velocity with an exponent of 4.71±0.97, 5.00±1.37, 5.22±1.63,

6.12±2.11, 3.26±1.90, and -2.89±1.94 for the six respective size bins. The two dotted black

lines denote the 95% confidence range of the fit. The geometric and aerodynamic diameter

ranges of the vertical dust mass flux Fd,i are noted at the top of each plot, and Q is the total

horizontal sand flux integrated over all sand grain sizes (Martin et al., 2018).
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Figure 2.7: Normalized volume particle size distribution (PSD) of sand samples

collected from the Oceano field site. Statistical parameters of the PSD are reported in

the table to the right. D10, D50, and D90 refer to cut-off diameters of the 10th, 50th, and

90th percentiles of sample grains by mass, respectively. Note that the values are averages of

four samples with two collected from the tower location and two from 100 m upwind.
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Figure 2.8: (a) Scanning electron microscopy (SEM) image of an Oceano sand sample. (b)

Energy dispersive X-ray spectroscopy (EDS) chemical composition (percentage by mass) of

a quartz grain in (a) (the location of the analysis is marked by the black letter “B”). (c)

EDS chemical composition of a K-rich feldspar in (a) marked by the black letter “C”. (d)

Close-up image of a quartz sand grain with mineral coatings. (e) EDS chemical composition

of the mineral coatings in (d) marked by the black letter “E”.
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CHAPTER 3

Climate models and remote sensing retrievals neglect

substantial desert dust asphericity

[Huang, Y., J. F. Kok, K. Kandler, H. Lindqvist, T. Nousiainen, S. Tetsu, A. A. Adebiyi,

and O. Jokinen (2020), Climate models and remote sensing retrievals neglect substantial

desert dust asphericity, Geophysical Research Letters, 47(6), https://doi.org/10.1029/

2019GL086592.]

Abstract

Climate models and remote sensing retrievals generally assume that dust aerosols are

spherical or spheroidal. However, measurements show that dust aerosols deviate substan-

tially from spherical and spheroidal shapes, as ratios of particle length to width (the aspect

ratio) and height to width (height-to-width ratio) deviate substantially from unity. Here, we

quantify dust asphericity by compiling dozens of measurements of aspect ratio and height-

to-width ratio across the globe. We find that the length is on average 5 times larger than the

height and that climate models and remote sensing retrievals underestimate this asphericity

by a factor of ∼ 3-5. Compiled measurements further suggest that North African dust be-

comes more aspherical during transport, whereas Asian dust might become less aspherical.

We obtain globally-averaged shape distributions, from which we find that accounting for
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dust asphericity increases gravitational settling lifetime by ∼ 20%. This increased lifetime

helps explain the underestimation of coarse dust transport by models.

3.1 Introduction

Desert dust is the dominant aerosol type by mass in the atmosphere (IPCC AR5 , 2013). It

produces important effects on the Earth system, including by directly modulating the radi-

ation budget (Kok et al., 2017; Pérez et al., 2006), modifying cloud microphysics (DeMott

et al., 2003), catalyzing heterogeneous chemistry (Usher et al., 2002), and fertilizing ecosys-

tems (Jickells et al., 2005). Furthermore, dust aerosols affect regional air quality (Huang

et al., 2019; Mahowald et al., 2007), producing hazards to human health (Burnett et al.,

2014). These varied impacts depend on the optical and aerodynamic properties of desert

dust. Because the optical and aerodynamic properties of aspherical dust differ significantly

from volume-equivalent spherical dust (Nousiainen and Kandler , 2015; Yang et al., 2013),

dust impacts are sensitive to the shape of dust aerosols.

Although an accurate quantification of dust shape is thus important for calculating dust

impacts, current representations of dust shape in climate models and remote sensing re-

trievals conflict with in situ measurements. Most current climate models approximate dust

aerosols as spherical particles (Figure 3.5a) (Mahowald et al., 2014), while retrieval algorithms

of passive remote sensing instruments approximate dust as spherical or spheroidal particles

(Figures 3.5b and 3.5c). For example, the Version 2 and Version 3 inversion algorithms of

the ground-based Aerosol Robotic Network (AERONET) use precomputed lookup tables of

the single-scattering properties of spheroidal dust to retrieve dust properties (Dubovik et al.,

2006). A second example is the Version 23 operational retrieval algorithm of the satellite-

borne Multiangle Imaging Spectroradiometer (MISR), which approximates coarse-mode dust

as spheroids, medium-mode dust as cubic blocks, and fine-mode dust as spheres (Kalash-

nikova et al., 2005). That is, climate models and remote sensing retrievals assume that either
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all three or two of the three dimensions of dust aerosols are equal (Figure 3.5). However,

several in situ measurements have shown that the ratios of dust length to its width and dust

height to its width deviate substantially from unity (e.g., Okada et al. (2001)). As such,

both climate models and remote sensing retrievals likely underestimate dust asphericity by

assuming that at least two of the three dimensions are equal. This possible bias in climate

models and remote sensing retrievals can propagate into calculations of dust impacts. For

instance, as dust asphericity slows gravitational settling by increasing aerodynamic drag at

a given volume and mass (Yang et al., 2013), this bias toward spherical dust might have

caused an underestimation of dust dry lifetime.

To facilitate accounting for dust asphericity in climate models and remote sensing re-

trievals, here we compile dozens of measurements of dust shape across the globe. To do so,

we first introduce the shape descriptors that we use to quantify dust asphericity in section

3.2. In section 3.3, we then present the compiled results of the shape descriptors, globally

and regionally. In section 3.4, we use our compiled shape distributions to quantify the en-

hancement of gravitational settling lifetime due to dust asphericity. Our results show that

dust asphericity has been substantially underestimated by climate models and remote sens-

ing retrievals, which helps explain the underestimation of coarse dust transport by climate

models.

3.2 The shape descriptors of aspherical dust

The most widely used descriptors to quantify dust asphericity are the aspect ratio (AR) and

the height-to-width ratio (HWR), which are less sensitive to microscopic image resolution and

artifacts than other shape descriptors (Almeida-Prieto et al., 2007; Kandler et al., 2011). In

remote sensing retrievals, AR is the ratio of a particle’s length to its height (e.g., Dubovik et al.

(2006)), whereas HWR is normally not used as dust particles are normally approximated as

spheroids (Figure 3.5). However, in in-situ measurements, the AR is usually taken as the ratio
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of the largest dimension of a particle’s projected area (the length) to the perpendicular dimen

sion of the projected area (the width; see Figure 3.1a). Further, the height is usually taken as

the dimension perpendicular to the collection surface (the height; see Figure 3.1b). Because

most impactor-collected dust particles deposit with their smallest dimension perpendicular

to the collection surface, the HWR usually equals a particle’s smallest dimension (the height)

divided by the smaller dimension on the projected area (the width) (Okada et al., 2001; Sakai

et al., 2010).

3.2.1 Measurements of the aspect ratio and the height-to-width ratio

To quantify AR, many studies have measured the particle length and width of two dimen-

sional (2-D) scanning electron microscopic (SEM) images of individual dust particles (e.g.,

Reid et al. (2003)). Specifically, individual dust aerosols are usually collected on filters by

ground-based or aircraft-carried impactors (e.g., Kandler et al. (2007)), after which 2-D top

view SEM images of the collected particles were obtained. These 2-D images were then ana-

lyzed to obtain the length and width of individual dust particles (e.g., Kandler et al. (2007)).

The length L is usually taken as the longest distance between two points on the outline of

the projected area (Figure 3.1a). Although the length is usually defined consistently between

measurements (e.g., Okada et al. (2001); Sakai et al. (2010)), a systematic difference exists

between the two common definitions of the width. Some studies obtained the width Wperp as

the maximum distance that is perpendicular to L (Figure 3.1a) (e.g., Okada et al. (2001)).

In contrast, other studies obtained the width Wellipse as the minor axis of an ellipse with an

area equal to that of the particle’s projected area and with L as its major axis (Figure 3.1a)

(e.g., Kandler et al. (2007)). In this latter case, studies have found that the ratio of the two

dimensions of the projected area (i.e., AR) follows a modified lognormal distribution (e.g.,

Kandler et al. (2007)),

f(AR) =
1√

2π × (AR− 1)× σa
exp

(
− 1

2
×
( ln(AR− 1)− ln(εa − 1)

σa

)2)
(3.1)
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where σa is the geometric standard deviation of the deviation of AR from unity (AR-1) and

εa is the median of AR.

A subset of studies that measured AR also measured the dust height, the dimension of

the particle perpendicular to the collection plane surface (see Figure 3.1b). After impactors

collected individual dust particles onto filter planes, five different microscopic methods were

used to measure dust height. First, Okada et al. (2001) and Sakai et al. (2010) used a shadow

technique to determine the heights of thousands of dust particles. Second, Chou et al. (2008)

and Woodward et al. (2015) used atomic force microscopy to record the height profiles of

tens of dust particles. Third, Osada (2013) used scanning laser microscopy to measure the

particle volume, used SEM to measure the 2D projected area of the same particle, and then

combined data of the volume and projected area to determine the heights of hundreds of

dust particles. Fourth, Jeong et al. (2016) used SEM to measure the 2D projected area and

then cut the particles vertically by a focused ion beam to measure the cross-section height

of tens of dust particles. Finally, Lindqvist et al. (2014) used two 2D SEM images of the

same particle recorded at different viewing angles and then used stereography to retrieve the

heights of tens of dust particles. In the present study, we assume that there is no systematic

difference between the five different types of measurements, because any systematic errors

are unknown (to our knowledge). Those studies that obtained extensive data sets (Okada

et al., 2001; Osada, 2013; Sakai et al., 2010) have found that the ratio of the height to the

width (i.e., HWR) follows a lognormal distribution

f(HWR) =
1√

2π ×HWR× σh
exp

(
− 1

2
×
( ln(HWR)− ln(εh)

σh

)2)
(3.2)

where σh and εh are, respectively, the geometric standard deviation and median of HWR.

3.2.2 Addressing the systematic difference in particle width

Measurements of AR and HWR are affected by the systematic difference in the two common

definitions of the particle width. We address this systematic difference between measure-
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ments of Wperp and Wellipse using shape measurements of 13 dust particles collected from

the Saharan Mineral Dust Experiment campaign (SAMUM; Lindqvist et al. (2014)) and

two dust particles collected from the African Monsoon Multidisciplinary Analyses campaign

(AMMA; Chou et al. (2008)). For each of the 15 particles, we computed Wperp and Wellipse

and found that the average correction factor (c =
Wperp−Wellipse

Wellipse
) is 13.7% ± 2.7% (Table 3.1).

Because of the small number of dust particles, we further calculated the correction factors

of 1261 African and 681 Asian laboratory-generated dust particles (Sakai et al., 2010), for

which the average correction factor is 27.2% ± 0.4% for all 1941 dust particles (Figure 3.6).

This correction factor is larger than that of the 15 SAMUM and AMMA dust particles,

due to unknown dependence of the correction factor on the physical and chemical proper-

ties (such as particle size, mineralogy, and morphology). Although the representativeness of

laboratory-generated dust particles is unclear, because of its extensive number of sampled

dust particles, we took c = 20%± 6% as the approximate average of the two data sets with

a large uncertainty range that covers both data sets. We thus linked Wperp and Wellipse by

Wellipse =
Wperp

1 + c
(3.3)

3.3 Measurement compilation of dust shape descriptors

We compiled dozens of measurements of AR and HWR of dust aerosols across the globe

(see the map of measurement sites in Figure 3.7). Specifically, for each measurement, we

first found the published medians of AR and HWR (Column 8 of Tables 3.2 and 3.3) and

applied equation (3.3) to correct all medians that used Wperp instead of Wellipse (Column 10

of Tables 3.2 and 3.3). We correct Wperp to Wellipse because Wellipse quantifies the particle’s

projected area, which is strongly linked to its aerodynamic and optical properties (Mahowald

et al., 2014). Second, we obtained the geometric standard deviations of AR-1 and HWR by

fitting lognormal distributions (equations (3.1) and (3.2)) to data of the probability functions

of AR (= L
Wellipse

) and HWR (= H
Wellipse

), corrected to Wellipse if needed. These lognormal
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fits used the median AR and HWR obtained from Step 1. Third, we grouped the medians

and geometric standard deviations by source regions (Asian or North African sources) and

transport distance (source, short-range transport, or long-range transport). Finally, we

averaged all medians and geometric standard deviations to obtain the globally-averaged

shape distributions of AR and HWR of dust aerosols. Although our methodology is subject

to a few limitations (see section 3.5), our compilation yields a number of key findings.

First, dust shape shows little dependence on particle diameter in the range of 0.1−20µm

(Figure 3.2). Although some individual measurements find a dependence of AR on dust

diameter (e.g., Kandler et al. (2007); Reid et al. (2003)), a regression with all available

data shows that AR is proportional to dust diameter with a small exponent of 0.011 ±

0.010, which is statistically not different from zero. Although the HWR decreases more

substantially with dust size, with a power law exponent of −0.06 ± 0.35, this dependence

is not statistically significant. The ratio of dust length to its height (LHR; Figure 3.2e),

obtained by combining AR and HWR, increases somewhat with dust diameter, but this

increase is also not statistically significant, with a power law exponent of 0.04± 0.36.

Second, the dependence of AR on source region is less than thought. We find that

the averaged median AR of North African dust is 1.72 ± 0.02 and that of Asian dust is

1.60 ± 0.08. Although the AR of North African dust might thus be larger than that of

Asian dust (p value = 0.001 from Student’s t test), this regional difference is much less

than concluded in previous studies (e.g., Formenti et al. (2011); Li and Osada (2007)) due

to the systematic difference in the definition of particle width (Figure 3.1a). Specifically,

measurements of Asian dust have quantified AR and HWR in terms of Wperp (e.g., Li and

Osada (2007)), whereas measurements of North African dust have generally used Wellipse

(e.g, Reid et al. (2003)) (see Tables 3.2 and 3.3). Since Wperp is systematically larger than

Wellipse (Table 3.1 and Figure 3.6), this has caused measurements of Asian dust to report a

smaller AR than measurements of North African dust. Furthermore, the averaged median

HWR of North African dust is 0.60 and that of Asian dust is 0.35 ± 0.07. Although this
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difference is statistically significant (p value = 0.04), it is uncertain due to a scarcity of

measurements of HWR, especially for North African dust, for which only one measurement

has been published (Jeong et al., 2016).

Third, North African dust becomes more aspherical during transport, whereas Asian

dust may become less aspherical (Figure 3.3). For North African dust, the median of AR

increases from 1.60± 0.07 in source regions to 1.66± 0.03 for short-range transported dust

and 1.90± 0.04 for long-range transported dust. The differences between source regions and

long-range transported dust (p value = 0.001) and between short- and long-range transported

dust (p value = 0.002) are statistically significant. Our finding that the median of North

African AR increases substantially during transport agrees with previous studies (e.g., Coz

et al. (2009); Formenti et al. (2011)). This increase in particle asphericity during transport

is likely due to the preferential settling of spherical particles, which have a greater terminal

fall speed than aspherical particles of the same volume (Yang et al., 2013). In contrast to

this increase in dust asphericity during transport of North African dust, we find that the

median AR of Asian dust decreases during transport from 1.64± 0.07 in source regions and

short-range transported dust to 1.58± 0.05 for long-range transported dust. Although this

difference is not significant at the 5% level (p value = 0.25), this finding indicates that,

for Asian dust, a second mechanism offsets the increase in asphericity due to preferential

settling of spherical particles during transport. In particular, chemical processing with sea

salts and humic acids can form a uniform coating around the mineral core and therefore

decrease particle asphericity during transport (Alexander et al., 2015; Laskina et al., 2013;

Zhang , 2008). This process seems substantially more important for Asian than for North

African dust (Denjean et al., 2015). Furthermore, the medians of AR close to source region

are statistically not distinguishable between North African and Asian dust (Figures 3.3b and

3.3d). This enables a simple shape distribution of dust in source regions.

Finally, both climate models and remote sensing retrievals substantially underestimate

dust asphericity by overestimating the ratio of dust height to its length. The globally-

45



averaged medians of AR and HWR are 1.70± 0.03 and 0.40± 0.07 (Figure 3.2), such that a

dust aerosol’s length is on average 5 times greater than its height (Figure 3.2f). In contrast,

climate models and remote sensing retrievals assume that dust is spherical or spheroidal,

thereby equating at least two of the three dimensions. As a consequence, climate models

and remote sensing retrievals underestimate dust asphericity by a factor of ∼ 3-5 (Figure

3.2e).

3.4 Lifetime enhancement due to dust asphericity

The substantial underestimation of dust asphericity by climate models and remote sensing

retrievals could produce important errors in determining the impacts of dust on the Earth

system. The compiled globally-averaged shape distributions of AR and HWR in Figures 3.2

and 3.3 can thus be used to more accurately calculate dust impacts, such as through improved

estimates of dust lifetime, optics, and effects on clouds and heterogeneous chemistry. Here,

we quantify the effect of dust asphericity on the gravitational settling lifetime of dust, which

is neglected in most current climate models (Mahowald et al., 2014).

Gravitational settling of dust aerosols occurs in the Stokes regime as the Reynolds number

is far less than 1 (Kok et al., 2012). In the Stokes regime, the terminal velocity of a spherical

particle is (e.g., Hinds (1999))

vsph =
g × ρp
18× µ

×D2 (3.4)

where g is the gravitational acceleration, ρp ≈ 2.5× 103 kgm−3 is the typical density of dust

aerosols (Kok et al., 2017), µ ≈ 1.81× 10−5 Pa× s is the dynamic viscosity of air, and D is

the diameter of the spherical particle. In analogy to equation (3.4), we express the terminal

velocity of an aspherical particle as follows:

vasp = γ × g × ρp
18× µ

×D2
g (3.5)

whereDg is the volume-equivalent (geometric) diameter and γ = vasp
vsph

is the asphericity factor,

which equals unity for spherical particles and decreases with increasing particle asphericity
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at a given volume. To obtain γ, we use a recent study (Bagheri and Bonadonna, 2016) to

quantify γ as a function of the three dimensions of triaxial ellipsoidal particles (L, W , and

H; Figure 3.5d). This study uses extensive measurements and numerical simulations in the

Stokes regime and finds (see their equations (13), (24), and (25))

vsph
vasp
≡ ks =

1

2

(
F

1
3
s +

1

F
1
3
s

)
(3.6)

Fs =
D3
g

L2.3 ×W 0.7
(3.7)

where Dg = 3
√
L×W ×H. The parameter Fs can be expressed as HWR × ( 1

AR
)1.3; Fs = 1

for spherical particles and decreases as dust asphericity increases (i.e., an increase of AR

and/or decrease of HWR). By combining equations (3.5, 3.6, and 3.7), we obtained the

terminal velocity of ellipsoidal particles as a function of its three dimensions.

We used the globally-averaged shape distributions of AR and HWR of dust aerosols to

obtain the enhancement of gravitational settling lifetime due to dust asphericity (Figure 3.4).

Specifically, we first used Monte Carlo sampling to randomly generate a large number (108) of

dust particles from the two lognormal distributions of AR and HWR. Second, for each of these

generated particles, we used equations (3.5, 3.6, and 3.7) and equation (3.4), respectively,

to obtain its terminal velocity and that of its volume-equivalent spherical particle. Finally,

for each dust particle, we calculated the reduction in terminal velocity (as 1 − vasp
vsph

) and

the enhancement of the gravitational settling lifetime (as
Tasp−Tsph

Tsph
=

vsph
vasp
− 1). Note that

Tasp ∝ 1
vasp

and Tsph ∝ 1
vsph

are the gravitational settling lifetimes of aspherical dust and its

volume-equivalent spherical dust, respectively.

We find that accounting for dust asphericity decreases gravitational settling speed by ∼

15% (Figure 3.4a). This value is larger than the < 5% reduction in gravitational settling

speed reported by Ginoux (2003) for dust < 20µm in diameter. Because Ginoux (2003)

approximated dust as prolate spheroids (Figure 3.5b) with a median AR of 1.5, this study

underestimated dust asphericity by overestimating dust height. As a result, Ginoux (2003)

underestimated the reduction in gravitational settling speed due to particle asphericity.
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We further find that the reduction in gravitational settling speed due to dust asphericity

increases the lifetime with respect to gravitational settling by ∼ 20% (Figure 3.4b). Because

coarse dust is primarily removed from the atmosphere by gravitational settling (Mahowald

et al., 2014), this finding helps explain why climate models generally underestimate the

amount of coarse dust (D > 5µm) in the atmosphere (Adebiyi et al., 2020). Specifically,

measurements of dust size distributions have found that more coarse dust particles are present

in the atmosphere than simulated in climate models (e.g., Ansmann et al. (2017); Ryder

et al. (2018); van der Does et al. (2018)). Several mechanisms have been proposed that

could contribute to this modeled underestimation of coarse dust, including turbulent vertical

mixing in dust layers (Gasteiger et al., 2017), electrostatic charging of dust (Harrison et al.,

2018), and numerical diffusion (Ginoux , 2003). Although future work is needed to test

whether accounting for dust asphericity indeed improves dust simulations in global models,

our finding that dust asphericity results in a ∼ 20% increase in dust lifetime indicates that

dust asphericity also contributes to the underestimation of coarse dust in climate models.

3.5 Limitations of methodology

Our methodology is subject to a few important limitations. First, we assume that AR and

HWR are not correlated. This simplification is supported by Sakai et al. (2010), whose

data show only a small correlation of 0.17 between AR and HWR for 1941 dust particles.

Second, our methodology is unable to account for several smaller systematic differences that

exist between studies, due to, for instance, different software algorithms used in measuring

particle dimensions. Third, we assume that dust aerosols are randomly oriented in the atmo-

sphere in section 3.4, following Ginoux (2003) and Bagheri and Bonadonna (2016). However,

especially larger dust particles could assume a preferential orientation that increases their

drag (Ulanowski et al., 2007; Westbrook , 2008). This would reduce the terminal velocity

of coarse dust more than we estimated and strengthen our conclusion that dust asphericity

contributes to the underestimation of coarse dust by climate models. Fourth, we approx-
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imate dust as tri-axial ellipsoidal particles and do not consider the effect of dust surface

roughness (Kalashnikova et al., 2005). As surface roughness leads to a greater surface area

and therefore a larger drag force, this could also cause an underestimation of the reduction

in terminal velocity. Finally, we use size-invariant globally-averaged medians and geometric

standard deviations of AR and HWR and therefore neglect any dependence of the enhance-

ment of gravitational settling lifetime on dust size and source region. As HWR may decrease

with dust size (Figure 3.2c), we may overestimate the reduction in terminal velocity for fine

dust and underestimate it for coarse dust.

3.6 Conclusions

Current climate models and remote sensing retrievals approximate dust aerosols as spherical

or spheroidal particles and therefore assume that either all three or two of the three dimen-

sions of dust aerosols are equal. Here, we showed that this assumption causes climate models

and remote sensing retrievals to substantially underestimate dust asphericity. We showed

this by compiling dozens of measurements of the AR and the HWR of dust aerosols across

the globe. These compiled measurements indicate that North African dust becomes more

aspherical during transport, most likely because of preferential settling of spherical particles.

In contrast, Asian dust may become less aspherical during transport, possibly because of

chemical processing. When combining all available measurements, our compilation shows

that the largest dimension of dust aerosols is on average 5 times larger than the smallest

dimension. Consequently, the assumption in climate models and remote sensing retrievals

that at least two dimensions are equal causes an underestimation of dust asphericity by a

factor of ∼ 3− 5.

This underestimation of dust asphericity could produce important errors in calculations

of dust impacts on the Earth system. For instance, using the compiled globally-averaged

shape distributions of AR and HWR, we find that accounting for dust asphericity increases
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dust lifetime with respect to gravitational settling by ∼ 20%. This increased lifetime helps

explain the underestimation of coarse dust transport by models (Ansmann et al., 2017;

Huneeus et al., 2011).

The globally-averaged shape distributions of dust aerosols obtained in this paper can be

used to inform more accurate calculations of dust impacts on the Earth system. This includes

better estimates of dust lifetime, dust optics, and dust impacts on cloud and heterogeneous

chemistry.
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3.7 Tables and figures

Table 3.1: The correction factor between the two common definitions of particle

width of 15 dust particles.
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Table 3.2: List of measurements of the aspect ratio (AR) by individual particle

analysis.
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Table 3.3: List of measurements of the height-to-width ratio (HWR) by individ-

ual particle analysis.
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Figure 3.1: (a) Top view of two-dimensional (2-D) projected area (within the

black line) of a dust particle and (b) side view, along the length L (blue line)

defined in (a), of the same particle collected on a plane surface by impactors.

Panel (a) demonstrates the systematic difference in the two common quantifications of dust

width. The first definition records the maximum distance between two points on the outline

that is perpendicular to the length L as the width Wperp (green line). The second definition

records the width Wellipse (red dashed line) as the minor axis of an area-equivalent ellipse

(blue dashed line) with L as its major axis. Because Wperp is systematically larger than

Wellipse (Table 3.1), this systematic difference causes a systematic bias between experimental

studies using different definitions of particle width. Panel (b) demonstrates the definition of

dust height. The height H (orange line) is defined as the maximum distance between the

outline of the particle to the collection surface that is perpendicular to the collection surface.
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Figure 3.2: Measurement compilation of the medians of (a) the aspect ratio,

(c) the height-to-width ratio, and (e) the length-to-height ratio as a function of

projected area-equivalent diameter. The horizontal bars in (a), (c), and (e) show the

bin ranges of the measurements, and the markers are plotted on the geometric means of

the size ranges. The vertical bars in (a) and (c) denote errors from the uncertainty of the

correction factor, and the vertical bars in (e) denote errors that propagate from (a) and (c).

In the legend, the numbers in parentheses denote the numbers of analyzed individual dust

particles. Chou et al. (2008) and Woodward et al. (2015) have two numbers with the first

one denoting the number of analyzed dust particles for AR and the second one for HWR.
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Figure 3.3: Changes during transport of the median aspect ratio of (a) North

African dust and (c) Asian dust. The markers in (a) and (c) are defined in the legend of

Figure 3.2. Results grouped by transport distance (see Figure 3.7) are shown in (b) and (d).

In (d), median aspect ratios before ( L
Wperp

) and after ( L
Wellipse

) the correction of the particle

width are shown. This correction leads to a systematic change in all Asian dust studies and

therefore does not affect the trend in shape during transport.
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Figure 3.4: Probability distributions of (a) the reduction in gravitational settling

velocity and (b) the enhancement of lifetime with respect to gravitational settling

due to dust asphericity. Because deposition of dust with D < 20µm occurs in the Stokes

regime, the effect of asphericity on dust gravitational settling is independent of size.
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Figure 3.5: Three-dimensional view of a dust particle approximated as a (a)

sphere, (b) prolate spheroid, (c) oblate spheroid, and (d) ellipsoid. In each plot,

the three perpendicular axes are denoted. The largest, intermediate, and smallest axes

are referred to as particle length L, width W , and height H, respectively. In shape (a)

L = W = H, in shape (b) L ≥ W = H, in shape (c) L = W ≥ H, and in shape (d)

L ≥ W ≥ H, such that shapes (a), (b) and (c) are simplified cases of shape (d).
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Figure 3.6: The correction factor between the two common definitions of particle

width (see Fig. 3.1), shown as a function of projected area-equivalent diameter for (A) 681

Asian dust particles, (B) 1261 Saharan dust particles, and (c) 1942 dust particles in total.
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Figure 3.7: Locations of measurement sites for data used in this study. Mea-

surements are grouped by source regions and transport distance, namely dust over Asian

source regions and in short-range transport (in red markers), Asian long-range transported

dust (in purple markers), dust over North African source regions (in blue markers), North

African short-range transported dust (in green), and North African long-range transported

dust (in orange markers). We determined whether dust was measured over Asian or North

African source regions using the seasonally-resolved source regions obtained in Ginoux et al.

(2012). We then distinguished long-range transported dust from short-range transported

dust based on the attributions in publications that reported these measurements. The num-

bers in parentheses in the legend denote the number of analyzed individual dust particles.

Chou et al. (2008) has two numbers with the first one denoting the number of analyzed dust

particles for AR and the second one for HWR.
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CHAPTER 4

Linking the different diameter types of aspherical

desert dust indicates that models underestimate coarse

dust emission

[Huang, Y., A. A. Adebiyi, P. Formenti, and J. F. Kok (2021), Linking the different

diameter types of aspherical desert dust indicates that models underestimate coarse dust

emission, Geophysical Research Letters, 48(6), https://doi.org/10.1029/2020GL092054.]

Abstract

Measurements of dust aerosol size usually obtain the optical or projected area-equivalent

diameters, whereas model calculations of dust impacts use the geometric or aerodynamic

diameters. Accurate conversions between the four diameter types are thus critical. However,

most current conversions assume dust is spherical, even though numerous studies show that

dust is highly aspherical. Here, we obtain conversions between different diameter types that

account for dust asphericity. Our conversions indicate that optical particle counters have

underestimated dust geometric diameter (Dgeo) at coarse sizes. We further use the diameter

conversions to obtain a consistent observational constraint on the size distribution of emitted
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dust. This observational constraint is coarser than parameterizations used in global aerosol

models, which underestimate the mass of emitted dust within 10 ≤ Dgeo ≤ 20µm by a factor

of ∼ 2 and usually do not account for the substantial dust emissions with Dgeo ≥ 20µm.

Our findings suggest that models substantially underestimate coarse dust emission.

4.1 Introduction

Desert dust is a key atmospheric component that produces important effects on the Earth

system, including by affecting the radiation budget (Kok et al., 2021a,b; Pérez et al., 2006),

cloud microphysics (DeMott et al., 2015), atmospheric chemistry (Tang et al., 2016), and

biogeochemical cycles (Ito et al., 2019). Furthermore, dust aerosols produce risks to human

health (Giannadaki et al., 2014; Huang et al., 2019). These different dust effects are quan-

tified using different types of diameters (Mahowald et al., 2014), but clear links between

these different diameter types have not been established. This limits our ability to calculate

and understand these various dust impacts, because these impacts depend sensitively on the

size of dust aerosols. For example, the radiative effects of fine dust cool the Earth system,

whereas coarse dust net warms the planet (Kok et al., 2017).

Four different types of diameters are used in studies of dust and its various impacts

(Figure 4.1a). First, the volume-equivalent diameter (also called the geometric diameter),

Dgeo, is the diameter of a sphere that has the same volume and density as an irregularly

shaped dust particle (Hinds , 1999). The geometric diameter can for instance be measured

using a Coulter counter, which is a common technique for measuring dust size in ice and

marine sediment cores (Delmonte et al., 2002). The geometric diameter is used in global

aerosol models to quantify dust size (Mahowald et al., 2014). The size range with Dgeo ≤

20µm is considered most relevant to dust impacts on weather and climate (Adebiyi and

Kok , 2020), although coarser dust can also produce important impacts (Ryder et al., 2013,

2019). Second, the aerodynamic diameter, Daero, is the diameter of a sphere with a density
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close to water and with the same aerodynamic resistance as a dust particle (Hinds , 1999).

The aerodynamic diameter is used in assessing aerosol impacts on human health and in

setting air pollution standards (Mahowald et al., 2014). The size ranges with Daero ≤ 2.5µm

and Daero ≤ 10µm (often called PM2.5 and PM10) are most relevant to the respiratory

risk of dust aerosols and are regulated worldwide. Third, the optical diameter, Dopt, is the

diameter of a calibration particle, generally a polystyrene latex sphere or equivalent non-

absorbing material, that produces the same scattered light intensity as the dust particle. The

optical diameter is used in optical sizing instruments, such as the optical particle counters

(OPCs), the sensors most widely used to measure the particle size distributions (PSDs)

of dust aerosols in field campaigns (Formenti et al., 2011). The fourth diameter type is

the projected area-equivalent diameter, Darea, which is the diameter of a circle having the

same area as the dust particle projected in a two-dimensional image, usually from scanning

electron microscopy (Kandler et al., 2007). The projected area-equivalent diameter is used to

quantify size-resolved dust mineralogy and morphology (Huang et al., 2020; Kandler et al.,

2011; Swet et al., 2020) and occasionally dust PSDs (Chou et al., 2008; Ryder et al., 2018).

These four types of diameters are used for different purposes. In particular, measurements

usually determine dust aerosol size in terms of either the optical or projected area-equivalent

diameters, whereas model calculations of dust impacts use the geometric or aerodynamic

diameters. This makes it critical to reliably link the optical and projected area-equivalent

diameters to the geometric and aerodynamic diameters.

Conversions between the four types of diameters generally assume dust is spherical.

Specifically, the optical diameter is converted to the geometric diameter using Lorenz-Mie

theory (Rosenberg et al., 2012), the projected area-equivalent diameter is assumed equal to

the geometric diameter (Kandler et al., 2011), and the geometric diameter is converted to

the aerodynamic diameter by using the aerodynamic drag law for spherical particles (Hinds ,

1999). However, numerous in situ measurements show that dust is highly aspherical (e.g.,

Kandler et al. (2007)). Indeed, a recent study that compiled measurements of dust shape
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worldwide concluded that the ratio of dust’s longest to shortest dimensions is ∼ 5 on average

(Huang et al., 2020). Because aspherical dust has substantially different optical, geometric,

and aerodynamic properties from spherical dust (Lindqvist et al., 2014; Nousiainen and

Kandler , 2015; Yang et al., 2013), diameter conversions that assume a spherical shape are

problematic. The resulting biases in size-resolved dust properties can propagate into the

calculations of dust impacts on radiative transfer, biogeochemistry, and human health.

To address these problems in converting between different diameter types, here we obtain

conversions between four common diameter types that account for dust asphericity (Section

4.2). In Section 4.3, we use these diameter conversions to harmonize observational studies

that used different types of dust diameters; specifically, we obtain a consistent observational

constraint on the size distribution of emitted dust in terms of geometric and aerodynamic

diameters. This observational constraint is substantially coarser than parameterizations used

in global aerosol models. This finding suggests an underestimation of coarse dust emission

by models.

4.2 Linking the four diameters of aspherical dust

We first introduce the two shape descriptors that we use to quantify dust asphericity in

Section 4.2.1. By using the two shape descriptors, we approximate dust as tri-axial ellipsoidal

particles. We then use the shape-resolved optical, geometric, and aerodynamic properties

of ellipsoidal dust to link the four types of diameters in Sections 4.2.2, 4.2.3, and 4.2.4,

respectively.

4.2.1 Quantifying dust asphericity

We approximate dust as tri-axial ellipsoids whose asphericity is quantified by the ratio of

the particle length L to the width W (the aspect ratio, AR) and the height-to-width ratio

(HWR) (L ≥ W ≥ H; Figure 4.1a). Huang et al. (2020) compiled dozens of measurements
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of AR (= L
W

) and HWR (= H
W

) worldwide. They found that both AR and HWR deviate

substantially from unity, and thus that the ellipsoidal approximation of dust shape is more

realistic than spherical or spheroidal approximations. In addition, Huang et al. (2020) found

that both shape descriptors show little dependence on dust size, that AR and HWR are not

correlated, and that both HWR and the deviation of AR from unity (AR-1) follow lognormal

distributions (see Section 3.2.1 and Equations (3.1) and (3.2)). Although Huang et al. (2020)

found modest differences in shape distributions for different regions (Table 4.1), sensitivity

tests indicate that these regional differences in dust shape distributions produce only minor

differences in diameter conversions (Figure 4.4). In the present study, we thus take the

medians of AR and HWR as 1.70 ± 0.03 and 0.40 ± 0.07, respectively, and the geometric

standard deviations of AR-1 and HWR respectively as 0.70± 0.02 and 0.73± 0.09, after the

globally averaged distributions of AR and HWR (Huang et al., 2020).

4.2.2 Linking the optical and geometric diameters

The geometric diameter is required in models to calculate dust impacts, whereas most mea-

surements size dust in terms of the optical diameter by using optical particle counters (OPCs)

(Formenti et al., 2011). OPCs determine the size and abundance of aerosols by passing a

light beam through an aerosol sample and measuring the scattered light intensity by indi-

vidual aerosol particles (see top-left box in Figure 4.1a). OPC manufacturers calibrate their

instruments generally against polystyrene latex spheres (PSLs; ISO (2009)), or occasion-

ally equivalent non-absorbing spheres (Rosenberg et al., 2014); by default, OPCs categorize

aerosol samples into size bins in terms of the optical diameter of PSLs. This default rela-

tionship between measured scattered intensities and optical diameters of spherical PSLs is

problematic for particles that are not PSLs, such as dust particles. In this section, we link

the optical diameter of spherical PSLs to the geometric diameter of ellipsoidal dust that

would generate the same scattered intensity as measured by OPCs.

The scattered intensity produced by an aerosol particle measured by an OPC within the
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scattering angle range from θ1 to θ1 (Figure 4.2f, inset) is (Liou, 2002)

IOPC =
Ii
4π
× Csca ×

∫ 2π

0

∫ θ2

θ1

P (θ)sin(θ) dθ dφ (4.1)

where Ii (W/m2) is the incident light intensity that is a constant for a given OPC model,

Csca (m2) is the scattering cross section, P (θ) (unitless) is the phase function quantifying the

angular distribution of the scattered intensity, and φ (sr) is the azimuth angle (Liou, 2002).

Since most OPCs use a concave mirror to direct and detect scattered light, the scattered

intensity measured by most OPCs does not depend on φ. For simplicity, we express the

normalized scattered intensity measured by OPCs as

SI =
IOPC
Ii

=
1

2
×Qsca × A×

∫ θ2

θ1

P (θ)sin(θ) dθ (4.2)

where Csca = Qsca × A and Qsca (unitless) is the scattering efficiency that quantifies a

particle’s ability to scatter relative to its physical cross-sectional area, A (m2) (Liou, 2002).

We use Equation (4.2) to calculate the scattered intensity as a function of the optical diameter

of spherical PSLs, and to calculate the scattered intensity of ellipsoidal dust with a wide range

of sizes and shape descriptors. For each optical diameter of spherical PSLs, we then determine

the average geometric diameter of ellipsoidal dust that produces the same scattered intensity.

We discuss these steps in more detail below.

The scattered intensity is sensitive to particle shape. Since PSLs are spherical, we ob-

tained their single-scattering properties, including Qsca and P (θ), from Lorenz-Mie theory

(Liou, 2002). However, since Lorenz-Mie theory is invalid for aspherical particles, we in-

stead obtained Qsca and P (θ) of aspherical dust approximated as ellipsoids by using the

single-scattering database of Meng et al. (2010). This database combines four computa-

tional methods (Lorenz-Mie theory, T-matrix method, discrete dipole approximation, and

an improved geometric optics method) to compute the single-scattering properties of ellip-

soidal dust for a wide range of AR, HWR, size parameter, and refractive index. Specifically,

we first used Monte-Carlo sampling to randomly generate a large number (108) of volume-

equivalent ellipsoidal dust from the two lognormal distributions of AR and HWR (Section
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4.2.1). Second, by assuming that each generated particle is randomly oriented, we calcu-

lated its A and used the Meng et al. (2010) database to obtain its Qsca and P (θ). Finally,

we averaged these values and obtained ensemble-averaged values of A, Qsca, and P (θ) that

account for dust asphericity.

Besides particle shape, the scattered intensity also depends on dust refractive index, the

wavelength of the light beam used in the OPC, and the scattering angle range of the OPC’s

light sensor. OPCs usually measure sideward-scattered intensity within a wide range of

scattering angles (e.g., 90◦ ± 60◦) and use visible wavelengths (summarized in Table 4.2).

At these wavelengths, PSLs have a well-calibrated refractive index of 1.59− 0i (ISO , 2009),

whereas the dust refractive index has a large uncertainty (Di Biagio et al., 2017, 2019; Sokolik

and Toon, 1999). We used six real parts of dust refractive index between 1.45 and 1.59 and

eight imaginary parts between 0.0005 and 0.01 (covering the ranges of Kok et al. (2017); Di

Biagio et al. (2019)). We provided a look-up table that contains the dust refractive index-,

wavelength-, and scattering angle range-resolved conversions between the optical diameters

of spherical PSLs and the geometric diameters of ellipsoidal dust.

This look-up table is available in a publicly-accessible repository (http://doi.org/10.

5281/zenodo.4317642). It contains the following variables:

1. seven wavelengths (440, 550, 590, 630, 660, 780, and 880 nm) and five scattering angle

ranges (90◦ ± 60◦, 90◦ ± 40◦, 90◦ ± 5◦, 60◦ ± 40◦, and 8◦ ± 4◦) after the OPC models used

in the measurements of emitted dust aerosols (Table 4.2; Fratini et al. (2007); Sow et al.

(2009); Shao et al. (2011a); Rosenberg et al. (2014); Huang et al. (2019); Khalfallah et al.

(2020);

2. geometric diameter ranging from 0.1 µm to 50 µm;

3. only one shape and one refractive index of PSLs, since spherical PSLs have a refractive

index of 1.59− 0i at the seven wavelengths, well-calibrated under the international standard

ISO (2009);
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4. six real parts (1.45, 1.50, 1.52, 1.53, 1.56, and 1.59) and eight imaginary parts (0.0005,

0.001, 0.002, 0.003, 0.004, 0.005, 0.006, and 0.01) of the dust refractive index covering the

ranges in Kok et al. (2017); Di Biagio et al. (2019);

5. dust shape quantified by the globally-averaged lognormal distributions of AR and

HWR (Equations (3.1) and (3.2) in Huang et al. (2020)). Note that the Meng et al. (2010)

database cannot simulate optics with HWR less than 0.31. For dust with HWR less than

0.31, we take its single-scattering properties as the single-scattering properties of dust with

the same geometric diameter, but with HWR= 0.31.

We find that OPCs underestimate dust diameter at coarse sizes, due to the combined ef-

fects of dust refractive index and dust asphericity. The difference in refractive index between

PSLs and dust particles causes the optical diameter to underestimate the size of spherical

dust at almost all sizes (blue lines, Figure 4.1b), but this underestimation due to refractive

index difference is offset by dust asphericity (red lines, Figure 4.1b). We first isolated the

effect of dust refractive index by comparing the optical diameter of PSLs with the geometric

diameter of spherical dust particles (blue lines, Figure 4.1b). We find that PSLs produce

a larger sideward-scattered intensity than spherical dust particles with the same diameter

(black and blue lines, Figure 4.2a). This occurs because PSLs have a larger real and smaller

imaginary refractive index than dust. Thus, a spherical dust with a larger size than a PSL

produces the same amount of sideward-scattered intensity as measured by OPCs. Second,

we isolated the effect of dust asphericity by comparing the spherical and ellipsoidal dust

with the same refractive index (i.e., blue and red dotted lines, Figure 4.1b). We find that

ellipsoidal dust has a larger sideward-scattered intensity than volume-equivalent spherical

dust (red and blue lines, Figure 4.2a). This occurs because ellipsoidal dust has a larger total

scattering efficiency (Figure 4.2b) but a smaller fraction of that total scattering occurs at an-

gles that OPCs measure (Figure 4.2c). Thus, the size of an ellipsoidal dust that produces the

same amount of sideward-scattered intensity as a PSL is smaller than the size of a spherical

dust that produces this intensity (Figure 4.1b). Finally, after combining the effects of dust
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refractive index and dust asphericity, we find that OPCs that use optical diameter by default

underestimate dust geometric diameter at coarse sizes (red lines, Figure 4.1b). The diameter

at which OPCs start to underestimate dust size decreases substantially with increasing dust

imaginary refractive index (red lines, Figure 4.1b). When the imaginary part increases from

0.0005 to 0.002 and 0.006, the intersection between the red lines and the 1:1 reference line

decreases from ∼ 23 to ∼ 8, and ∼ 3 µm in optical diameter. This finding highlights the

importance of determining dust imaginary refractive index during in situ measurements to

precisely calibrate OPC’s size bins and reduce errors in the measured size-resolved data set.

4.2.3 Linking the projected area-equivalent and geometric diameters

After linking the optical and geometric diameters (Section 4.2.2), we next focus on the

projected area-equivalent diameter, which is also commonly used as a measure of dust size

(Chou et al., 2008; Gillette et al., 1972). The projected area-equivalent diameter, Darea, is

obtained from a two-dimensional (2−D) projection image of a 3−D irregularly shaped dust

particle with a volume-equivalent diameter of Dgeo (Figure 4.1a). Most studies used 2 −D

optical or scanning electron microscopic images of individual dust particles obtained after

these particles were collected on filters by ground-based or aircraft-carried impactors (Gillette

et al., 1972; Kandler et al., 2007). These impactor-collected dust particles tend to deposit

with their largest surface lying parallel to the collection surface, which corresponds to the

particle’s smallest dimension being oriented perpendicular to the collection surface (Figure

4.1a). Indeed, Okada et al. (2001) and Sakai et al. (2010) respectively found that about 97%

and 95% of dust particles deposited in this manner. Since the smallest dimension (the height

H) is on average five times smaller than the largest dimension (the length L) and three times

smaller than the intermediate dimension (the width W ) (Huang et al., 2020), the projected

area-equivalent diameter substantially overestimates the geometric diameter. To quantify

this effect, we assume for simplicity that all dust particles deposit in this orientation, such

that the projected area-equivalent diameter equals Darea =
√
L×W . We thus express the
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ratio of the projected area-equivalent and geometric diameters as a function of AR (= L
W

)

and HWR (= H
W

) as

Darea

Dgeo

=

√
LW

3
√
LWH

=
6
√
AR

3
√
HWR

. (4.3)

We used the globally averaged shape distributions of AR and HWR to obtain the prob-

ability distribution of Darea

Dgeo
(Figure 4.1c). Specifically, we used Monte-Carlo sampling to

randomly generate a large number of dust particles from the two lognormal distributions of

AR and HWR. Then, for each generated particle, we used Equation (4.3) to obtain Darea

Dgeo
.

We found that the projected area-equivalent diameter is on average 56.3% ± 0.8% larger

than the geometric diameter (Figure 4.1c). This indicates that studies that used projected

area-equivalent diameter to quantify dust size have substantially overestimated dust size

(e.g., Chou et al. (2008); Gillette et al. (1972)).

4.2.4 Linking the geometric and aerodynamic diameters

After linking the optical, projected area-equivalent, and geometric diameters (Sections 4.2.2

and 4.2.3), we next focus on the aerodynamic diameter which is used in assessing dust

impacts on human health (Hinds , 1999). The aerodynamic diameter, Daero, is the diameter

of a sphere with a density close to water that has the same gravitational settling velocity as

the aspherical dust with a geometric diameter of Dgeo (Hinds , 1999). Gravitational settling

of dust aerosols occurs in the Stokes regime as the Reynolds number is far less than one (Kok

et al., 2012). In the Stokes regime, the gravitational settling velocity of a spherical particle

is (Hinds , 1999)

Vsph =
g

18× µ
× ρ×D2 (4.4)

where g is the gravitational acceleration, ρ is the particle density, µ ≈ 1.81 × 10−5 Pa × s

is the dynamic viscosity of air, and D is the diameter of the spherical particle. For an

aspherical particle, we express its gravitational settling velocity as (Hinds , 1999)

Vasp =
1

χ
× g

18× µ
× ρ×D2

geo (4.5)
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where χ is the dynamic shape factor that is the ratio of the aerodynamic resistance exerted

on an aspherical particle to the resistance on a spherical particle with equal volume and

density (Hinds , 1999). By equating the gravitational settling velocities in Equations (4.4)

and (4.5), we link the aerodynamic and geometric diameters as

Daero = Dgeo ×
√

ρd
χ× ρ0

(4.6)

where ρd ≈ 2.5 × 103 kg/m3 is the typical density of dust aerosols (Kok et al., 2017) and

ρ0 = 1.0×103 kg/m3 is the density of water. For aspherical dust approximated as ellipsoids,

χ = 1
2
×
(
F

1
3
s + 1

F
1
3
s

)
and (Bagheri and Bonadonna, 2016; Huang et al., 2020).

We used the globally averaged shape distributions of AR and HWR to obtain the prob-

ability distribution of Daero

Dgeo
(Figure 4.1d). Specifically, we used Monte-Carlo sampling to

randomly generate a large number of dust particles from the two lognormal distributions of

AR and HWR. Then, for each generated particle, we used Equation (4.6) to obtain Daero

Dgeo
.

We found that the aerodynamic diameter is on average 44.9% ± 0.3% larger than the geo-

metric diameter (Figure 4.1d). This result is partially due to dust having a greater density

than water, and partially due to dust asphericity increasing the drag force relative to a

volume-equivalent sphere.

4.3 Harmonizing size distributions of emitted dust

After linking the four diameters of aspherical dust (Section 4.2), we next use these diameter

conversions to harmonize observational studies that sized dust using different diameter types.

Eight studies have measured the PSDs of emitted dust in terms of either optical or projected

area-equivalent diameters. Three of these studies quantified dust size in terms of projected

area-equivalent diameter (Figure 4.3a; Gillette et al. (1972, 1974); Gillette (1974)); they

used microscopy to determine the number fluxes of emitted dust from five distinct soils

during 29 wind events (summarized in Table S1 of Kok (2011a)). The other five studies

used optical diameter (Figure 4.3a; Fratini et al. (2007); Sow et al. (2009); Shao et al.
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(2011a); Rosenberg et al. (2014); Khalfallah et al. (2020)); they used different OPC models

to determine the number fluxes of emitted dust from five distinct regions during 24 wind

events (Table 4.2). Since Gillette (1974) did measurements at three distinct soils, these eight

studies yield a total of 10 data sets. These data sets have been used to parameterize the PSD

of emitted dust in many modeling studies, thereby implicitly assuming that these different

PSDs are in terms of geometric diameter. This includes the study of Kok (2011a), who

derived a parameterization of the emitted dust PSD from the analogy of dust emission with

the fragmentation of brittle materials such as glass spheres. This “brittle fragmentation

theory (BFT)” yielded a relatively simple parameterization that was in good agreement

with the (unharmonized) measurements of emitted dust PSDs available at the time. One

key prediction of BFT parameterization was that atmospheric dust is substantially coarser

than global aerosol models accounted for at the time, which has been supported by a number

of subsequent experimental and modeling studies (e.g., Adebiyi and Kok (2020); Rosenberg

et al. (2014)). The BFT parameterization has been implemented in a large number of global

aerosol models (e.g., Nabat et al. (2012); Mahowald et al. (2014); Klose et al. (2021)).

We harmonized observational data sets of emitted dust PSDs in order to better inform

model parameterizations. We did so by converting the 10 PSDs from either optical or

projected area-equivalent diameters to geometric and aerodynamic diameters. First, for the

five microscopy data sets, we converted projected area-equivalent diameters to geometric

diameters by dividing by the mean of Darea

Dgeo
(Figure 4.1c). For the five OPC data sets, we

converted optical diameters to geometric diameters by combining OPC parameters (Table

4.2) with the look-up table (Section 4.2.2). Second, we normalized each PSD data set

following Kok (2011a), such that each number PSD of emitted dust follows a power law with

exponent of one in the range of 2 ≤ Darea ≤ 10µm (corresponding to 1.28 ≤ Dgeo ≤ 6.41µm;

Figure 4.1c). Third, we averaged the volume PSDs of various wind events at a given soil

because wind speed has no statistically significant effect on the emitted dust PSD (Kok ,

2011b), although a recent study has challenged this finding (Shao et al., 2020). Fourth, we
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normalized each volume PSD such that its integration over 0 ≤ Dgeo ≤ 20µm yields one.

Fifth, we obtained the maximum likelihood estimate (MLE) of the harmonized emitted dust

PSD following (Kok et al., 2017). Specifically, we fit each volume PSD with the analytical

function derived from brittle fragmentation theory, and then combined these 10 analytical

functions in a statistical model to obtain the MLE and its 95% confidence interval. Finally,

we followed a similar procedure to obtain PSDs in terms of aerodynamic diameter. The

above procedure yields a consistent data set of emitted dust PSDs in terms of geometric

diameter (bottom x-axis, Figure 4.3b) and aerodynamic diameter (top x-axis, Figure 4.3b).

We obtained two key findings from the harmonized emitted dust PSDs and the MLE fit,

which can be taken as the globally representative PSD of emitted dust (see discussion in

Kok et al. (2017)). First, the harmonization reduces the divergence in emitted dust PSDs at

coarse sizes (from a factor of∼ 15 to a factor of∼ 2 at diameters larger than∼ 12 µm; Figures

4.3a and 4.3b). This occurs because, at coarse sizes, OPC studies underestimated geomet-

ric diameter (Figure 4.1b) and thus their PSDs shifted rightward after the harmonization,

whereas microscopy studies overestimated geometric diameter (Figure 4.1c) and thus shifted

leftward. The second key finding is that the original BFT parameterization (Kok , 2011a)

substantially underestimates the emission of super-coarse dust (Dgeo ≥ 10µm), namely by

a factor of ∼ 2 in the 10 ≤ Dgeo ≤ 20µm size range (Figure 4.3c). Furthermore, this pa-

rameterization has a cutoff diameter at 20 µm, whereas measurements show a substantial

amount of emitted dust with Dgeo ≥ 20µm (Figure 4.3c). Since the original BFT param-

eterization is substantially coarser than other parameterizations of the emitted dust PSD

(Mahowald et al., 2014), our findings indicate that global aerosol models have substantially

underestimated the emission of super-coarse dust.

Our findings have several implications. First, the underestimation of super-coarse dust

emission helps explain why models underestimate the concentration of super-coarse dust

(Dgeo ≥ 10µm) in the atmosphere. Recent measurements have shown that super-coarse

dust is substantially more abundant in the atmosphere than models account for (Adebiyi
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and Kok , 2020; Ryder et al., 2018; van der Does et al., 2018). This model underestimation

of super-coarse dust in the air could be due to a number of physical processes omitted

or inadequately represented by models, including the slowing of gravitational settling of

super-coarse dust by dust asphericity (Huang et al., 2020), turbulent vertical mixing in

dust layers (Gasteiger et al., 2017), electrostatic charging of dust (Harrison et al., 2018),

the possible increase in vertical transport of coarse dust by topography-enhanced boundary

layer turbulence (Chamecki et al., 2020), and inaccurate representations of wet deposition

processes (van der Does et al., 2020; Yu et al., 2019). Our results indicate that models also

underestimate super-coarse dust because of a substantial underestimation of super-coarse

dust emission.

Second, our results imply a substantial emission (and thus deposition) flux of dust with

diameter in excess of 20 µm, which is not accounted for in most models. Our results are

consistent with recent measurements finding a substantial amount of dust in the atmosphere

with diameters larger than 20 µm (Ryder et al., 2018; van der Does et al., 2018). However,

almost all large-scale models simulate the dust cycle with a cutoff diameter less than 20 µm

(Huneeus et al., 2011; Wu et al., 2020). This super-coarse dust produces a net warming

(Di Biagio et al., 2020; Ito et al., 2021) and carries more nutrients than fine dust (Mar-

cotte et al., 2020). These important effects of super-coarse dust on weather, climate, and

biogeochemistry, especially near source regions, are not accounted for by most models.

Finally, our results suggest that inconsistencies in diameter types used in measurements

versus modeling studies have resulted in substantial biases. Studies commonly ignore the

difference between diameter types, implicitly assuming that different diameter types are

equivalent. We have shown here that this assumption results in substantial errors that prop-

agate into inaccurate estimates of dust impacts. For future studies, we therefore recommend

adopting the standardized size conversions obtained here. For published studies, we recom-

mend carefully re-examining, diagnosing, and harmonizing the obtained size-resolved data

sets.
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4.4 Conclusions

Measurements of dust aerosol size usually obtain the optical or projected area-equivalent

diameters, whereas model calculations of dust impacts use the geometric or aerodynamic

diameters. Accurate conversions between the four diameter types are thus critical. However,

this critical step of converting between diameter types has been overlooked in many previous

studies, for instance in parameterizations of emitted dust size distribution. Furthermore,

most existing diameter conversions assume dust is spherical, which is problematic as dust

aerosols are highly aspherical.

Here, we address these problems by developing conversions between four diameter types

that account for dust asphericity. We found that (1) optical particle counters underesti-

mate dust geometric diameter at Dopt ≥∼ 8µm, (2) microscopy measurements using the

projected area-equivalent diameter overestimate dust geometric diameter by ∼ 56%, and (3)

the aerodynamic diameter exceeds dust geometric diameter by ∼ 45%. We encourage the

dust research community to use these conversions to more accurately link different diameter

types used in observational and modeling studies.

We used these diameter conversions to obtain a consistent observational constraint on the

size distribution of emitted dust. This observational constraint is substantially coarser than

parameterizations used in global aerosol models, which underestimate the mass of emitted

dust within 10 ≤ Dgeo ≤ 20µm by a factor of ∼ 2. This finding helps explain why global

aerosol models underestimate the abundance of super-coarse dust with Dgeo ≥ 10µm in the

atmosphere relative to measurements. Furthermore, our results imply a substantial dust

emission and deposition flux with Dgeo ≥ 20µm, which is not accounted for in most models.

These models thus neglect the important effects of super-coarse dust on weather, climate,

and biogeochemistry, especially near source regions.
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Table 4.1: The median and the geometric standard deviation (GSD) of the two

lognormally-distributed shape descriptors (the aspect ratio, AR, and the height-

to-width ratio, HWR) of ellipsoidal dust for different regions. Values are taken

after Huang et al. (2020), who compiled 25 datasets of AR and HWR across the world (6

for Asian dust, 16 for North African dust, and 3 for artificial dust).
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Table 4.2: Parameters of the five studies that used optical particle counters

(OPCs) to measure the particle size distributions (PSDs) of emitted dust.
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Figure 4.1: Linking the four different diameter types of aspherical dust. Shown are

(a) a schematic of four diameter types of an aspherical dust particle, and conversions between

(b) the geometric and optical diameters, (c) the projected area-equivalent and geometric

diameters, and (d) the aerodynamic and geometric diameters. Diameter conversions in

(b-d) account for dust asphericity using the globally averaged shape distributions (Section

4.2.1). In (b), the optical particle counter (OPC) wavelength is taken as 780 nm, the

scattering angle range is 90◦ ± 60◦, and the real part of dust refractive index is 1.52. These

results indicate that optical diameter underestimates geometric diameter at coarse sizes, that

projected area-equivalent diameter overestimates geometric diameter by 56.3%± 0.8%, and

that aerodynamic diameter exceeds geometric diameter by 44.9% ± 0.3% (standard errors

are propagated from errors in globally averaged shape distributions).
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Figure 4.2: Diagnosis of the factors causing optical particle counters (OPCs) to

underestimate the size of coarse dust. Shown are (a) the sideward-scattered intensity

SI, (b) the scattering efficiency Qsca, and (c) the integrated phase function IntP , such

that SI ∝ Qsca × IntP . The scattering efficiency Qsca is a product of (d) the extinction

efficiency Qext and (e) the single-scattering albedo ω0. The integrated phase function IntP =

1
2

∫ θ2
θ1
P (θ)sin(θ)dθ is the (f) phase function P (θ) integrated over the scattering angle range

measured by OPCs (taken here as 90◦ ± 60◦; range enveloped in black dotted lines in (f)).
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Figure 4.3: Normalized size distributions of emitted dust (a) before and (b)

after harmonizing the different diameter types. Also shown are dust emission flux of

individual size bins as percentages of (c) the size range within 0 ≤ Dgeo ≤ 20µm (PM20,geo)

and (d) the size range within 0 ≤ Daero ≤ 10µm (PM10,aero). Vertical error bars in (a and b)

denote the standard error of measurements under various wind events at a given soil. In (b),

the blue dash-dotted line represents the maximum likelihood estimated (MLE) fit of brittle

fragmentation theory (BFT; Kok (2011a)) to the 10 distinct data sets. Blue shading in (b)

and vertical error bars in (c and d) denote 95% confidence interval. Compared to the MLE

fit, the original BFT parameterization substantially underestimates the mass of emitted dust

with Dgeo ≥ 10µm.
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Figure 4.4: Sensitivity tests of the diameter conversions to dust shape distri-

butions. Shown are diameter conversions between the geometric diameter and (a, b) the

optical diameter, (c) the projected area-equivalent diameter, and (d) the aerodynamic di-

ameter. Each panel contains diameter conversions under five different shape distributions

representing different regions (their shape descriptors are given in Table 4.1). In panels (a)

and (b), the wavelength is taken as 780 nm and the scattering angle range is 90◦ ± 60◦, as

for Fig. 4.1b in the main text. In panels (c) and (d), box plots present the statistics of the

distribution of Darea

Dgeo
and Daero

Dgeo
, respectively. In each box plot, the central red line denotes

the median, the black dot denotes the mean, the bottom and top edges of the blue box

denote respectively the 25th- and 75th- percentiles, and the whiskers denote 95% confidence

interval. These results indicate that regional differences in dust shape distributions produce

only minor differences in diameter conversions.
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CHAPTER 5

Single-scattering properties of ellipsoidal dust

accounting for realistic shape distribution

[ Huang, Y., J. F. Kok, and O. Muñoz, Single-scattering properties of ellipsoidal dust

accounting for realistic shape distribution, in preparation.]

Abstract

Accurate single-scattering properties of dust aerosols are critical to the global aerosol

models and retrieval algorithms of remote sensing products to correctly simulate and re-

trieve dust distributions and estimate dust impacts. However, inconsistent and inaccurate

quantifications of dust shape and shape distributions are used in models and retrievals, gen-

erating biases that propagate into estimated dust distributions and dust impacts. To improve

models and retrieval algorithms in terms of dust shape quantification, here we for the first

time account for a realistic dust shape distribution in obtaining single-scattering properties

of dust aerosols. We find that neglecting the asphericity of dust and approximating dust

as spherical particles underestimates the extinction efficiency, the mass extinction efficiency,

the asymmetry factor, and the single-scattering albedo for all dust sizes at both shortwave

and longwave spectra, since global aerosol models approximate dust as spheres. In addition,

we find that the inaccurate quantification of dust shape in retrieval algorithms causes them
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to generate an incorrect magnitude and wavelength dependence of the linear depolarization

ratio relative to observations. Our new ellipsoidal dust optics accounting for realistic shape

distributions produce an excellent agreement with the measured linear depolarization ratio.

Although the new ellipsoidal dust optics show potential to improve models and retrievals,

it underestimates the magnitude of the backscattering intensity relative to laboratory and

field observations. This finding indicates that a realistic quantification of dust body shape

is not sufficient and that an accurate quantification of dust surface texture is also critical to

accurately reproduce dust optical properties at backscattering angles.

5.1 Introduction

Desert dust is likely the most dominant aerosol type by mass in the atmosphere (Gliß et al.,

2021). Dust produces important effects on the Earth system throughout the dust cycle (in-

cluding dust emission, short- and long-range transport, and deposition; Shao et al. (2011b)).

First, dust absorbs and scatters both shortwave and longwave radiation, thereby directly

modulating the Earth’s energy budget (Kok et al., 2017; Di Biagio et al., 2020). Second,

dust acts as nuclei for cloud droplets and ice crystals, thereby modifying cloud microphysi-

cal properties and affecting the energy budget indirectly (DeMott et al., 2015; Kiselev et al.,

2017). Third, dust carries key nutrients (i.e., iron and phosphorus), and its deposition to the

downwind ocean and land boosts primary productivity and carbon sequestration (Yu et al.,

2015; Ito et al., 2019). In this way, dust aerosols affect the carbon cycle and associated

climate feedbacks. Furthermore, dust aerosols impact anthropogenic activities, including by

depleting renewable energy generation (Piedra and Moosmüller , 2017; Piedra et al., 2018),

degrading regional air quality and visibility (Mahowald et al., 2007; Huang et al., 2019), and

producing hazards to human health (Burnett et al., 2014; Giannadaki et al., 2014). To esti-

mate these varied effects, accurate quantifications of the varying spatial and temporal dust

distributions are needed and thus are key scientific objectives for a range of studies (Huneeus

et al., 2011; Ginoux et al., 2012; Ito et al., 2021; Klose et al., 2021; Kok et al., 2021a,b).
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To simulate and retrieve dust’s abundance and spatiotemporal variability, dust single-

scattering properties are needed in global aerosol models and retrieval algorithms of passive

and active remote sensing products (e.g., Dubovik et al. (2006); Colarco et al. (2014); Kahn

and Gaitley (2015); Tesche et al. (2019). These single-scattering properties are highly sen-

sitive to dust shape (Nousiainen and Kandler , 2015). However, inconsistent assumptions

about dust shape and shape distribution are used in models and retrieval algorithms. Specifi-

cally, current global aerosol models assume that dust aerosols are spherical (Table 5.1; Figure

3.5a); that is, models do not use a shape distribution to quantify dust single-scattering prop-

erties (Hess et al., 1998). While some retrieval algorithms approximate dust as spherical

particles, most other retrieval algorithms approximate dust as spheroidal particles (Figures

3.5b and 3.5c; Dubovik et al. (2006); Hsu et al. (2019); Tesche et al. (2019)). The shape

distribution of spheroidal dust is in general taken as the one that enables the simulated scat-

tering matrix to reach the least disagreement relative to the laboratory-measured scattering

matrix of a sample of crushed feldspar rocks (Muñoz et al., 2012), for instance in version 2

and version 3 algorithms of Aerosol Robotic Network (AERONET; Dubovik et al. (2006))

and the new Deep Blue algorithm (Hsu et al., 2019). Although this optimized shape distri-

bution helps reach the best fit against laboratory observations, it differs substantially from in

situ measurements of dust shape and shape distributions (Huang et al., 2020). Specifically,

retrieval algorithms assume that two of the three dust dimensions are equal (Figures 3.5b

and 3.5c), whereas extensive measurements have found that the three dimensions are highly

different from each other (Figures 3.2a and 3.2b; Huang et al. (2020)). Furthermore, this op-

timized shape distribution assumes that dust length is on average 1.7 times larger than dust

height, whereas extensive measurements have found that dust length is on average ∼5 times

larger than dust height (Figure 3.2c; Huang et al. (2020)). That is, retrieval algorithms sub-

stantially underestimate the dust asphericity. As such, the assumptions about dust shape

and shape distribution in models and retrieval algorithms are not only inconsistent, but

also inaccurate. These biases in dust shape and shape distribution can propagate into the
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calculated single-scattering properties and ultimately into the simulated and retrieved dust

distributions and the estimated dust impacts (Yi et al., 2011; Colarco et al., 2014).

To improve models and retrieval algorithms in terms of dust shape quantification, we in-

vestigate for the first time whether accounting for realistic dust shape distributions enables

improved single-scattering properties. Section 5.2 details the globally representative dust

shape distribution obtained from a measurement compilation, the shape-resolved single-

scattering properties of ellipsoidal dust from an extensive database, and the combination

of the shape distribution and shape-resolved single-scattering properties to yield single-

scattering properties of ensemble dust aerosols. Section 5.3 presents results of the scatter-

ing angle-integrated single-scattering properties of dust ensembles (including the extinction

efficiency, the mass extinction efficiency, the asymmetry factor, and the single-scattering

albedo). Since almost all models approximated dust as spheres, these results quantify the

biases in models due to inaccurate dust shape quantification. Section 5.4 presents results of

scattering angle-resolved single-scattering properties of dust ensembles (i.e., the scattering

matrices) and the resulting lidar ratio and linear depolarization ratio. These results are

then validated against laboratory observations of the scattering matrices and field measure-

ments of the lidar ratio and the linear depolarization ratio. Since retrieval algorithms use

the lidar ratio and the linear depolarization ratio to distinguish dust from other types of

aerosols, these results investigate the biases in retrieval algorithms due to inaccurate dust

shape quantification. Discussions and conclusions follow in Section 5.5.

5.2 Methods

In Section 5.2.1, we first introduce the globally representative shape distribution, which ap-

proximates desert dust as tri-axial ellipsoids. In Section 5.2.2, we introduce an extensive

database of the single-scattering properties of tri-axial ellipsoidal dust particles that is re-

solved by a wide range of shape, size, wavelength, and refractive index values. We then
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combine the shape distribution and the shape-resolved single-scattering database to obtain

the globally representative single-scattering properties of dust ensembles.

5.2.1 Dust shape and shape distribution

We approximate dust as tri-axial ellipsoids whose asphericity is quantified by the ratio of

the particle length L to the width W (the aspect ratio, AR) and the height-to-width ratio

(HWR) (L ≤ W ≤ H; Figure 3.5d). We use AR (= L/W ) and HWR (= H/W ) to quantify

dust shape, because they are the most widely measured shape descriptors (Huang et al.,

2020) and they are less sensitive to microscopic image resolution and artifacts than other

shape descriptors (Almeida-Prieto et al., 2007; Kandler et al., 2011).

To quantify the shape distribution of ellipsoidal dust, we assume that AR and HWR

both follow lognormal distributions after a range of measurements (e.g., Okada et al. (2001);

Kandler et al. (2007, 2009, 2011); Sakai et al. (2010)). A recent work compiled dozens of

studies of AR and HWR across the world (See Section 3.2.1 and Figure 3.2; Huang et al.

(2020)). Each of these studies measured the values of AR and HWR of an extensive number

(from several hundred to tens of thousands) of individual dust aerosols (see the legend of

Figure 3.2), which enabled Huang et al. (2020)’s compilation to be statistically significant.

Huang et al. (2020) found that both AR and HWR deviate substantially from unity, and

thus that the ellipsoidal approximation of dust shape is more realistic than spherical or

spheroidal approximations (Figures 3.2 and 3.5). In addition, they found that both shape

descriptors show little dependence on dust size, that AR and HWR are not correlated, and

that little difference exists in AR and HWR distributions for dust from two of the largest

dust sources of the world (i.e., Asian and North African sources; Kok et al. (2021a,b)).

These findings enable two simple mathematical expressions of AR and HWR to represent

the dust shape distributions at a global scale. Indeed, both HWR and the deviation of AR

from unity (AR-1) follow lognormal distributions as Equations (3.1) and (3.2) (see Section

3.2.1). In the present study, we thus take the medians of AR and HWR as 1.70 ± 0.03
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and 0.40 ± 0.07, respectively, and the geometric standard deviations of AR-1 and HWR

respectively as 0.70±0.02 and 0.73±0.09, after the globally averaged distributions of AR and

HWR (Huang et al., 2020). Using these two shape distributions can substantially improve

models and retrieval algorithms in terms of dust shape quantification, since current models

and retrieval algorithms substantially underestimate dust asphericity by a factor of ∼3 to 5

(Figure 3.2c).

5.2.2 Single-scattering properties of ellipsoidal dust

Single-scattering properties quantify the modification of aerosols on the incident light after

one instance of elastic scattering (Liou, 2002). There are two categories of single-scattering

properties based on whether they are dependent on the scattering angle or not. The first

category (including the extinction efficiency, Qext, the single-scattering albedo, SSA, and

the asymmetry factor, g) is independent on the scattering angle, and is needed in global

aerosol models to simulate dust distributions and dust impacts (Hess et al., 1998). The

second category of single-scattering properties (i.e., the scattering matrix, P4×4) is highly

sensitive to the scattering angle; the resulting lidar ratio, S, and the linear depolarization

ratio, δ, are needed in retrieval algorithms to distinguish dust from other types of aerosols

(Dubovik et al., 2006; Müller et al., 2012; Gómez Mart́ın et al., 2021). We introduce these

single-scattering properties in detail below.

For incident light (with intensity Ii, linear polarization components Qi and Ui, and cir-

cular polarization component Vi), the properties of the scattered light (with intensity Is,

linear polarization components Qs and Us, and circular polarization component Vs) after

one single-scattering event with one aerosol particle is
Is

Qs

Us

Vs

 =
Csca
4πs2


P11 P12 P13 P14

P21 P22 P23 P24

P31 P32 P33 P34

P41 P42 P43 P44




Ii

Qi

Ui

Vi

 (5.1)
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where s (unit: m) is the distance between the light detector and the scatterer (i.e., the

particle), Csca (unit: m2) is the scattering cross section of the particle, and the 4× 4 matrix

P4×4 (unitless) is the scattering matrix (also referred to as the Mueller matrix or the phase

matrix) (Nousiainen and Kandler , 2015; Mishchenko and Yurkin, 2017; Saito et al., 2021).

Csca = Qsca × A and Qsca (unitless) is the scattering efficiency that quantifies a particle’s

ability to scatter relative to its physical cross-sectional area, A (unit: m2) (Liou, 2002). In

analogy to Csca, Cabs = Qabs × A and Cext = Qext × A quantify respectively the absorbing

and extinction (absorbing plus scattering) cross sections of this particle (Liou, 2002). The

single-scattering albedo,

SSA =
Csca
Cext

(5.2)

describes the portion of scattered light to extinguished light, and therefore is in between 0

to 1 (Liou, 2002). The scattering matrix reduces to six independent elements for randomly

oriented particles, like dust aerosols (Nousiainen and Kandler , 2015; Mishchenko and Yurkin,

2017; Saito et al., 2021),

P4×4(θ) =


P11(θ) P12(θ) 0 0

P12(θ) P22(θ) 0 0

0 0 P33(θ) P34(θ)

0 0 −P34(θ) P44(θ)

 (5.3)

where P11(θ) is the phase function quantifying the angular distribution of the scattered

intensity, such that the integration of the phase function against the scattering angle, θ, and

the azimuth angle, φ, yields 4π,∫ 2π

0

∫ π

0

P11(θ)sin(θ) dθ dφ = 4π (5.4)

In addition, −P12(θ)
P11(θ)

quantifies the degree of linear polarization of the scattered light for the

unpolarized component of the incident light, and 1 − P22(θ)
P11(θ)

describes the depolarization of

the scattered light for the linear-polarized component of the incident light (Nousiainen and

Kandler , 2015). P33(θ), P34(θ), and P44(θ) quantify the circular polarization components
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(Liou, 2002). The asymmetry factor scales with the portion of forward scattering,

g =
1

4π

∫ 2π

0

∫ π

0

P11(θ)sin(θ)cos(θ) dθ dφ

=
1

2

∫ π

0

P11(θ)sin(θ)cos(θ) dθ

(5.5)

where g = 0 when the scattered intensity is equally distributed at all scattering angles, and

g increases with increasing forward scattering (Liou, 2002). The lidar ratio quantifies the

ratio of extinguished light to backscattered light (Nousiainen and Kandler , 2015),

S = 4π
Cext

Csca × P11(π)
(5.6)

The linear depolarization ratio describes how the degree of linear polarization of the transmit-

ted light decreases through scattering for backscattered light as (Nousiainen and Kandler ,

2015),

δ =
P11(π)− P22(π)

P11(π) + P22(π)
(5.7)

All the above mentioned single-scattering properties (including the extinction efficiency, Qext,

the single-scattering albedo, SSA, the asymmetry factor, g, the scattering matrix, P4×4, the

lidar ratio, S, and the linear depolarization ratio, δ) are sensitive to dust refractive index

(m = n − ki), dust size (D), dust shape (AR and HWR), and the light wavelength (λ). In

addition, P4×4 is also sensitive to the scattering angle, θ.

An extensive database of the single-scattering properties of tri-axial ellipsoidal dust par-

ticles is available (Meng et al., 2010). This database combines four computational methods

(Lorenz-Mie theory, T-matrix method, discrete dipole approximation, and an improved ge-

ometric optics method) to compute the single-scattering properties of ellipsoidal dust for a

wide range of AR, HWR, size parameter, and refractive index values. This database contains

the single-scattering properties (including the extinction efficiency, Qext, the single-scattering

albedo, SSA, the asymmetry factor, g, and the six non-zero elements of the scattering ma-

trix, P4×4) at:

1. 9 real parts of dust refractive index, n= 1.10, 1.20, 1.30, 1.40, 1.50, 1.60, 1.70, 1.90,

and 2.10;
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2. 10 imaginary parts of dust refractive index, k = 0.0005, 0.001, 0.005, 0.01, 0.02, 0.05,

0.08, 0.1, 0.2, and 0.5;

3. 11 values of HWR, HWR = 0.30, 0.37, 0.42, 0.48, 0.56, 0.67, 0.83, 0.86, 0.89, 0.91,

and 1.00;

4. 11 values of AR, AR = 1.00, 1.10, 1.13, 1.16, 1.20, 1.50, 1.80, 2.10, 2.40, 2.70, and

3.30;

5. 100 size parameters ranging in between 0.025 and 1000; note that the size parameter

in Meng et al. (2010) is defined as x = πL
λ

, where λ is the wavelength and L is the largest

dimension of an ellipsoidal dust (Figure 3.5d).

The single-scattering properties at values in between the pre-calculated results of n, k,

HWR, AR, and x are obtained through a five-dimensional linear interpolation method (after

Meng et al. (2010)). The interpolation code is directly obtained from the authors of Meng

et al. (2010).

We combine this extensive database and the globally representative shape distributions

to obtain globally representative single-scattering properties of dust ensembles. Specifically,

at a given n, k, λ, and volume-equivalent diameter D, we obtain single-scattering properties

integrated against the two dust shape distributions (i.e., f(AR) and f(HWR); see Equations

(3.1) and (3.2)) as (Seinfeld and Pandis , 2016),

̂βext,ens(n, k, λ,D) =

∫ HWR2

HWR1

∫ AR2

AR1

πD2

4
×Qext(n, k, λ,D,AR,HWR)

× f(AR)× f(HWR) dARdHWR

(5.8)

̂βsca,ens(n, k, λ,D) =

∫ HWR2

HWR1

∫ AR2

AR1

πD2

4
×Qext(n, k, λ,D,AR,HWR)× SSA(n, k, λ,D,

AR,HWR)× f(AR)× f(HWR) dARdHWR

(5.9)
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̂SSAens(n, k, λ,D) =
βsca,ens(n, k, λ,D)

βext,ens(n, k, λ,D)
(5.10)

̂Qext,ens(n, k, λ,D) =
βext,ens(n, k, λ,D)

πD2

4

(5.11)

P̂ij,ens(n, k, λ,D, θ) =
1

βsca,ens(n, k, λ,D)
×
∫ HWR2

HWR1

∫ AR2

AR1

πD2

4
×Qext(n, k, λ,D,AR,HWR)

× SSA(n, k, λ,D,AR,HWR)× Pij(n, k, λ,D,AR,HWR, θ)× f(AR)

× f(HWR) dARdHWR

(5.12)

ĝens(n, k, λ,D) =
1

2
×
∫ π

0

P11,ens(n, k, λ,D, θ)sin(θ)cos(θ) dθ (5.13)

where the subscripts “ens” denote dust ensemble properties, ̂βext,ens is the bulk volume

extinction coefficient, ̂βsca,ens is the bulk volume scattering coefficient, AR1 = 1.0, AR2 = 3.3,

HWR1 = 0.3, and HWR2 = 1.0. In addition, in Equation (5.12), ij=11, 12, 22, 33,

34,and 44. As such, we obtain the single-scattering properties of tri-axial ellipsoidal dust

ensembles for a four-dimensional space resolved by dust refractive index (n and k), dust

volume-equivalent diameter (D), and the wavelength of light (λ).

5.3 Single-scattering properties in aerosol models

All the 14 global aerosol models included in the Aerosol Comparisons between Observation

and Models (AeroCom) phase III experiments assume that dust aerosols are spherical (Table

5.1). AeroCom is a modeling intercomparison project that fixes the meteorological fields used

by all participant models and uses the output multi-model ensembles to identify strengths

and weaknesses of individual aerosol modules and assesses the uncertainties of aerosol optical

properties and the associated aerosol radiative forcing (Kinne et al., 2006; Huneeus et al.,
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2011). AeroCom phase III presents the most recent results of multi-model ensembles and

the evaluations of models against observations (Gliß et al., 2021). All the 14 models assume

that dust aerosols are spherical (Table 5.1 and Figure 3.5a), thereby underestimating the

dust asphericity by a factor of 5 relative to observations of dust shape (Figure 3.2).

To quantify the biases in models due to inaccurate dust shape quantification, we compare

the single-scattering properties of spherical and tri-axial ellipsoidal dust at both shortwave

and longwave spectrum (Figure 5.1 and Tables 5.2 and 5.3). We have four key findings. First,

models that approximate dust particles as spheres underestimate the extinction efficiency,

Qext, for all dust sizes at both shortwave and longwave spectrum (Figures 5.1a and 5.1e).

At the wavelength of 500 nm, Qext of ellipsoidal dust is slightly larger (by ∼0.3) than Qext

of volume-equivalent spherical dust at sizes where dust size is smaller than the wavelength

(i.e., size parameter, x <∼ 3); at sizes where dust size is comparable to the wavelength (i.e.,

D =∼ 1µm), Qext of ellipsoidal dust is 70% larger than Qext of spherical dust; at sizes where

dust size is larger than the wavelength (i.e., x >∼ 5), Qext of ellipsoidal dust is larger than

Qext of spherical dust by ∼0.8. Furthermore, the peak value of Qext of ellipsoidal dust is

around 5.1 and the peak of Qext of spherical dust is around 4.3. Similar dependence on dust

size occurs at the wavelength of 10 µm. At small sizes, Qext of ellipsoidal dust is slightly

larger (by ∼0.5) than Qext of volume-equivalent spherical dust; this enhancement by 55%

peaks at D =∼ 10µm; at large sizes, Qext of ellipsoidal dust is larger than Qext of spherical

dust by ∼1.0. Furthermore, the peak value of Qext of ellipsoidal dust is around 4.2 and the

peak of Qext of spherical dust is around 3.0. The enhancement in the extinction efficiency

after accounting for realistic dust asphericity occurs because an aspherical dust particle has

a larger surface area than a volume-equivalent spherical dust to modulate the incident light

(Kalashnikova and Sokolik , 2004; Colarco et al., 2014; Kok et al., 2017).

Second, models that approximate dust particles as spheres also underestimate the mass

extinction efficiency, MEE, for all dust sizes at both shortwave and longwave spectra (Fig-

ures 5.1b and 5.1f). This occurs because MEE is a function of Qext, as MEE = 3
2ρD
×Qext
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(where ρ ≈ 2500 kg ×m−3 is the typical density of dust aerosols; Kok et al. (2017)).

Third, models that approximate dust particles as spheres underestimate the asymmetry

factor, g, for all sizes at both the shortwave and longwave spectra (Figures 5.1c and 5.1g).

This occurs because ellipsoidal dust has a larger forward scattering portion than volume-

equivalent spherical dust (Meng et al., 2010; Nousiainen and Kandler , 2015; Huang et al.,

2021), causing an enhancement in g after accounting for realistic dust asphericity. We notice

that at the wavelength of 10 µm, g of spherical dust is slightly higher than g of ellipsoidal

dust at super-coarse sizes in between ∼15 to 60 µm. This range is equivalent to D = 1.5 to

3 µm at the wavelength of 550 nm. They occur due to the oscillation nature of Lorenz-Mie

theory when particle size is comparable to the light wavelength (Liou, 2002).

Finally, models that approximate dust particles as spheres underestimate the single-

scattering albedo, SSA, for most sizes at both the shortwave and longwave spectra (Figures

5.1d and 5.1h). SSA of ellipsoidal dust is slightly larger than SSA of volume-equivalent

spherical dust at sizes where dust size is smaller than the wavelength (i.e., x <∼ 3); at sizes

where dust size is comparable to the wavelength (i.e., x =∼ 2 to 3), SSA of ellipsoidal dust is

larger than SSA of spherical dust; at sizes where dust size is larger than the wavelength (i.e.,

∼ 5 < x <∼ 85), SSA of ellipsoidal dust is smaller than SSA of spherical dust; at super-

coarse dust sizes (i.e., x >∼ 85), SSA of ellipsoidal dust is larger than SSA of spherical

dust. The enhancement in the single-scattering albedo after accounting for realistic dust

asphericity occurs because extinction scales with particle surface area whereas absorption

scales with particle volume (Liou, 2002). Since an aspherical dust has a larger surface area

but the same volume as a volume-equivalent spherical dust particle, this aspherical dust has

a larger single-scattering albedo than the volume-equivalent spherical dust particle.
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5.4 Single-scattering properties in remote sensing retrievals

Global aerosol models only need accurate scattering angle-independent single-scattering

properties to simulate dust distributions and impacts (Section 5.3), whereas the retrieval

algorithms of remote sensing products need accurate scattering angle-dependent single-

scattering properties. Here, we first evaluate the scattering matrix of ellipsoidal dust en-

semble against laboratory observations of the scattering matrix in Section 5.4.1. We then

evaluate the lidar ratio and the linear depolarization ratio of ellipsoidal dust ensemble against

field measurements in Section 5.4.2.

5.4.1 Evaluating the scattering matrix

The Amsterdam-Granada light scattering database (AGLSD; Muñoz et al. (2012)) is widely

regarded as the standard to evaluate dust optical models (Dubovik et al., 2006; Merikallio

et al., 2011; Lindqvist et al., 2014; Nousiainen and Kandler , 2015; Saito et al., 2021). AGLSD

includes laboratory measurements of the six non-zero elements of the scattering matrices of a

large number of aerosol samples at two different wavelengths, as well as the size distributions

of these samples (Figure 5.2). In this study, we select one mineral sample (i.e., feldspar) and

two dust samples (i.e., Gobi and SaharaOSN) (Figure 5.2) to evaluate the scattering matrix.

We discuss the reason why we select these three samples below.

We compare against measurements of the scattering matrix of a crushed sample of

feldspar rock (Volten et al., 2001), because this is the only sample used to validate the

retrieval algorithms of AERONET (Dubovik et al., 2006). Specifically, Dubovik et al. (2006)

first pre-calculated a kernel containing single-scattering properties of spheroidal dust that

are resolved by refractive index, size, wavelength, and aspect ratio (defined as dust length

to its height; Figure 3.5). Second, Dubovik et al. (2006) used this kernel to retrieve the

distribution of aspect ratio at 441 nm for which the simulated scattering matrix showed the

least disagreement with measurement of the scattering matrix of feldspar at 441 nm (see the
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blue line in Figure 13 of Dubovik et al. (2006)). Third, similar to the second step, Dubovik

et al. (2006) used this kernel to retrieve the distribution of aspect ratio at 633 nm (see the

red line in Figure 13 of Dubovik et al. (2006)). Finally, since the retrieved aspect ratio dis-

tribution at 441 nm is different from that at 633 nm, Dubovik et al. (2006) calculated the

averaged retrieved aspect ratio distribution (Figure 5.3 and the green line in Figure 13 of

Dubovik et al. (2006)); this averaged shape distribution has been used in retrieval algorithms

of AERONET and a range of other remote sensing products by default. However, to reach

agreement at both wavelengths, different shape distributions are retrieved at different wave-

lengths, indicating that the optical model of spheroidal dust does not adequately represent

actual atmospheric dust particles (Nousiainen and Kandler , 2015; Huang et al., 2020). Also,

the averaged retrieved aspect ratio distribution substantially underestimates measurements

of dust asphericity (Figure 5.3). This study aims to test if accounting for realistic dust shape

and shape distribution results in an improved agreement with laboratory measurements, rel-

ative to Dubovik et al. (2006). To do so, we compare the laboratory measurements of the

scattering matrix of feldspar, the simulated scattering matrix using Dubovik et al. (2006)’s

kernel and the averaged retrieved shape distribution, the simulated scattering matrix using

Meng et al. (2010)’s database and the shape distributions from measurement compilation,

and the simulate scattering matrix using Lorenz-Mie theory (Liou, 2002; Mätzler , 2002).

In addition to feldspar, we also use the two newest dust samples (i.e., Gobi and Sa-

haraOSN) added to the Amsterdam-Granada light scattering database (Gómez Mart́ın et al.,

2021). These two dust samples are collected during a severe dust storm in Beijing on April

16th 2006 and during a Saharan dust transport event reaching the Observatory of Sierra

Nevada in Spain in 2004, respectively. These two samples are deposited dust aerosols, which

are different from other mineral samples included in the AGLSD that were either purchased

from commercial sources or generated in the lab by grinding the mineral rocks and are thus

less accurate representations of dust aerosols (Volten et al., 2001; Muñoz et al., 2012).

Due to the reasons in the above paragraphs, we thus use the three AGLSD samples

97



(i.e., feldspar, Gobi, and SaharaOSN) in our evaluation of whether angle-dependent dust

optics based on ellipsoids better reproduces measurements than the prevailing optics based

on spheroids that are used in many remote sensing retrievals. Specifically, we compare the

six laboratory-measured non-zero elements of the scattering matrix of the three AGLSD

samples against three types of simulated scattering matrix elements: (1) the first simulation

combines AGLSD samples’ size distributions and spherical optics calculated by Lorenz-Mie

theory (Liou, 2002; Mätzler , 2002); (2) the second simulation combines AGLSD samples’

size distributions, Dubovik et al. (2006)’s kernel of spheroidal dust optics, and Dubovik et al.

(2006)’s averaged retrieved distribution of aspect ratio; and (3) the third simulation com-

bines AGLSD samples’ size distributions, Meng et al. (2010)’s database of ellipsoidal dust

optics, and Huang et al. (2020)’s compiled lognormal distributions of AR and HWR. In

addition, we use the same refractive index and the same wavelength for all three types of

simulations. As such, any difference in the simulated scattering matrix will be due to the

different approximations of dust shape and shape distribution.

The comparisons between observations and the three types of simulations yield several

key findings. First, optics using the ellipsoidal dust shape and shape distribution show

better agreement against measurements of the feldspar scattering matrix than optics using

the spheroidal shape and shape distribution (Figures 5.4 and 5.7). These improvements

include that (1) ellipsoid optics show an improved wavelength dependence of the phase

function P11, (2) the sign of −P12

P11
of ellipsoid optics agrees with observations at all scattering

angles, whereas spheroid optics show a problematic negative value around 160◦, and (3) the

magnitudes of all the six elements of ellipsoid optics agree better with observations at almost

all scattering angles than spheroid optics. Note that the shape distribution of spheroid optics

was obtained by best fitting the simulated scattering matrix against the measured scattering

matrix of feldspar whereas no such optimization was done for the ellipsoid optics. Therefore,

using a realistic shape distribution for spheroidal simulations will result in even greater

disagreement with the measured scattering matrix of feldspar. This further strengthens our
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finding that ellipsoidal dust shape and shape distribution show an improved agreement with

the measurement of feldspar.

Our second finding is that although a significantly improved agreement occurs in re-

producing the scattering matrix of feldspar, the ellipsoid optics do not show an obvious

improvement for the two dust samples (Figures 5.5, 5.6, 5.8, and 5.9). Ellipsoid optics have

smaller magnitudes of P11 at the scattering angle ∼ 60◦ and backward scattering angles

(i.e., in between ∼ 140◦ to 180◦) than spheroid optics and observations. In addition, neither

the ellipsoid optics nor the spheroid optics can reproduce all the six laboratory-measured

elements well. Note that although these two dust samples are significantly coarser in size

than the feldspar sample (Figure 5.2), they have a stronger ability to backscatter light (i.e.,

P11 at backscatter angles) and a weaker ability to polarize incident unpolarized light (i.e.,

−P12

P11
) and depolarize incident linear polarized light (i.e., P22

P11
) compared to feldspar. This

indicates that differences in the mineralogy and morphology between the two dust sam-

ples and feldspar determine the scattering matrix, instead of the difference in sample size.

Therefore, it makes sense that using the same shape distribution and refractive index cannot

achieve improvements for all three samples. Unfortunately, AGLSD did not measure sample

mineralogy and morphology, limiting our ability to test this hypothesis.

5.4.2 Evaluating the linear depolarization ratio and the lidar ratio

Passive ground-based (e.g., AERONET) and satellite remote sensing products (e.g., MISR)

need an accurate scattering matrix to retrieve the properties of aggregate dust aerosols in the

atmospheric column (Section 5.4.1), whereas active remote sensing products need accurate

linear depolarization ratio and lidar ratio to separate dust from other aerosol types in the

vertical profiles and to retrieve height-resolved dust properties (Burton et al., 2012).

The lidar ratio (also referred to as the extinction-to-backscatter ratio) quantifies the

ratio between the aerosol extinction and backscatter coefficients. The value of the lidar ratio

needs to be prescribed in retrievals of elastic backscatter lidars (like the CALIOP instrument;
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Winker et al. (2007)), since these lidars cannot simultaneously measure the aerosol extinction

and backscatter coefficients. The CALIOP retrieval assumes a spatially homogeneous value

of the lidar ratio (∼40 sr in general) for dust layers (Omar et al., 2009; Burton et al., 2012),

but in field observations, the lidar ratio of dust aerosols vary substantially in space (Ansmann

et al., 2012; Burton et al., 2012; Müller et al., 2012; Amiridis et al., 2015; Tesche et al., 2019).

The linear depolarization ratio quantifies aerosols’ ability to polarize incident laser light.

Remote sensing measurements of the linear depolarization ratio can effectively separate as-

pherical particles from spherical ones, since spherical particles have a linear depolarization

ratio of zero, whereas aspherical particles have a linear depolarization ratio greater than zero;

this occurs because spherical particles do not depolarize incident laser light, but aspherical

particles do (Liou, 2002). Furthermore, the value of the linear depolarization ratio can ef-

fectively separate dust from other aerosol types, since dust aerosols tend to have the largest

values of linear depolarization ratio than other aerosol types (Sakai et al., 2010; Ansmann

et al., 2012; Burton et al., 2012). Indeed, a range of laboratory and field observations have

found that the linear depolarization ratio of dust plumes is within the range of 0.2 to 0.4

(Figure 5.7; Tesche et al. (2019)).

Here, we combine the ellipsoidal dust optics with the globally representative size distribu-

tion (Adebiyi and Kok , 2020) and shape distributions (Huang et al. (2020); Section 5.2.1) of

dust aerosols to predict the linear depolarization ratio and the lidar ratio. We then compare

the predicted values with field and laboratory observations to evaluate the performance of

ellipsoid optics.

We find that the ellipsoid optics can predict the magnitude and the wavelength depen-

dence of the linear depolarization ratio in excellent agreement with measurements (Figure

5.10). Field observations have found that the linear depolarization ratio is ∼0.25 at the

wavelength of 355 nm, increases to ∼0.35 at the wavelength of 710 nm, and then decreases

to ∼0.30 at the wavelength of 1064 nm. The ellipsoid optics excellently reproduce the magni-

tude and the trend that the linear depolarization ratio increases with wavelength up to ∼700
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nm, and then remains constant or slightly decreases with wavelength. The ellipsoidal optics

show improved agreement with observations relative to spheroid optics. The spheroid optics

used in AERONET retrievals (Müller et al., 2010; Shin et al., 2018) predicted the linear

depolarization ratio to keep increasing with wavelength, which disagrees with the observa-

tions; in addition, the predicated values of the linear depolarization ratios are 30% smaller

than observations at almost all wavelengths. Furthermore, an independent study (i.e., Wieg-

ner et al. (2009)) that also assumed dust as spheroidal particles but used different shape

distributions and spheroidal optics kernel found a similar increasing trend with wavelength

and a similar magnitude of the linear depolarization ratio. This indicates that the spheroid

optics cannot adequately represent the wavelength-dependent linear depolarization ratio of

atmospheric dust particles. Instead, the ellipsoid optics enables improved agreement with

observations, suggesting a strong potential to apply ellipsoid optics in future lidar retrievals.

Although the ellipsoid optics can reproduce the linear depolarization ratio, it overesti-

mates the magnitude of the lidar ratio. The ellipsoid optics predicts the value of the lidar

ratio to be in the range of 100 to 120 sr, which is a factor of ∼2 to 3 larger than the

range of 40 to ∼80 sr found in field measurements (Figure 5.11) (Ansmann et al., 2012;

Burton et al., 2012; Müller et al., 2012; Amiridis et al., 2015; Tesche et al., 2019). This

occurs because the ellipsoid optics underestimate the phase function at 180 degree relative

to laboratory measurements (Figures 5.4, 5.5, and 5.6). Compared to simulations of ellipsoid

optics and spheroid optics, laboratory measurements show a significantly larger backward

scattering (Figures 5.4, 5.5, and 5.6), possibly because of the surface roughness and sharp

corners of the dust particles, which are not accounted for by either spheroid or ellipsoid

optics (Gasteiger et al., 2011; Kemppinen et al., 2015; Kahnert et al., 2020). Indeed, several

studies found that increasing roughness in their simulations increased the simulated lidar

ratio (Gasteiger et al., 2011; Kemppinen et al., 2015). This finding indicates that a realistic

quantification of dust body shape is not sufficient and that an accurate quantification of dust

surface texture is critical to accurately reproduce the lidar ratio.
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5.5 Discussions and Conclusions

To improve models and retrieval algorithms in terms of dust shape quantification, here we

investigate for the first time whether accounting for realistic dust shape distributions enables

improved single-scattering properties. To do so, we first approximate desert dust as tri-axial

ellipsoids (Figure 3.5) and use globally representative shape distributions (Figure 3.2) from a

measurement compilation (Section 5.2.1). We then combine this shape distribution and the

shape-resolved single-scattering database to obtain globally representative single-scattering

properties of ellipsoidal dust ensembles (Section 5.2.2). We obtain results of the scattering

angle-independent single-scattering properties used in global aerosol models (Section 5.3) and

the scattering angle-dependent single-scattering properties used in remote sensing retrievals

(Section 5.4). We find that neglecting the asphericity of dust and approximating dust as

spherical particles underestimates the extinction efficiency, the mass extinction efficiency, the

asymmetry factor, and the single-scattering albedo for all dust sizes at both shortwave and

longwave spectrum (Figure 5.1; Tables 5.2 and 5.3), since all global aerosol models included in

the AeroCom phase III project approximate dust as spheres (Table 5.1). In addition, we find

that the retrieval algorithms of most passive and active remote sensing products approximate

dust as spheroids with a prescribed shape distribution that substantially underestimates dust

asphericity (Figure 5.3). We evaluate the spheroid optics used in retrieval algorithms and our

newly developed ellipsoid optics against laboratory measurements of the scattering matrices

of three samples (Figure 5.2) and field observations of the linear depolarization ratio and the

lidar ratio. We find that although the ellipsoid optics can reproduce the scattering matrix in

excellent agreement with the laboratory-measured scattering matrix of the feldspar sample

(Figures 5.4 and 5.7), it does not show improved agreement relative to spheroid optics in

reproducing the scattering matrix of two dust samples (Figures 5.5, 5.6, 5.8, and 5.9). In

particular, ellipsoid optics underestimate backscattering relative to measurements and more

spherical optics. Furthermore, we find that although the ellipsoid optics can reproduce the

magnitude and the wavelength dependence of the linear depolarization ratio in an excellent
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agreement with field measurements (Figure 5.10), it overestimates the lidar ratio by a factor

of ∼2 to 3 (Figure 5.11) due to an underestimation in the magnitude of the backscattered

light.

Our results are subject to a few important limitations. First, due to the range limitation

of Meng et al. (2010), we cannot obtain dust optics with a height-to-width ratio less than

0.3. For dust extracted from the lognormal distribution of HWR with an HWR less than

0.3, we take its single-scattering properties as the single-scattering properties of dust with

the same geometric diameter, but with HWR=0.3. As such, we may underestimate the

effect of highly aspherical dust on the optics of ellipsoidal dust ensembles. Second, the size

distributions of the three samples of the Amsterdam-Granada light scattering database were

measured by the laser particle sizers (Muñoz et al., 2012; Gómez Mart́ın et al., 2021), and

thus these size distributions are in terms of optical diameter. However, models and retrieval

algorithms require volume-equivalent diameter, and a significant difference exists between

the optical diameter and the volume-equivalent diameter of aspherical dust particles (Huang

et al., 2021). We cannot correct the measured diameters due to a lack of information in the

parameters of the laser particle sizers (including the wavelength of the sensor’s emitter and

the scattering angle range of the sensor’s detector mirror) and in the microphysical properties

of the samples (including mineralogy and morphology).

These results have several important implications. First, the effect of dust shape and

shape distribution on dust radiative effects can be larger than previously thought. Räisänen

et al. (2013) used Dubovik et al. (2006)’s spheroid optics and found that the dust shortwave

radiative forcing of spheroidal dust did not differ much from that of volume-equivalent spher-

ical dust at both the top of the atmosphere and the surface (by 3% to 4%). However, Yi

et al. (2011) used ellipsoidal dust shape with a similar shape distribution as Räisänen et al.

(2013) and found that the effect of different dust shapes can cause a difference in the dust

shortwave radiative forcing at the top of the atmosphere by 30%. Although Yi et al. (2011) is

more advanced than Räisänen et al. (2013) in terms of dust shape, neither study considered
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the realistic shape distribution, since their shape distributions were taken as the one that

enables a best fit between the simulated and laboratory-measured dust optics instead of the

shape distribution from measurements. As such, accounting for realistic shape distribution

can enable improved quantifications of the dust direct radiative effect.

Second, our finding that neither the global aerosol models nor the retrieval algorithms

of remote sensing products have accounted for realistic dust shape and shape distribution

highlights the importance of model and algorithm developments. The errors in the single-

scattering properties can propagate in the simulated and retrieved dust distributions and

the estimated dust effects. Indeed, the recent AeroCom phase III intercomparison project

found that the global dust emission differs by a factor of 7, the dust burden differs by a

factor of 4, and the mass extinction efficiency differs by a factor of 4 among the multi-model

ensembles (Gliß et al., 2021). Accounting for realistic dust shape and shape distribution in

models and retrievals can be a key step towards improved estimations of dust distributions

and dust effects.
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5.6 Tables and figures

Table 5.1: Dust shape approximations used in current global aerosol models. The

14 global aerosol models are used in the AeroCom phase III intercomparison project (Gliß

et al., 2021). All of them approximate dust as spheres.
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Table 5.2: Comparisons between single-scattering properties of ellipsoidal dust

(denoted as “ellipsoid”) and those of spherical dust (denoted as “sphere”) at the

wavelength of 550 nm. The refractive index of dust aerosols is taken the same for both

shape approximations as 1.53±0.03−10−2.75±0.25i, which covers the range of Di Biagio et al.

(2019). The values in parentheses denote the 95% confidence interval. The errors in single-

scattering properties are propagated from errors in dust refractive index for spherical dust,

and from errors in dust refractive index and the parameters of the lognormal distributions

of the shape descriptors for ellipsoidal dust (see Section 5.2.1).
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Table 5.3: Comparisons between single-scattering properties of ellipsoidal dust

(denoted as “ellipsoid”) and those of spherical dust (denoted as “sphere”) at the

wavelength of 10 µm. The refractive index of dust aerosols is taken the same for both

shape approximations as 1.70 ± 0.20 − 10−0.40±0.11i, which covers the ranges of Volz (1972,

1973); Hess et al. (1998); Di Biagio et al. (2017). The values in parentheses denote the 95%

confidence interval. The errors in single-scattering properties are propagated from errors

in dust refractive index for spherical dust, and from errors in dust refractive index and the

parameters of the lognormal distributions of the shape descriptors for ellipsoidal dust (see

Section 5.2.1).
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Figure 5.1: Single-scattering properties of spherical and ellipsoidal dust in the

shortwave and longwave spectra. Left column includes: (a) extinction efficiency, (b)

mass extinction efficiency, (c) asymmetry factor, and (d) single-scattering albedo, at a wave-

length of 550 nm. Right column includes these variables at 10 µm. The refractive index of

dust aerosols is 1.53± 0.03− 10−2.75±0.25i at 550 nm and 1.70± 0.20− 10−0.40±0.11i at 10 µm.

Values at geometric diameters of 0.2, 0.5, 1, 2, 5, 10, 20, and 50 µm are detailed in Table

5.2 at 550 nm and Table 5.3 at 10 µm.
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Figure 5.2: Size distributions of the feldspar sample and two dust samples in-

cluded in the Amsterdam-Granada Light Scattering Database (AGLSD). The size

distributions were measured using a laser particle sizer (model Mastersizer 2000) with water

as dispersive medium (Gómez Mart́ın et al., 2021). The black dotted line denotes the upper

limit (i.e., 67.8 µm in diameter) of dust size range in Dubovik et al. (2006)’s kernel, which

is the most widely used database in remote sensing retrievals. In Section 5.4.1, we only use

the size distributions at D ≤ 67.8 µm when using both Dubovik et al. (2006)’s kernel and

the single-scattering database of ellipsoidal dust (Meng et al., 2010) (see Section 5.2.2) for

consistency. Among the three samples (i.e., feldspar, Gobi, and SaharaOSN), only feldspar

is fully within the size range limit.
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Figure 5.3: A comparison between the cumulative probability distribution of

dust length-to-height ratio used in the retrieval algorithms of AERONET and

from a measurement compilation. Both the retrieval algorithms (Dubovik et al., 2006)

and the measurement compilation (Huang et al., 2020) (see Section 5.2.1) assume that dust

shape is invariant with dust size. AERONET’s retrieval algorithms use this size-invariant

cumulative probability distribution (red line with markers) by default for retrievals of dust

properties. This default shape distribution is used not only in version 2 and version 3

retrieval algorithms of AERONET, but also in the new Deep Blue algorithm (Hsu et al.,

2019) and a developing retrieval algorithm for lidar observations (Tesche et al., 2019). The

cumulative probability distribution used in retrieval algorithms substantially underestimates

dust asphericity relative to measurement of dust asphericity.
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Figure 5.4: Comparisons between the six non-zero elements of the laboratory-

measured scattering matrix of a sample of crushed feldspar rock with three

types of simulations at two wavelengths (441.6 and 632.8 nm). The three types

of simulations include (1) “Ellipsoid optics” (red line) that combines AGLSD samples’ size

distributions, Meng et al. (2010)’s database of ellipsoidal dust optics, and Huang et al.

(2020)’s compiled lognormal distributions of AR and HWR; (2) “Spheroid optics” (blue

line) that combines AGLSD samples’ size distributions, Dubovik et al. (2006)’s kernel of

spheroidal dust optics, and Dubovik et al. (2006)’s averaged retrieved distribution of aspect

ratio; and (3) ”Sphere optics” (green line) that combines AGLSD samples’ size distributions

and spherical dust optics calculated by Lorenz-Mie theory. For all three types of simulations,

the refractive index is taken as 1.53 ± 0.03 − 10−2.75±0.25i (same as Fig. 5.1 and Table 5.2)

at both 441.6 and 632.8 nm. The shaded ranges denote uncertainties propagated from the

refractive index.
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Figure 5.5: Same as Fig. 5.4 but for dust sample Gobi.
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Figure 5.6: Same as Figs. 5.4 and 5.5 but for dust sample SaharaOSN. Note that

laboratory measurements of P33/P11, P34/P11, and P44/P11 at the wavelength of 488 nm are

not available due to sensor issues (see Gómez Mart́ın et al. (2021)).
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Figure 5.7: Error-quantity between the three types of simulations (ellipsoid,

spheroid, and sphere optics) and the laboratory observations for sample feldspar

at two wavelengths (441.6 and 632.8 nm). The error bars denote uncertainties prop-

agated from the dust refractive index (see the caption of Fig. 5.4). Ellipsoid and spheroid

optics show significantly improved agreement with observations than sphere optics. Ellipsoid

optics show significantly improved agreement with observations than spheroid optics.
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Figure 5.8: Same as Fig. 5.7 but for dust sample Gobi.
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Figure 5.9: Same as Figs. 5.7 and 5.8 but for dust sample SaharaOSN. Note that

laboratory measurements of P33/P11, P34/P11, and P44/P11 at the wavelength of 488 nm are

not available due to sensor issues (see Gómez Mart́ın et al. (2021)).
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Figure 5.10: Wavelength dependence of the linear depolarization ratio of dust

aerosols. Shown are the results at 4 wavelengths where field and laboratory observations

of the linear depolarization ratio were taken (i.e., 355, 532, 710, 1064 nm) and at the 4

wavelengths of AERONET retrievals (i.e., 440, 670, 870, 1020 nm). The data compilation

is after Fig. 1 of Tesche et al. (2019). The measurement compilation shows that the linear

depolarization ratio peaks at 0.3 around the wavelength of 600 nm. Spheroid optics used in

AERONET and an independent study (Wiegner et al., 2009) cannot reproduce the magni-

tude or the wavelength dependence of the linear depolarization ratio, whereas the ellipsoid

optics can excellently reproduce that.
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Figure 5.11: Wavelength dependence of the lidar ratio of dust aerosols. Shown are

the results at four wavelengths where field observations of the lidar ratio were taken (i.e., 355,

532, 710, 1064 nm). The data compilation is taken after Fig. 4 of Saito and Yang (2021).

The simulation ”ellipsoid optics” combines the shape-resolved single-scattering properties

of ellipsoidal dust (Meng et al., 2010), the globally representative dust shape distributions

(Huang et al., 2020), and the globally representative size distribution of dust aerosols (Adebiyi

and Kok , 2020). Results show that the ellipsoid optics overestimate dust lidar ratio by a

factor of ∼2 to 3 at all four wavelengths.
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CHAPTER 6

Final conclusions and future work

6.1 Final conclusions

Desert dust is the dominant aerosol type by mass in the atmosphere (IPCC AR5 , 2013).

Throughout the dust cycle (including dust emission, short- and long-range transport, and

deposition; Shao et al. (2011b)), dust produces important effects on the Earth system. First,

dust absorbs and scatters both shortwave and longwave radiations, thereby modulating the

Earth’s energy budget directly (Kok et al., 2017). Second, dust acts as nuclei for cloud

droplets and ice crystals, thereby modifying cloud microphysical properties and affecting

the energy budget indirectly (DeMott et al., 2015). Third, dust carries key nutrients (i.e.,

iron and phosphorus), and its deposition to the downwind ocean and land boosts primary

productivity and carbon sequestration (Yu et al., 2015; Ito et al., 2019). In this way, dust

aerosols affect the carbon cycle and associated climate feedbacks. Furthermore, dust aerosols

impact anthropogenic activities, including by depleting renewable energy generation (Piedra

and Moosmüller , 2017), degrading regional air quality and visibility (Mahowald et al., 2007),

and producing hazards to human health (Burnett et al., 2014).

These varied impacts above depend sensitively on dust microphysical properties, espe-

cially dust size and shape. The overall effect of the fine dust cools the Earth system by

scattering shortwave radiation, whereas coarse dust net warms the system by also absorbing

both shortwave and longwave radiation (Kok et al., 2017). In addition, dust asphericity in-

creases aerodynamic drag force at a given volume and mass, causing aspherical dust to have

a longer lifetime in the atmosphere than volume-equivalent spherical dust (Yang et al., 2013;
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Huang et al., 2020). Aspherical dust also differs from volume-equivalent spherical dust in

the angular and the wavelength dependencies of single-scattering properties (Dubovik et al.,

2006; Nousiainen and Kandler , 2015). As such, accurate knowledge of dust shape and size

is key to, for instance, accurate estimates of dust deposition fluxes, spatial and temporal

distributions, and direct radiative effects at both regional and global scales.

Although accurate quantifications of dust shape and size are thus important for calcu-

lating dust impacts, current representations of dust shape and size in global aerosol models

and remote sensing retrievals conflict with in situ measurements. Specifically, models and

retrieval algorithms lack a consistent quantification of dust shape (Kalashnikova et al., 2005;

Dubovik et al., 2006; Mahowald et al., 2014); their quantifications are inaccurate relative to

measurements of dust shape (Huang et al., 2020). In addition, models and retrieval algo-

rithms substantially underestimate the abundance of coarse dust in the atmosphere relative

to measurements (Ryder et al., 2019; Adebiyi and Kok , 2020). During the validation process,

measurements are treated as the ”ground truth” in general; however, measurements of size

distributions can be problematic because they are based on different diameter types that do

not account for realistic dust shapes (Huang et al., 2021). Furthermore, measurements of

emitted dust size distributions are not available for some major soil types (e.g., active sands),

making the validation process for these regions difficult. The resulting biases in dust shape

and size can propagate into dust optical properties used in models and retrieval algorithms,

which further contributes to inaccurate estimates of dust effects on the Earth system. In

this dissertation, I address the above issues in the following chapters.

In Chapter 2, I present the first (to my knowledge) in situ field measurements of the size

distributions of emitted dust from active sands, which cover 20% of arid lands worldwide

(Huang et al., 2019). I conducted field measurements of dust emission under natural aeolian

saltation from coastal Oceano Dunes in California as well as laboratory analyses on the topsoil

sand samples. I found that dust emission from active sands differs from dust emission from

non-sandy soils not only in the size distribution of emitted dust, but also in the magnitude
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of dust emission flux, the magnitude and the shear velocity dependence of the sandblasting

efficiency, and the mineralogical composition of the emitted dust. This work improves the

understanding on the physical processes that drive dust emission from active sands, and

suggests important implications of dust emission from active sands for downwind human

health, park management, the hydrological cycle, and climate.

In Chapter 3, I present a globally representative parameterization of dust shape from a

measurement compilation (Huang et al., 2020). I compiled dozens of measurements of dust

shape descriptors across the globe. I found that at the regional scale, North African dust

becomes more aspherical during transport, whereas Asian dust might become less aspherical.

At the global scale, the longest dimension (dust length) is on average five times larger than the

smallest dimension (dust height), and current climate models and remote sensing retrievals

underestimate this dust asphericity (i.e., dust length divided by its height) by a factor of

∼3 - 5. Accounting for realistic dust asphericity increases gravitational settling lifetime by

∼20%, which helps explain the underestimation of coarse dust transport by models. This

work points out the direction for future improvements with regard to dust shape in global

aerosol models and the retrieval algorithms of remote sensing products.

In Chapter 4, I harmonize the measurements of dust size distributions that are based

on four different types of diameters (including the geometric, aerodynamic, optical, and

projected area-equivalent diameters) (Huang et al., 2021). I obtained conversions between

these different diameter types that account for dust asphericity. Even for the same dust

particle, these diameter types are highly different from each other, suggesting the importance

of diameter standardization in the dust research community. I then used these diameter

conversions to obtain a consistent observational constraint on the size distribution of emitted

dust. This observational constraint is substantially coarser than parameterizations used in

global aerosol models, which underestimate the mass of emitted dust with a diameter in

between 10 to 20 µm by a factor of ∼2 and usually do not account for the substantial dust

emissions larger than 20 µm in diameter. This work suggests that models substantially
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underestimate coarse dust emission, which helps explain the underestimation of coarse dust

transport by models (Adebiyi and Kok , 2020).

In Chapter 5, I for the first time account for a realistic dust shape distribution in obtaining

single-scattering properties of dust aerosols. I found that neglecting the asphericity of dust

and approximating dust as spherical particles underestimates the extinction efficiency, the

mass extinction efficiency, the asymmetry factor, and the single-scattering albedo for all dust

sizes at both shortwave and longwave spectra, since global aerosol models approximate dust

as spheres. In addition, I found that the inaccurate quantification of dust shape in retrieval

algorithms causes them to generate an incorrect magnitude and wavelength dependence of

the linear depolarization ratio relative to observations. The newly-developed ellipsoidal dust

optics accounting for realistic shape distributions produce an excellent agreement with the

measured linear depolarization ratio. Although the new ellipsoidal dust optics show poten-

tial to improve models and retrievals, it underestimates the magnitude of the backscattering

intensity relative to laboratory and field observations. This finding indicates that a realis-

tic quantification of dust body shape is not sufficient and that an accurate quantification

of dust surface texture is also critical to accurately reproduce dust optical properties at

backscattering angles.

6.2 Future work

The focus of future study is to investigate the effect of dust surface texture on the dust

single-scattering properties. The scientific questions are:

(1) How to quantify the surface texture of atmospheric dust aerosols?

(2) Does an increase in the surface texture generate a larger backscattered light? and

(3) Does accounting for both realistic dust body shape and surface roughness enable an

improved agreement with field observations of back-scattering properties?

To answer these questions, I will carry a literature review on the measurements of
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dust surface texture, and run the discrete dipole approximation code to obtain the single-

scattering properties of dust with different levels of rough surfaces.
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Coz, E., F. J. Gómez-Moreno, M. Pujadas, G. S. Casuccio, T. L. Lersch, and B. Art́ıñano
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Miller, V. Obiso, C. Pérez Garćıa-Pando, A. Rocha-Lima, J. S. Wan, and C. A. Whicker

(2021a), Improved representation of the global dust cycle using observational constraints

139



on dust properties and abundance, Atmospheric Chemistry and Physics, 21 (10), 8127–

8167, doi:10.5194/acp-21-8127-2021.

Kok, J. F., A. A. Adebiyi, S. Albani, Y. Balkanski, R. Checa-Garcia, M. Chin, P. Colarco,

D. Hamilton, Y. Huang, A. Ito, M. Klose, L. Li, N. M. Mahowald, R. L. Miller, V. Obiso,
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