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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 dust. This observational constraint is coarser than parameterizations used
in global aerosol models, which underestimate the mass of emitted dust within 10 ≤ Dgeo ≤ 20 μm by a
factor of ∼2 and usually do not account for the substantial dust emissions with Dgeo ≥ 20 μm. Our findings
suggest that models substantially underestimate coarse dust emission.
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., 2020, 2021; Pérez et al., 2006), cloud microphysics (DeMott
et al., 2015), atmospheric chemistry (Tang et al., 2016), and biogeochemical cycles (Ito, Myriokefalitakis,
et al., 2019). Furthermore, dust aerosols produce risks to human health (Giannadaki et al., 2014; Huang,
Kok, Martin, et al., 2019). These different dust effects are quantified 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, Ridley, et al., 2017).
Four different types of diameters are used in studies of dust and its various impacts (Figure 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 ≤ 20 μm is considered most
relevant to dust impacts on weather and climate (Adebiyi & Kok, 2020), although coarser dust can also produce important impacts (Ryder, Highwood, Rosenberg, et al., 2013; Ryder, Highwood, Walser, et al., 2019).
Second, the aerodynamic diameter, Daero, is the diameter of a sphere with a density 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 ≤ 2.5 μm and Daero ≤ 10 μm (often called PM2.5 and PM10) are most relevant to the
respiratory risk of dust aerosols and are regulated worldwide (WHO, 2006). 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).
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Figure 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 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. Sensitivity tests
of the conversion to real and imaginary dust refractive index, wavelength, and scattering angle range are shown in Figures S2–S5, respectively. 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).

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, Benker, et al., 2007). The projected area-equivalent diameter is used to
quantify size-resolved dust mineralogy and morphology (Huang, Kok, Kandler, et al., 2020; Kandler, Lieke,
et al., 2011; Swet et al., 2020) and occasionally dust PSDs (Chou et al., 2008; Ryder, Marenco, 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, Dean, et al., 2012),
the projected area-equivalent diameter is assumed equal to the geometric diameter (Kandler, Lieke,
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
HUANG ET AL.
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is highly aspherical (e.g., Kandler, Benker, et al., 2007). Indeed, a recent study that compiled measurements
of dust shape worldwide concluded that the ratio of dust’s longest to shortest dimensions is ∼5 on average
(Huang, Kok, Kandler, et al., 2020). Because aspherical dust has substantially different optical, geometric,
and aerodynamic properties from spherical dust (Lindqvist et al., 2014; Nousiainen & 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 2). In Section 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.

2. Linking the Four Diameters of Aspherical Dust
We first introduce the two shape descriptors that we use to quantify dust asphericity in Section 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 2.2, 2.3 and 2.4.
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 1a). Huang,
 L
 H
Kok, Kandler, et al. (2020) compiled dozens of measurements of AR  
 worldwide.
 and HWR  
W


 W
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,
Kok, Kandler, 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. Although Huang, Kok, Kandler, et al. (2020) found modest differences in shape distributions for different regions (Table S1), sensitivity tests indicate that these regional differences in dust shape
distributions produce only minor differences in diameter conversions (Figure S1). 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, Kok, Kandler, et al., 2020).
2.2. Linking the Optical and Geometric Diameters
The geometric diameter is required in models to calculate dust impacts, whereas most measurements 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 individual aerosol particles (top-left box in Figure 1a). OPC manufacturers calibrate their instruments generally against polystyrene latex spheres (PSLs; ISO, 2009), or occasionally equivalent non-absorbing spheres (Rosenberg, Parker, et al., 2014); by default, OPCs categorize aerosol
samples into size bins in terms of the optical diameter of PSLs. This default relationship 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 scattering angle
range from Θ1 to Θ 2 (Figure 2f, inset) is (Liou et al., 2002)
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I
2 Θ
IOPC  i Csca  0  Θ2 P  Θ  sin ΘdΘd ,
(1)
1
4

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 et al., 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
I OPC
1
Θ

SI 
Qsca A Θ2 P  Θ  sin ΘdΘ,
(2)
1
Ii
2

where Csca = QscaA 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 et al., 2002). We use Equation 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 obtained their single-scattering properties, including Qsca and P  Θ , from Lorenz-Mie theory (Liou, 2002). However, since LorenzMie theory is invalid for aspherical particles, we instead 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 computational methods (Lorenz-Mie theory, T-matrix method, discrete dipole approximation, and an
improved geometric optics method) to compute the single-scattering properties of ellipsoidal 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 2.1). Second, by assuming that each generated particle is randomly
oriented, we calculated 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 S2). 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 & 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, Ridley, et al. [2017] and 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 (Text S1).
We find that OPCs underestimate dust diameter at coarse sizes, due to the combined effects 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 1b),
but this underestimation due to refractive index difference is offset by dust asphericity (red lines, Figure 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 1b). We find that PSLs produce a larger
sideward-scattered intensity than spherical dust particles with the same diameter (black and blue lines,
Figure 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 1b). We find that
ellipsoidal dust has a larger sideward-scattered intensity than volume-equivalent spherical dust (red and
HUANG ET AL.
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Figure 2. Diagnosis of the factors causing 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
1 Θ
and (e) the single-scattering albedo ω0. The integrated phase function IntP   Θ2 P  Θ  sin ΘdΘ is the (f) phase function P  Θ  integrated over the scattering
2 1
angle range measured by OPCs (taken here as 90° ± 60°; range enveloped in black dotted lines in (f)). The inset in (f) shows a schematic of an OPC (GRIMM
Model 1.108; permission granted from GRIMM Aerosol Technik Ainring GmbH & Co. KG). Each panel includes results of polystyrene latex spheres (PSLs; black
line), spherical dust (blue line), and ellipsoidal dust (red line). Results in each panel are based on a dust refractive index of 1.52–0.002i and a wavelength of
780 nm. In (f), the geometric diameter is 1.5 μm for all three lines.

HUANG ET AL.

5 of 12

Geophysical Research Letters

10.1029/2020GL092054

blue lines, Figure 2a). This occurs because ellipsoidal dust has a larger total scattering efficiency (Figure 2b)
but a smaller fraction of that total scattering occurs at angles that OPCs measure (Figure 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 1b). Finally, after combining the effects
of dust 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 1b). The diameter at which OPCs start to
underestimate dust size decreases substantially with increasing dust imaginary refractive index (red lines,
Figure 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.

2.3. Linking the Projected Area-Equivalent and Geometric Diameters
After linking the optical and geometric diameters (Section 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, Blifford,
& Fenster, 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 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, Blifford, & Fenster, 1972; Kandler, Benker, 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 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,
Kok, Kandler, 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 

LW . We thus express the ratio of the pro L
 H
jected area-equivalent and geometric diameters as a function of AR  
 and HWR  
 as
 W
 W
6
Darea
LW
AR
(3)


.
3
3
Dgeo
LWH
HWR

We used the globally averaged shape distributions of AR and HWR to obtain the probability distribution
of Darea/Dgeo (Figure 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 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 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, Blifford, & Fenster, 1972).
2.4. Linking the Geometric and Aerodynamic Diameters
After linking the optical, projected area-equivalent, and geometric diameters (Sections 2.2 and 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, Parteli, et al., 2012). In the Stokes regime, the gravitational settling velocity of a spherical particle is
(Hinds, 1999)
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g
Vsph 
 D2 ,
(4)
18

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)
1 g
2
Vasp 
 Dgeo
,
(5)
 18

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 and 5, we link the aerodynamic and geometric diameters
as



d
Daero  Dgeo
,
(6)
 · 0

where ρd ≈ 2.5 × 103 kg/m3 is the typical density of dust aerosols (Kok, Ridley, et al., 2017) and ρ0 = 1.0 × 103 kg/
1  1/3
1 
m3 is the density of water. For aspherical dust approximated as ellipsoids,


 Fs  1/3  and

2
Fs 
1.3
 1 
Fs  HWR·
 (Bagheri & Bonadonna, 2016; Huang, Kok, Kandler, et al., 2020).
 AR 
We used the globally averaged shape distributions of AR and HWR to obtain the probability distribution of
Daero/Dgeo (Figure 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 6 to obtain Daero/Dgeo. We found that the aerodynamic diameter is on average 44.9% ± 0.3%
larger than the geometric diameter (Figure 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.

3. Harmonizing Size Distributions of Emitted Dust
After linking the four diameters of aspherical dust (Section 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 3a; Gillette, 1974;
Gillette, Blifford, & Fenster, 1972; Gillette, Blifford, & Fryrear, 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 3a; Fratini et al., 2007; Khalfallah
et al., 2020; Rosenberg, Parker, et al., 2014; Shao, Ishizuka, et al., 2011; Sow et al., 2009); they used different OPC models to determine the number fluxes of emitted dust from five distinct regions during 24 wind
events (Table S2). 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 & Kok, 2020; Rosenberg, Parker, et al., 2014). The BFT parameterization has been implemented in
a large number of global aerosol models (e.g., Klose et al., 2021; Mahowald et al., 2014; Nabat et al., 2012).
HUANG ET AL.
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Figure 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 ≤ 20 μm (PM20,geo) and (d) the size range within 0 ≤ Daero ≤ 10 μm (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 ≥ 10 μm.

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 1c). For the
five OPC data sets, we converted optical diameters to geometric diameters by combining OPC parameters
(Table S2) with the look-up table (Text S1). 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 ≤ 10 μm (corresponding to 1.28 ≤ Dgeo ≤ 6.41 μm; Figure 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, Zhang, et al., 2020).
Fourth, we normalized each volume PSD such that its integration over 0 ≤ Dgeo ≤ 20 μm yields one. Fifth,
we obtained the maximum likelihood estimate (MLE) of the harmonized emitted dust PSD following Kok,
Ridley, 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
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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 3b) and aerodynamic diameter (top x-axis, Figure 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, Ridley, 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 3a and 3b). This occurs because, at coarse sizes, OPC studies
underestimated geometric diameter (Figure 1b) and thus their PSDs shifted rightward after the harmonization, whereas microscopy studies overestimated geometric diameter (Figure 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 ≥ 10 μm), namely by a factor of ∼2 in the 10 ≤ Dgeo ≤ 20 μm size
range (Figure 3c). Furthermore, this parameterization has a cutoff diameter at 20 μm, whereas measurements show a substantial amount of emitted dust with Dgeo>20 μm (Figure 3c). Since the original BFT
parameterization 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 ≥ 10 μm) in the atmosphere.
Recent measurements have shown that super-coarse dust is substantially more abundant in the atmosphere
than models account for (Adebiyi & Kok, 2020; Gliß et al., 2021; Ryder, Marenco, et al., 2018; van der
Does, Knippertz, 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, Kok, Kandler, 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,
Brummer, 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, Marenco,
et al., 2018; van der Does, Knippertz, 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, Balkanski, et al., 2020; Ito, Adebiyi, et al., 2021) and carries more nutrients than fine dust (Marcotte 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 propagate into inaccurate estimates of dust impacts. For future
studies, we therefore recommend adopting the standardized size conversions obtained here. For published
studies, we recommend carefully re-examining, diagnosing, and harmonizing the obtained size-resolved
data sets.

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.
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Here, we address these problems by developing conversions between four diameter types that account
for dust asphericity. We found that (1) optical particle counters underestimate dust geometric diameter at
Dopt ≥ ∼8 μm, (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.
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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 ≤ 20 μm by a factor of ∼2.
This finding helps explain why global aerosol models underestimate the abundance of super-coarse dust
with Dgeo ≥ 10 μm in the atmosphere relative to measurements. Furthermore, our results imply a substantial dust emission and deposition flux with Dgeo ≥ 20 μm, 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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