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Key Points:

¢ We develop a model parameterization for the size distribution of emitted
dust aerosols that includes emission of super coarse dust

e The parameterization enables models to reproduce measurements of super
coarse atmospheric dust near dust source regions

e The remaining underestimation of super coarse dust over dust outflow
regions is likely due to errors in models’ deposition processes

Abstract

Aircraft measurement campaigns have revealed that super coarse dust (diameter
> 10 m) surprisingly accounts for approximately a quarter of aerosols by mass
in the atmosphere. However, most global aerosol models either underestimate
or do not include super coarse dust abundance. To address this problem, we use
brittle fragmentation theory to develop a parameterization for the emitted dust
size distribution that includes emission of super coarse dust. We implement
this parameterization in the Community Earth System Model (CESM) and find
that it brings the model in good agreement with measurements of super coarse
dust close to dust source regions. However, the model still underestimates super
coarse dust in dust outflow regions. Thus, we conclude that model underesti-
mation of super coarse atmospheric dust is in part due to the underestimation
of super coarse dust emission and likely in part due to errors in deposition
processes.
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Aircraft measurements have found surprisingly large concentrations of super
coarse atmospheric dust (diameter > 10 m), which accounts for approximately
a quarter of particulate matter mass in the atmosphere. However, current at-
mospheric models do not include or cannot reproduce this abundance of super
coarse dust. Here we develop a parameterization for the emission of super coarse
dust. We evaluate this new parameterization in the Community Earth System
Model (CESM) and find that it enables the model to reproduce in situ aircraft
measurements of super coarse atmospheric dust near dust source regions. How-
ever, the model still underestimates super coarse atmospheric dust over dust
outflow regions, possibly due to errors in deposition processes. We further find
that the equivalent effect of possible errors in dust deposition processes during
transport is to decrease the effective dust aerosol density in the model to an
order of magnitude of its physical value of ~2500 kg/m?. Thus, we conclude
that the underestimation of super coarse atmospheric dust by models is in part
due to the underestimation of the emission of super coarse dust and likely in
part due to errors in deposition processes.

1 Introduction

Mineral dust is an important component of the Earth system, impacting radia-
tion, clouds, biogeochemistry, and air quality (Chen et al., 2019; Guieu et al.,
2019; Jickells et al., 2005; Kosmopoulos et al., 2017; Meng et al., 2021). Because
all these impacts depend sensitively on dust size (Mahowald et al., 2014), global
aerosol models need to accurately represent the dust particle size distribution
(PSD) to quantify the various dust impacts on the Earth system. Recent air-
borne dust PSD measurements from several field campaigns have shown that
super coarse (diameter > 10 m) dust particles are more prevalent than previ-
ously thought (van der Does et al., 2018; Ryder et al., 2018, 2019; Varga et al.,
2021). Indeed, recent estimates suggest an atmospheric load of ~10 Tg of super
coarse dust, which represents about a quarter of the total atmospheric loading
of particulate matter (Adebiyi & Kok, 2020; Di Biagio et al., 2020; Kok et al.,
2021). However, some current models do not include super coarse dust (Kok,
Albani, et al., 2014; Wu et al., 2020; Zhang et al., 2013). Other models that
do represent super coarse dust underestimate their abundance by over an order
of magnitude (Adebiyi and Kok, 2020). This omission or underestimation of
super coarse dust by models hinder our quantitative understanding of how dust
aerosols affect the current and future climates (Kok et al., 2017; Ryder et al.,
2019; Adebiyi and Kok, 2020).

To enable models to account for more accurate abundance of airborne super
coarse dust, we develop a new parameterization of the PSD of emitted dust
that accounts for the emission of super coarse dust (Section 2). We implement
this new parameterization in the Community Earth System Model (CESM, ver-
sion 1.2) and evaluate the simulated atmospheric dust PSD with in situ aircraft
measurements (Section 3&4). We find that the model with this new parame-
terization reproduces the abundance of super coarse dust close to dust source
regions. We also discuss possible reasons why the model still underestimates



super coarse dust further from source regions (Section 5).

2 Derivation of parameterization of emitted dust size distribution including su-
per coarse dust

In this section, we first review the original brittle fragmentation theory for
parameterizing the emitted dust size distribution (Section 2.1). We then extend
it to account for super coarse dust emission (Section 2.2).

2.1 Original brittle fragmentation theory

The emitted dust PSD depends on the physical process of dust emission. Instead
of being lifted directly by wind, dust aerosols are therefore usually emitted from
the energetic impacts of bouncing or saltating larger sand-sized particles (~70
- 500 m ) onto dust aggregates in the soil, a process known as sandblasting
(Kok, Mahowald, et al., 2014; Shao, 2008). When a saltating particle strikes
a soil dust aggregate, the impact creates elastic waves that can rupture the
interparticle bonds between particles in the dust aggregate. Since dry dust
aggregates are usually brittle (Braunack et al., 1979; Perfect & Kay, 1995), Kok
(2011a) hypothesized that dry soil dust aggregates shatter upon impact by an
energetic saltating particle in much the same way that brittle materials, such as
glass, shatter upon a sufficiently energetic impact. This hypothesis is supported
by the observation that measurements of the emitted dust size distribution follow
the power law observed for brittle fragmentation in the 1-10 m diameter range
(Supplementary Figure S1).

By assuming that most dust aerosol emissions are the result of fragmentation
of dry soil dust aggregates by impacting saltators, Kok (2011a) proposed an ex-
pression for the size distribution of emitted dust aerosols with diameter smaller
than 20 m:
G = 2[1+et (2R ew [- (D]

where V.. is the normalized volume of dust aerosol with geometric diameter D,
¢, is a normalization constant ensuring that the integral over dd‘f;“]gs equals 1, and
D, and o, are the median diameter and geometric standard deviation of the log-
normal distribution of the fully dispersed soil size distribution. The parameter
A is the side crack propagation length, which denotes the propagation distance
of side branches of cracks created in the soil dust aggregate by a fragmenting
impact. Experimental data indicate that \ is of the order of 10% of the size of
the object being fragmented (Herrmann & Roux, 2014; Oddershede et al., 1993).
Based on a fit to the available data at that time, Kok (2011a) used A = 12 m,
thereby implicitly assuming that the fragmentation of all soil dust aggregates
are governed by a similar side crack propagation length, even though soil dust
aggregates can differ notably in size (e.g. Chatenet et al., 1996; Klose et al.,
2017).

This brittle fragmentation theory (hereafter BFT-original) (Eq. 1) is in good
agreement with measurements of the emitted dust size distribution for dust par-



ticles smaller than 10 m in diameter (Kok, 2011a; Rosenberg et al., 2014; Shao
et al., 2011), including several data sets published after the publication of BFT-
original (Figure 1a). Therefore, it has been extensively used in global aerosol
models (e.g., Zhang et al., 2013; Albani et al., 2014; Ito et al., 2012). However,
recent work has indicated that BFT-original substantially underestimates the
emission of super coarse dust (diameter > 10 m) (Rosenberg et al., 2014; Huang
et al., 2021). The emission in that size range is largely determined by the value
of the side crack propagation length ().

2.2 Extending brittle fragmentation theory to account for super coarse dust
emission

We develop a parameterization that accounts for super coarse dust emission
(hereafter BET-coarse). We do so by extending brittle fragmentation theory (Eq.
1) to include a more realistic description of the size-crack propagation length
(M), which determines the cut-off diameter above which aerosols are no longer
created through fragmentation. Since A scales with the size of the object (e.g.
soil dust aggregate) being fragmented (Herrmann & Roux, 2014; Oddershede
et al., 1993), it will be a function of the size of the soil dust aggregate being
fragmented. That is,

= f)\Daggﬂ (2)

where f, ~ 0.1 is the ratio of to the dust aggregate size (Herrmann & Roux,
2014; Oddershede et al., 1993) and D,,, is the diameter of the fragmented
soil dust aggregate. We account for the dependence of A on the soil aggregate
diameter by substituting Eq. (2) into Eq. (1), accounting for the probability
distribution Pagg(Dagg) of the diameter of soil aggregates, and then integrating
over the size of soil dust aggregates that can be fragmented to produce dust
aerosols:
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is the normalized volume of dust aerosol with size D, ¢, is a normal-
ization constant ensuring that the integral of dd‘f;“]gs equals 1 over the size range
0.1 to 20 m (following Kok, 2011a), and D, = 1.13 £+ 0.58 and o, = 1.92 +
0.25 were obtained by optimizing agreement against measurements, as detailed

in Kok et al. (2017) and Huang et al. (2021).

The available measurements indicate that the size distribution of minimally
dispersed soil particles in arid soils generally follows a lognormal distribution
(Butler et al., 2013; Chatenet et al., 1996; Klose et al., 2017). Assuming that
the size distribution of fragmented soil dust aggregates (Pagg) bears a close
resemblance to the size distribution of undisturbed soil particles, we can write

Pagg(Dagg) as:
B L (In (D) — In(Dopy))’
Pige (Dagg) - (Daggaagg\/ﬁ) exp (_ ggzaagg2 = , (4)



where 0,,, and fgg are the geometric standard deviation and median diameter
of the log-normal distribution of the minimally dispersed soil size distribution.
We obtain the parameters (0,4, and fgg) of the soil dust aggregates size dis-
tribution P,,,(D,g,) in Eq. 4 by analyzing a compilation of measurements of
the minimally dispersed size distribution in arid soils and fitting lognormal dis-
tributions to the measurements. A detailed description of the compilation of
soil aggregate PSD measurements can be found in the supplement (SI. S1). The
results indicate that the parameters of the soil dust aggregate size distribution
are relatively constant and do not correlate with soil texture, which is consis-
tent with previous work (Chatenet et al., 1996; Laurent et al., 2006). Therefore,
these parameters can be described by a constant median diameter (fgg ) of 127
+ 47 m and geometric standard deviation (o,,,) of 2.95 £ 1.01 for the soil dust
aggregate size distribution. We calculate the error bounds (uncertainty) on the
theoretical prediction by using a bootstrap method combined with a maximum
likelihood method that propagates errors in D,, o, D,gp, and 0,,,, following
the approach in Kok et al. (2017).

The new BFT-coarse parameterization derived here is in good agreement with
the limited measurements of the emission of super coarse dust (Fig. la). How-
ever, there are few measurements of the emitted dust PSD that extend to the
super coarse dust size range because such large particles are usually lost in in-
strument inlets due to their high inertia (Rosenberg et al., 2014; von der Weiden
et al., 2009). In order to better determine whether the new emitted dust PSD
parameterization reasonably represents the emission of super coarse dust, in
the next section we use global aerosol model simulations to further evaluate the
parameterization against aircraft measurements of freshly emitted atmospheric
dust. These aircraft measurements were acquired by wing-mounted probes and
did not suffer from inlets restricting measurements of coarse particles (Ryder et
al., 2015, 2018).
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Figure 1. The parameterization for the emission of super coarse dust
reproduces measurements of emitted and freshly lifted super coarse
dust. Shown are (a) comparison between the parameterization and measure-
ments of the normalized PSD of emitted dust and (b) comparison of the simu-
lated and measured atmospheric PSD of freshly uplifted dust. In (a), different
markers denote observations of the emitted dust PSD from different studies,
which were described and corrected to geometric diameter as detailed in Huang
et al. (2021). Vertical error bars denote the standard error of measurements
under various wind events at a given soil (see Kok et al., 2017), the black line
denotes the dust PSD predicted by the original brittle fragmentation theory
(BFT-original), and the blue dash-dotted line denotes the parameterization of
emitted dust developed in this study (BFT-coarse). Blue shading denotes the
95% confidence interval. In (b), the magenta open circles denote the average
PSD of freshly uplifted dust over Mali and Maritania (~23.5°N, 7°W) during
FENNEC campaign (flights B600, B601, B602 and B610 at altitudes below
1000 m). The black and blue lines with different markers show the simulated
atmospheric dust PSD with the original emitted dust PSD (BFT-original) and
the new emitted dust PSD parameterization (BFT-coarse; the blue dash-dotted
line), respectively. The gray line denotes the seasonally averaged (JJA) dust
PSD from an ensemble of global model simulations (Adebiyi et al., 2020). Lo-
cations of the measurements are shown in Figure S2. All curves are normalized
to yield unity when integrated over the 0.1-20 m diameter range.

3 Methodology for evaluating super coarse dust emission parameterization
against in situ measurements using CESM simulations

3.1 Aircraft measurements of atmospheric dust PSD

We compiled atmospheric dust PSD measurements from several aircraft mea-
surement campaigns near dust source regions and over dust outflow regions.
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We used measurements of freshly uplifted dust and aged dust near dust source
regions from the FENNEC 2011 aircraft campaign over western North Africa
(Ryder et al., 2015). Specifically, we used measurements of (i) freshly uplifted
dust (FENNEC flights B600, B601, B602 and B610), (ii) advected aged dust
emitted from the Atlas Mountains (flights B605 and B606), and (iii) advected
aged dust emitted from Mauritania (flights B609, B611, B612, and B613). The
source regions for dust sampled during each flight were determined using back-
trajectory analysis (Ryder et al., 2015). All the three categories of measurements
assumed dust particles to be spherical, and we corrected them to account for
dust asphericity following Huang et al. (2021), which is critical because ignoring
dust asphericity causes an overestimate of dust particle size at coarse sizes (Fig.
S5). We then averaged over all measurements in each of the three categories.

In addition to the FENNEC, we used aircraft measurements of long-range trans-
ported dust over dust outflow regions, including from the Saharan Mineral Dust
Experiment (DARPO) over southern Portugal (Wagner et al., 2009), from the
FENNEC-SAL campaign over the Canary islands (Ryder, Highwood, Lai, et al.,
2013), and from the Saharan Aerosol Long-Range Transport and Aerosol-Cloud-
Interaction experiment (SALTRACE) over Barbados and Cape Verde (Weinzierl
et al., 2017). Because exact specifications of the instrumentation used in these
campaigns were not conveniently available, these measurements were not cor-
rected for dust optical properties and asphericity (Huang et al., 2021).

A detailed description of all aircraft measurements used in this study is provided
in the supplement (SI. S2).

3.2 CESM model, simulations and model emsemble

We used CESM version 1.2 (Hurrell et al., 2013) with the Community Atmo-
sphere Model version 4.0 (CAM4) (Neale et al., 2010) as the atmosphere compo-
nent. This version of the model uses externally mixed particle bins to simulate
dust. We added four extra coarse bins (10-14, 14-20, 20-28, and 28-40 pm) in
addition to the four default bins (0.1-1, 1-2.5, 2.5-5, and 5-10 pm). The dust
emission module is a physically based dust emission parameterization derived
in Kok, Mahowald, et al. (2014). The mass fraction of emitted dust in each
model bin, which represents the emitted dust PSD in the model, is calculated
from the original (BFT-original) and the new (BFT-coarse) dust emission PSD
parameterization. Dust dry deposition in CESM accounts for gravitational set-
tling and turbulent deposition processes (see Section 2.8 in Zender et al.; 2003),
which are dust size and density dependent. We accounted for the effect of dust
asphericity dy decreasing the gravitational settling velocity by 13% following
Huang et al. (2020). A detailed description of the CESM model is provided in
the supplement (SI. S3).

We conducted CESM simulations nudged towards MERRA2 dynamics. We
used a horizontal resolution of 1.9°x2.5° and 56 vertical levels and simulated the
period 2006 — 2015, which overlaps with the years that available aircraft mea-
surements were taken. For model comparisons against measurements of freshly



lifted dust events, we included dust emission only from the grid box from which
the sampled dust was emitted, as determined from backwards trajectory anal-
yses (Ryder et al., 2015). For model comparisons against other measurements,
including aged dust and long range transported dust, we included dust emission
for all grid boxes in the model. We also conducted a set of simulations with the
new BFT-coarse PSD parameterization that use dust aerosol densities of 125 kg
m™3, 250 kg m™3, 500 kg m™3, and 1000 kg m™3, which are substantially smaller
than the physical density of 2500 kg m™. The objective of these simulations
was to quantify the effect of the missing or erroneously-described processes that
cause an apparent overestimation of the deposition and underestimation of the
long-range transport of super coarse dust (Ansmann et al., 2017; Weinzier] et
al., 2017). We averaged our model simulation during the daytime (10:00 -18:00
local time) for the days for which measurements were made. We also tested av-
eraging our model simulation over different temporal resolutions and found that
the simulated atmospheric dust PSDs shows limited sensitivity to the averaging
period (Figure S3).

To evaluate the performance of current models in simulating super coarse dust,
we also compare our simulated atmospheric dust PSD with the atmospheric
dust PSD from an ensemble of model simulations. This model ensemble was
obtained in Adebiyi et al. (2020) and used simulations from six different models
that provide seasonally averaged atmospheric dust PSD (see Supplement).

4 Evaluation of super coarse dust emission parameterization against in situ
measurements using CESM simulations

We first evaluate the simulations against in situ aircraft measurements taken
close to dust source regions, which shows a significant improvement of the new
emitted dust PSD parameterization in reproducing the super coarse atmospheric
dust over dust source regions (Section 4.1). Subsequently, we evaluate the simu-
lated dust PSD against measurements taken in dust outflow regions, finding that
CESM still underestimates long-range transported super coarse atmospheric
dust (Section 4.2).

4.1 Comparison against measurements near dust source regions

Measurements of the atmospheric dust size distribution over dust source re-
gions are well suited to evaluate the accuracy of the super coarse dust PSD
parameterization because these measurements are minimally affected by dust
transport and deposition, which models struggle to simulate accurately (Ade-
biyi & Kok, 2020; Di Biagio et al., 2020). We thus compare the atmospheric
dust PSD from the simulations with the BFT-original and BFT-coarse emitted
dust PSDs against in situ measurements of the PSD of freshly uplifted dust
in western North Africa from the FENNEC 2011 campaign (Figure 1b). As
expected, the simulated freshly uplifted atmospheric dust PSD is highly simi-
lar to the parameterized emitted dust PSD. We find that the simulation with
the new BFT-coarse dust emission PSD parameterization reproduces the mea-
surements of the PSD of freshly lifted atmospheric dust over the dust source



region, notably including the super coarse dust size range. In contrast, both the
model ensemble and the CESM simulation with the BFT-original parameteri-
zation substantially underestimate the abundance of super coarse atmospheric
dust. This result indicates that the new dust emission PSD parameterization
can reasonably represent the emission of super coarse dust.

Next, we evaluate the model performance with BFT-coarse against aged atmo-
spheric dust PSD measurements taken close to dust source regions. These mea-
surements sampled atmospheric dust that was not locally emitted but rather was
aged and transported from nearby dust source regions (Ryder et al., 2015). Fig-
ure 2 shows the atmospheric dust PSD simulated using both the BFT-original
and the BFT-coarse emitted dust PSDs, as well as the PSD from the model
ensemble. We find that the simulation with the new BFT-coarse parameteri-
zation is consistent with measurements of the PSD of aged dust close to the
surface (Figs. 2a & 2b), with super coarse dust with D > 20 m becoming some-
what underestimated with increasing altitude (Figs. 2c - d). In contrast, the
model ensemble and the simulation with the BFT-original emitted dust PSD
substantially underestimates super coarse dust at all altitudes.
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Figure 2. Comparison between simulations and measurements of the
PSD of aged dust near source regions. Shown are CESM simulations
using both the upgraded BFT-coarse (blue line with triangle markers) and the
original BFT-original dust emission PSD (black line with asterisk markers), as
well as the seasonally averaged dust PSD (grey line with square markers) from
an ensemble of model simulations (Adebiyi et al., 2020). The blue dash-dotted
line denotes the parameterization of emitted dust developed in this study (BFT-
coarse). Atmospheric dust PSD measurements (magenta open circles) are from
FENNEC 2011 flights that measured aged dust events, including aged dust
from a cold pool near the Atlas mountains (flights B605 and B606) and from
Mauritania (flights B609, B611-613) (Ryder et al., 2015). Locations of the
measurements are shown in Figure S2. All curves are normalized to yield unity
when integrated over the 0.1-20 m diameter range.

4.2 Underestimation of super coarse atmospheric dust over dust outflow regions

To examine whether our new parameterization enables models to also effectively
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represent super coarse dust further away from dust source regions, we compare
the simulated atmospheric dust PSD against measurements taken in dust out-
flow regions. We find that, despite the significant improvement produced by
BFT-coarse in representing super coarse dust near dust source regions (Fig-
ure 1b & 2), our CESM simulation with BFT-coarse still underestimates super
coarse dust in dust outflow regions, such as the eastern Atlantic Ocean and the
Caribbean region (Figure 3). Moreover, the magnitude of the underestimation
becomes larger as the distance of the measurement location from dust source
regions increases. For example, the underestimation of super coarse dust with D
> 20 pm over Barbados (Figure 3f) is substantially larger than that over Cape
Verde (Figure 3e). This suggests that the underestimation is due to errors in
the model’s dust deposition processes or vertical numerical diffusion during dust
transport.

In order to quantify model errors due to the underestimation of the super coarse
dust lifetime, we test whether a decreased dust aerosol density yields a more
realistic abundance of super coarse dust further from source regions. Indeed,
our sensitivity simulations using smaller dust aerosol densities show greatly im-
proved agreement with observations over the desert outflow regions (Fig. 3). Op-
timal agreement is produced with simulations using 125 kg/m3 and 250 kg/m3,
for which the lifetime of super coarse dust is increased by over an order of mag-
nitude (Fig. S6). This suggests that the equivalent effect of possible errors in
dust deposition processes during dust transport is to underestimate the lifetime
of super coarse dust by an order of magnitude. Although it would be preferable
to address the model errors that cause the underestimation of super coarse dust
lifetime, our results suggest that decreasing the modeled dust aerosol density
by 10 to 20 times its physical value of ~2500 kg/m3 could be useful in more
accurately simulating the long-range transport of super coarse dust.
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Figure 3. Comparison between simulations and measurements of the
dust PSD in dust outflow regions. Simulated atmospheric dust PSDs in-
clude a simulation using the default dust aerosol density (2500 kg m™, blue line
with triangle markers) and four simulations using smaller dust aerosol densities
(1000 kg m™3, dark brown line; 500 kg m3, brown line; 250 kg m3, orange line;
125 kg m™3, light yellow line); all simulations use the BFT-coarse emitted dust
PSD. The gray line is the seasonally averaged dust PSD from an ensemble of
model simulations (Adebiyi et al., 2020). Measurements (magenta open circles)
include the dust PSD over the Canary Islands (~28°N, 16°W ) at two altitudes
(2500m and 4000m) (Ryder, Highwood, Lai, et al., 2013), over southern Portugal
(~38°N, 8°W ) at two altitudes (2300m and 3245m) (Wagner et al., 2009), and
at Cape Verde (~15°N, 23°W ) and Barbados (~12°N, 60°W ) (Weinzierl et al.,
2017). Locations of the measurements are shown in Figure S2. All curves are
normalized to yield unity when integrated over the 0.1-20 m diameter range.

5 Discussion and Perspectives

We have presented a new parameterization for the emitted dust PSD that ac-
counts for the emission of super coarse dust (Figure la). Our evaluation of
this new parameterization using CESM has shown that it can reproduce the

12



abundance of super coarse dust close to dust source regions (Figures 1b & 2).
However, we also find that CESM still greatly underestimates super coarse dust
far from source regions (Figure 3).

These findings imply that errors in model processes besides emission, most likely
in dust deposition and numerical diffusion, contribute to the underestimation
of super coarse dust in models, as previously hypothesized (van der Does et
al., 2018; Adebiyi and Kok, 2020). Such possible model errors include, first, an
overestimation of the gravitational setting speed of (super) coarse dust. This
could be because vertical electric fields generated by charged dust particles in
the atmosphere might generate electric forces that counter gravitational settling
(Renard et al., 2018; Ulanowski et al., 2007), or because turbulence in dusty air
layers counteracts gravitational settling (Gasteiger et al., 2017). Second, the
vertical transport of (super) coarse dust might be underestimated. In partic-
ular; a recent study has shown that topography greatly enhances the upward
vertical transport of super coarse dust in the boundary layer (Heisel et al., 2021).
This effect is not fully accounted for in most models and could help explain the
remaining slight underestimation of super coarse dust near source regions (Fig.
1b and 2). Additionally, the current available meteorological wind field that
drives the model might not capture convection events that lift super coarse dust
higher into the boundary layer (Cowie et al., 2015; Roberts et al., 2017). Third,
although the Piecewise Parabolic Method transport scheme used in CAM4 pro-
duces relatively little numerical diffusion (Neale et al., 2010), it is nonetheless
possible that numerical diffusion in CAM4 causes an overestimate of dust depo-
sition (Ginoux, 2003; Rastigejev et al., 2010). Therefore, improvements in dry
deposition schemes, meteorological input fields, and advective transport schemes
might be needed to correctly simulate the long-range transport of (super) coarse
dust. However, until that is achieved, our findings indicate that reducing the
dust aerosol density in the model by 10 to 20 times can serve as a proxy for
these missing or erroneously parameterized processes.

This work has a few limitations. First, the emission of super coarse dust depends
on the size distribution of soil aggregates, which is uncertain (e.g., Shao, 2011;
Klose et al., 2017). Second, the derived updated emitted dust PSD inherently
assumes that fragmentation of soil aggregates dominates the dust emission pro-
cess (Kok, 2011a). As such, we do not account for the effect of other emission
processes, such as removal of clay coatings, aerodynamic entrainment, and di-
rect emission of soil particles, all of which might dominate for certain soils and
environmental conditions (Huang et al., 2019; Klose & Shao, 2012). Moreover,
we do not account for a possible dependence of the emitted dust PSD on wind
speed (Kok, 2011b; Shao et al., 2020).

6 Conclusions

We have extended the brittle fragmentation theory for the emitted dust parti-
cle size distribution in order to account for the emission of super coarse dust.
This new parameterization could improve current global aerosol models, which
generally neglect or greatly underestimate super coarse dust (Adebiyi and Kok,
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2020). We find that our parameterization reproduces the abundance of super
coarse dust close to dust source regions. However, the model still substantially
underestimates super coarse dust in dust outflow regions, presumably due to
errors in numerical diffusion or missing processes during dust transport and de-
position. We find that the net effect of these model errors and missing processes
is to underestimate the super coarse dust lifetime by an order of magnitude,
which is equivalent to decreasing the effective dust aerosol density in our model
(CESM) to an order of magnitude less than its physical value of ~2,500 kg/m?3.
Therefore, the underestimation of super coarse atmospheric dust by models is in
part due to the underestimation of the emission of super coarse dust, which can
be resolved by implementing the parameterization presented here, and in part
due to errors in deposition processes, which requires further work to resolve but
can be ameliorated by articially reducing the dust density.
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Text S1. Description of the dry aggregate soil size distributions collected from

past studies
We searched the literature for studies that obtained undisturbed soil PSDs following two main

criteria. First, we only used studies that were conducted in desert dust source regions (mostly
arid and some semi-arid regions). Other studies conducted over non-arid regions, such as
rainforests and wetlands, have soil PSDs that differ substantially from those of desert soils since
moisture and other organics will adhere soil particles into larger aggregates compared with
desertic soils (Leung et al., 2020). The differences between arid and non-arid soil PSDs are
plotted and discussed in Leung et al. (2020). Here, we define dust emission regions following
Hurrell et al. (2013) and Kok, Albani, et al. (2014), that the leaf area index (LAI) must be smaller
than or equal to a threshold value LAl;y,. We set LAl,;,,, = 1 for our study. The second
criterion is that we only select soil PSDs sampled by dry sedimentation techniques (also called
dry sieving). Studies usually determine the soil texture of the soil samples by the wet
sedimentation technique (or called wet sieving), which involves water or other solutions to
break down soil aggregates into disaggregated particles (Chatenet et al., 1996). In contrast, dry
sieving causes a minimal disruption to soil aggregates and the resulting soil PSD is thus more
representative of the in-situ, aggregated soil PSD (Chatenet et al., 1996; Klose et al., 2017).
Using these two criteria, we selected eight studies with a total of 26 soil PSDs from dust source
regions that were dry-sieved (see Table S1). The first six studies in Table S1 (Liu et al., 1998;
Chandler et al., 2004; Mei et al., 2004; Su et al., 2007; Li et al., 2014; Swet & Katra, 2016)
provided the used sieve mesh sizes and the percentages of soil particles that passed through
the different sieves, which are listed in Table S1. Some studies used sieve meshes larger than
2000 pum, but here we only account for soil PSDs smaller than 2000 um as even larger
aggregates are likely too large to get fragmented by an impacting saltating particle. Thus, the
percentages of the different soil particle sizes listed in Table S1 might not add up to 100%. In
addition, the last two papers (Shao et al., 2011; Klose et al., 2017) did not provide mesh sizes
and instead provided cumulative PSD plots, from which we extracted the particle size at 10%
intervals from their plots. These data are also included in the fourth and fifth columns.

For each soil PSD in our compilation (Table S1), we obtained the median D4, (in um) and
geometric standard deviation (GSD) a4, of the soil aggregate PSDs. Although we can directly
use the bin sizes and percentages (Figure S4a) to estimate the median, it will resultina D4
that has the same value as the median bin size, as all soil particles within a bin are assumed to
have the same size as the discrete bin size itself. To increase the precision of the median
diameter to 1 um, we first divide the percentages by their corresponding bin width to get the
PSD (which transforms Figure S4a to Figure S4b), and then divide the bins into a total of 2000
bins with a width of 1 um, from 0 um to 2000 um (Fig. S4c). We can then identify the 1 um wide

bin that corresponds to the 50" percentile of the PSD to be the median diameter D Here

agg:



we assume the percentages to be constants within each bin, as we do not have any additional
information about the sub-bin variability of the percentages from the studies. Figure S4 shows
an example of a PSD from Li et al. (2014) over the Tarim Basin for arid soil. Figure S4a shows the
percentages of soil particles passing through each sieve opening as a bar plot, which
characterizes the probabilities of soil particles residing in each bin. Figure. S4b shows our
resulting PSD as dV /dInD vs D using the given percentages in Figure S4a, in which the sum of
the PSD area across each bin interval will be equal to the percentage of the bin in Figure S4a.
We then obtain the median and the GSD of the PSDs, which are listed in Table S1.

We investigated whether the variability of D; and g, across different datasets can be explained
by other soil properties, such as soil organic carbon content, pH value, and calcite content, but
all these variables display an insignificant correlation with D4, and g, 4, with p-value > 0.1
(Figure 3ain Leung et al., 2020). Here, for simplicity, we take the mean of all data, yielding
Dygg = 127 £ 47 ym and 0,45, = 2.95 + 1.01 um as the input for Eq. 4 in the main text.



Text S2. Description of the atmospheric dust size distribution measurements

and corrections

$2.1 Measurements from aircraft campaigns

In order to evaluate the accuracy of BFT-Coarse, we collect atmospheric dust particle size
distribution (PSD) measurements from several aircraft campaigns, including the FENNEC project
in 2011, the Saharan Aerosol Long-Range Transport and Aerosol—Cloud-Interaction Experiment
(SALTRACE) in 2013, and the Desert Aerosols over Portugal (DARPO) in 2006. The geographic
locations of measurements used here from those campaigns are shown in Figure S2.

S$2.1.1 FENNEC 2011

The Fennec 2011 aircraft campaign measured dust PSDs in western North Africa during June
2011. A suite of instruments were used to measure the atmospheric dust PSD (see table 3 in
Ryder, Highwood, Rosenberg, et al. (2013)) on the FAAM Bael46 atmospheric research aircraft,
including a wing-mounted Passive Cavity Aerosol Spectrometer Probe 100X (PCASP), a Cloud
Droplet Probe (CDP), and a Cloud Imaging Probe (CIP15). The PCASP measurements covered a
nominal diameter range of 0.1 — 3.0 um and were taken at a wavelength of 632.8 nm and with a
scattering angle from 35 to 145 degrees. The CDP measurements covered a nominal diameter
range of 3 - 50 um and were taken at a wavelength of 658 nm and with a scattering angle from
4-12 degrees. Both PCASP and CDP are optical particle counters (OPCs), and OPCs are by default
calibrated against the polystyrene latex spheres (PSLs, m=1.59-0i) (ISO, 2009). Thus, the
measurements from PCASP and CDP were in terms of the optical diameter of PSLs and were
converted to geometric diameter of spherical dust aerosols with a refractive index (m=1.53-
0.001i, Ryder, Highwood, Rosenberg, et al., 2013). We used measurements from PCASP and
CDP in this study. Details of the calibration and correction performed on each instrument can
be found in Rosenberg et al. (2012) and Ryder, Highwood, Rosenberg, et al. (2013).

We used the dust PSD measurements per flight for the 11 flights shown in Table S2. We focused
on the comparison with the horizontal ‘runs’ in the different event categories described in
Ryder, Highwood, Rosenberg, et al., (2013) and Ryder et al. (2015), including freshly uplift over
Northern Mali (flights b600, b601 and b602) and Mauritania (b610), aged dust from a cold pool
near the Atlas mountains (flights b605 and b606), and aged dust over Mauritania (flights b609,
b611, b612 and b613). Flights b600, b601 and b602 on June 17-18 were designed to investigate
very strong low-level winds over northern Mali, during which some of the largest particles were
measured. Flights b605 and b606 on June 21 aimed to sample aged dust that was emitted by a
convective system over the Atlas Mountains on the preceding day and propagated southwards
over Mauritania. Flight b610 on June 24 sampled dust that was freshly uplifted by the low-level
jet over eastern Mauritania. Flights b609, b611, b612 and b613 between June 24 and June 26
sampled aged dust over Mauritania under clear sky and low dust loading conditions. The



detailed description of each flight can be found in Ryder et al. (2015). In our study, we
combined measurements from the flights that sampled freshly uplifted dust (b600, b601, b602
and b610) and computed a mean PSD to represent freshly emitted dust. We also combined
measurements from flights b605 and b606 to represent aged dust from cold pool Atlas and we
combined measurements from flights b609, b611, b612 and b613 to represent aged dust over
Mauritania. We used the pressure height as the altitude variable for these aircraft data. We
averaged the PSD measurements from flights that were grouped in the same category, and
then we normalized this PSD over the 0.1-20 um diameter range (see main text).

We also used dust PSD measurements over the Canary Islands (Ryder, Highwood, Lai, et al.,
2013) measured during the FENNEC campaign. The instruments used for these measurements
were the same as described previously. The dataset used here consists of 21 vertical profiles of
PSD measurements gridded to a 50 m vertical grid resolution. We used data at the altitudes of
2000 m and 4000 m above sea level (ASL) to represent the dust PSD transported in the Saharan
Air Layer (SAL).

$2.1.2 SALTRACE
SALTRACE (http://www.pa.op.dlr.de/saltrace/) was conducted between spring 2013 and
summer 2014 across the Atlantic Ocean into the Caribbean. Atmospheric PSD measurements

were made on board the German Aerospace Center (DLR) research aircraft Falcon equipped
with a suite of in situ instruments, including a Passive Cavity Aerosol Spectrometer Probe
(PCASP-100X), a Forward Scattering Spectrometer Probe (FSSP-100), and a Cloud and Aerosol
Spectrometer with Depolarization (CAS-DPOL). The details about the instruments can be found
in the supplemental material of Weinzierl et al. (2017).

We extracted the dust PSD observations from Figure 9 of Weinzierl et al. (2017) for Cabo Verde
on 17 June 2013 and for Barbados on 22 June 2013. The measurement for Cabo Verde was taken
at the altitude of 2.6 km and the measurement for Barbados was taken at the altitude of 2.3 km.

S$2.1.3 DARPO

The Desert Aerosols over Portugal (DARPO) project measured the dust PSD over southern
Portugal in May/June 2006. We extracted the dust PSD from Figure 9 of Wagner et al. (2009).
Those measurements were taken by the aircraft Falcon flying several legs over Evora at two
different altitudes on 27 May 2006. The aircraft was equipped with various particle in situ
measuring instruments that covered the aerosol size distribution between 4 nm and 100um.
Details about instrumentation can be found in Weinzierl et al. (2009).

S$2.2 Corrections for the PSD measurements


http://www.pa.op.dlr.de/saltrace/

As described in the previous section, most of the aircraft PSD measurements are from optical
particle counters (OPCs), which are the most widely used sensors to measure the size
distributions of dust aerosols in field campaigns (Rosenberg et al., 2012). OPCs determine the
size of individual sampled particles based on the scattering light intensity. Manufacturers in
general calibrate the relationship between the particle size and the scattering light intensity
against polystyrene latex spheres (PSLs) following the international standard 1ISO 21501-1:2009
(1SO, 2009). This default relationship is problematic for sampled particles that are not PSLs, such
as dust aerosols. Since dust aerosols have different particle shapes and refractive indices, and
therefore different scattering intensities relative to PSLs, the OPCs need to be calibrated to
account for the differences in shape and refractive index between dust aerosols and PSLs.

$2.2.1 Six key steps in bin correction during the instrument’s calibration
Huang et al. (2021) used six key steps to calibrate OPCs such that they can accurately determine
dust size distributions.

1. Lorenz-Mie theory is used to calculate the scattering cross sections as functions of
diameter (D,;) and wavelength (1) for spherical PSLs (with a well-calibrated refractive
index of 1.59 — 0i; 1SO, 2009), Cscq(Dpsi, 1);

2. Lorenz-Mie theory is used to calculate the scattering cross sections as functions of
diameter (D), wavelength (1), and refractive index (m = n — ki) for spherical dust
aerosols, Cscq(Dspn, 4,0, k);

3. the extensive single-scattering database (Meng et al., 2010; Huang et al., 2021) is used
to calculate the scattering cross sections as functions of volume-equivalent diameter
(Dgsp), wavelength (1), and refractive index (m = n — ki) for ellipsoidal dust aerosols,
Csca (Dasp: Amn, k),'

4. determining the wavelength- and the dust refractive index-resolved relationship
between the diameter of PSLs (D,,), the diameter of spherical dust (D), and the
volume-equivalent of ellipsoidal dust (D) that would generate the same scattering
cross section;

5. (a). correcting the dust number size distribution in terms of diameter of PSLs to the

. e . ) dNj

number size distribution in terms of diameter of spherical dust as ———— =

dln(Dsph,i)
dnN; n(Dpsliup)=1n(Dpslidn)

dln(Dpsl,i) ln(Dsph,i,up)_ln(Dsph,i,dn)'

respectively the upper and lower boundaries of the i*" bin;

where i is the i*® size bin and D_;upand D_q4, are

(b). correcting the dust number size distribution in terms of diameter of PSLs to in terms
dNj _ dNj
din(Daspi)  din(Dpsi)

of volume-equivalent diameter of ellipsoidal dust as



n(Dpsliup)=1n(Dpsl,idn)
ln(Daph,i.up)_ln(Daph,i,dn)'

the upper and lower boundaries of the i™ bin;

where i is the i*® size bin and D_;up and D_; 4, are respectively

6. Using a polynomial regression on the obtained number size distributions (from step 5a
or 5b) to remove and smooth unrealistic wiggles.

In the six steps above, steps 1 and 2 correct OPC size bins accounting for only the difference in
the refractive index between PSLs and dust aerosols, steps 2 and 3 correct OPC size bins
accounting for only the difference in the particle shape between spherical and ellipsoidal dust,
and steps 1, 2, and 3 correct OPC size bins accounting for the differences in both the refractive
index and the particle shape.

$2.2.2 Correction for PSD measurements in this study considering dust asphericity

The PSD measurements bins from FENNEC 2011 campaign (Ryder, Highwood, Rosenberg, et al.,
2013; Ryder, Highwood, Lai, et al., 2013) have been corrected using realistic dust optical
properties (m=1.53-0.001i) following Rosenberg et al. (2012), which went through the steps 1,
2, and 5a as described in section S2.2.1. Although Rosenberg et al. (2012) did not account for
the effect of dust asphericity in their bin correction process, they rigorously accounted for the
uncertainty due to the wiggle pattern of the Lorenz-Mie theory. Specifically, instead of
calculating the one-to-one relationship between D, and Cs., at a high diameter resolution
(e.g., 3000 diameters logarithmically in between 0.1 and 50 um) (as in Huang et al., 2021), they
calculated the probability function of the scattering cross section, f(Cs.,), for a given size bin
of PSLs within a small diameter interval Dy,5; + AD,,;. Similarly, they calculated the probability
function of the scattering cross section, f(Cs.,), for a given size bin of spherical dust within a
small diameter interval Dgy,;, = ADg,,. They then linked the diameter of PSLs (D,,5;) and the
diameter of spherical dust (D), ) that would generate a similar probability function of the
scattering cross section. As such, Rosenberg et al. (2012) propagated the uncertainty in the
scattering cross section due to the wiggle pattern of the Lorenz-Mie theory into the corrected
size bins.

We accounted for the differences in both the refractive index and the particle shape in the bin
correction, namely by combining steps 1 and 2 as in Rosenberg et al. (2012) and step 3 as in
Huang et al. (2021). Since the flight specific measurements from FENNEC 2011 already
corrected for dust refractive index, we correct those data only for dust asphericity following
Huang et al. (2021). This is feasible because the scattering cross section calculated by the
extensive single-scattering database of ellipsoidal dust (Meng et al., 2010) increases
monotonically with the volume-equivalent diameter (see Figs. S2b and S3b of Huang et al.
(2021). This smooth pattern (without wiggles as in the Lorenz-Mie results) occurs because we
integrated the shape-resolved single-scattering properties of ellipsoidal dust against the



globally representative shape distributions of dust aerosols (Huang et al., 2021). By combining
steps 1 and 2 as in Rosenberg et al. (2012) and step 3 as in Huang et al. (2021), we accounted

for the differences in both the refractive index and the particle shape in the bin correction, as
well as the uncertainty due to the non-monotonic nature of Lorenz-Mie theory.

Figure S5 shows that the correction for dust asphericity shifts the FENNEC PSD measurements
shifted towards finer particles bins and smaller volume size distribution. These results are
consistent with the findings in Huang et al. (2021).

Although we converted FENNEC campaign PSD measurements in terms of optical diameter to
geometric diameter following Huang et al. (2021), we were unable to convert the
measurements from other flight campaigns (Wagner et al., 2009; Weinzierl et al., 2017)
because the required optical parameter information for the measurement instruments was not
conveniently available.



Text S3. Description of CESM, simulations and model ensemble used in this

study

$3.1 CESM model description

The Community Earth System Model (CESM) is a fully coupled, global climate model with
atmosphere, land, ocean, and sea ice components that can be used to simulate past, present
and future climate. This study uses CESM version 1.2.2.1 (Hurrell et al., 2013) with the
Community Atmosphere Model version 4.0 (CAM4) (Neale et al., 2010) as the atmosphere
component and the Community Land Model version 4.0 (CLM4) (Lawrence et al., 2011) as the
land component. This version of the model uses the bin approach and is not able to calculate
aerosol-cloud interactions. The dust emission module in CLM4, which calculates the vertical
dust emission flux, is a physically based dust emission parameterization derived in Kok,
Mahowald, et al. (2014). This vertical dust emission flux is passed to CAM4 to calculate the
three-dimensional transport and deposition of dust.

In this study, we ran CAM4 driven by the meteorological fields of the Modern-Era Retrospective
Analysis for Research and Applications, version 2 (MERRA-2), which is an atmospheric reanalysis
of the modern satellite era produced by NASA’s Global Modeling and Assimilation Office
(GMAO) (Gelaro et al., 2017). CAM4 simulated dry and wet dust deposition. Dust dry deposition
includes gravitational settling and turbulent deposition processes (Zender et al., 2003). The
default dust grain density is set to 2,500 kg m™3. Dust wet deposition consists of scavenging
from both convective and large scale precipitation simulated in CAM4 (Mahowald et al., 2006;
Neale et al., 2010). Both dry and wet deposition parameterization for dust are size-dependent.

The dust size distribution in CAM4 is implemented in a Bulk Aerosol Model (BAM)
parameterization (Neale et al., 2010). By default, CAM4 BAM partitions dust emission fluxes
into four size bins, with bin 1 (0.1-1.0 um), bin 2 (1.0 — 2.5 um), bin 3 (2.5 -5.0 um) and bin 4
(5.0-10.0 um) in diameters (Mahowald et al., 2006). The fraction distributed into each bin
follows the brittle fragmentation theory (BFT) dust size distribution parameterization derived in
Kok (2011) (hereafter BFT-original). In this study, we extend the size range of the dust size
distribution in CAM4 BAM by adding four extra bins, which are bin 5 (10.0 — 14.0 um), bin 6
(14.0—-20.0 um), bin 7 (20.0 — 28.0 um) and bin 8 (28.0 — 40.0 um) in diameters, to represent
super coarse dust (D > 10 pum). The dust mass fraction distributed into each bin follows the
coarse dust size distribution derived in section 2 in this study (hereafter BFT-coarse). The mass
fractions for the eight bins in this study are 1.1%, 6.8%, 12.3%, 19.8%, 12.5%, 15.2%, 15.6% and
16.7%, respectively. We also provided a supplemental file containing the dust mass fractions for
dust bins with bin interval of 0.1 um covering 0.1 pum to 40 um size range, so that future
research can easily obtain mass fractions for their particular bin boundaries.



$3.2 Simulations in this study

We conducted several simulations using the model described above using a horizontal
resolution of 1.9°x2.5° with 56 vertical levels in the years that available observations were
taken (i.e., 2006 - 2015). The first simulation uses the original BFT-original dust size distribution
parameterization, while the second simulation uses the new BFT-coarse dust size distribution
parameterization. We also perform separate simulations with BFT-original and BFT-coarse to
compare against measurements of freshly lifted dust. These simulations include dust emissions
only in the grid box from which the sampled dust originated according to several methods
applied to determine dust sources (Ryder et al., 2015). The objective of these simulations is to
evaluate whether BFT-coarse can adequately represent the super coarse dust contribution to
freshly lifted dust, which is most representative of emitted dust (Figure S3). For model
comparisons against measurements of freshly lifted dust events, we included dust emission
only from the grid box from which the sampled dust was emitted, as determined from
backwards trajectory analyses (Ryder et al., 2015). For model comparisons against other
measurements, including aged dust and long range transported dust, we included dust
emission for all grid boxes in the model. We averaged our model simulation during the daytime
(10:00 -18:00 local time) for the days for which measurements were made. We also tested
averaging our model simulation over different temporal resolutions, for example the entire day,
the entire month, and the entire season in which the measurement was taken, and found that
the timescale mismatch between simulation and measurement has only a limited effect (Figure
S3).

We also conduct a set of sensitivity simulations with the new BFT- Coarse dust size distribution
parameterization using a series of smaller dust aerosol densities, namely 125, 250, 500, and
1000 kg m3. The objective of these simulations is to identify the factor by which dust density
needs to be reduced to counteract the underestimation of super coarse dust lifetime in
simulations of long-range transported super coarse dust.

The model ensemble was obtained in Adebiyi et al. (2020) and includes simulations using the
following models: the Goddard Institute for Space Studies (GISS) ModelE, the Weather
Research and Forecasting model coupled with Chemistry (WRF-Chem), the Community Earth
System Model (CESM), the Goddard Earth Observing System coupled with Chemistry (GEOS-
Chem), the ARPEGE-Climate model, and the Integrated Massively Parallel Atmospheric
Chemical Transport (IMPACT). The model ensemble provides seasonally averaged atmospheric
dust PSD. This is a longer temporal resolution than used for our CESM simulations, but we
found that this timescale mismatch has a relatively small impact on our results (Figure S3).



Since the dust volume size distribution increases strongly in the first model bin (diameter 0.1—
1.0 um), we split it for our CESM model simulations and model ensemble into two sub-bins, one
with diameter range 0.2 - 0.5 and the other with diameter range 0.5-1 um. We do so by
partitioning the total dust mass in the first bin of our CESM model simulations and model
ensemble based on the mass fraction each sub-bin accounts for, which is calculated from the
corresponding emitted dust PSD. We used BFT-original for splitting the model ensemble
because most of its member models used the BFT-original as the emission PSD. We can do this
process offline because transport and deposition processes are treated as size-independent for
dust smaller than 1 um in most models, including CESM. This is also why some models transport
all fine dust with diameter < 1 um in one bin and only split it up into multiple sub-bins for
optical calculations (Zender et al., 2003).



Supplementary tables and figures

Table S1. Dry aggregate size distribution data collected from different studies for this paper.

STUDY Study Site name/ Sieve mesh sizes (um, % of soil mass Estimated Estimated
NAME region number / we only include sizes passing through median geometric
Land orsoil up to 2000 um) sieve (we include diameter standard
type data up to 2000 (um) deviation
um, so values do (GSD)
not add up to diameter
100 %)
CHANDLER Columbia No. 19 10,30,45,63,90,125 0.1,5.9,9,11, 63 3.19
ET AL. Plateau, 180,250,355,500, 4,3,2,2,2,3,
(2004) WA, USA 710,1000,1400,2000 3,3,2,2
No. 22 0.2,6.8,12,8, 88 3.18
11,4,4,2,5,4,
5,4,3,5
No. 26 0.2,7.8,15,16, 72 2.06
19,16,10,3,3,0,
1,0,0,0
LI ET AL. Tarim Desert 50,75,100,250,500, 4.18,27.24, 87 2.11
(2014) Basin, 840,2000 22.19,20.63,
Xinjiang, 3.81,2.15,3.14
China
Farmland 4.33,14.4,8.61, 120 2.78
13.6,4.23,5.93,
7.23
Forest 5.68,28.03, 74 2.67
10.13,6.22,2.39,
5.54,6.75
Shrubland 2.42,15.57, 93 2.67
13.29,6.26,2.82,
6.12,8.62
MEI ET AL. Northern Silt loam, 20,50,70,90,110, 6,5,4,8,6,10,36, 237 3.06
(2004) China Yadan 180,350,620,1000, 14,6,7
landform 1500
Gravelly 5,10,10,16,6,10, 109 3.06
sand, 17,7,6,6
Yinshan
Gravelly 5,8,7,11,5,9,27, 199 3.10
and sandy 10,6,8
loam,
Yinshan
Gravelly 5,5,4,11,6,10, 217 3.05
loam, 28,11,7,7
Yinshan
SWET AND Negev Long-term 63,125,250,500, 10.03,21.44, 138 3.02
KATRA Desert, natural 1000,2000 10.68,8.05,
(2016) Israel 6.23,8.63
Long-term 8.9,36.15,20.52, 124 2.54
grazing 8.97,6.45,6.93
LIU ET AL. Northern Gulang, 50,100,250,500, 42.77,32.54, 60 3.22
(1998) China Lanzhou 1000,2000 17.28,4.44,
2.01,0.46
Inner 16.35,20.23, 156 3.08
Mongolian 35.91,18.95,
Plateau 6.52,1.9




Tengger 7.63,13.52, 161 2.15
Desert 70.63,5.35,
1.72,0.85
SU ETAL. Hexi Ari-Sandic 250,500,1000, 65.2,6.4,5.1,3.7 155 2.94
(2007) Corridor, Primosol 2000
China
Ustic 80.9,6.3,5.4,3.5 149 291
Cambosol
Siltigi- 86.2,8.9,5.0,2.9 150 2.89
Otrthic
Anthrsol
Calci-Orthic 94.6,3.6,4.0,3.0 139 2.82
Aridosols
KLOSE ET Lordsburg, A (before 2,2.4,6,17,50, 10,10,10,10,10, 65 6.97
AL. (2017) NM, USA vacuuming)  90,140,190,240,420 10,10,10,10,10
B (before 2.6,7,30,85,110,130, 10,10,10,10,10, 113 5.09
vacuuming)  160,190,240,360 10,10,10,10,10
C (before 100,115,135,145,160, 10,10,10,10,10, 160 1.97
vacuuming)  175,180,200,220,300 10,10,10,10,10
E (before 50,90,110,120,130, 10,10,10,10,10, 130 2.27
vacuuming) 150,175,200,230,300 10,10,10,10,10
F (before 22,55,90,110,130,140, 10,10,10,10,10, 130 2.68
vacuuming)  150,170,205,250 10,10,10,10,10
SHAO ET AL. | Murray— Jade 15,25,40,60,88,150, 3.8,3.8,7.2,9.6, 119 2.45
(2011) Darling (Method A)  250,350,450,550,650 13.5,23.9,25,
River Basin, 9.6,2.4,0.96,0.16
Australia
ARITHMETIC 127147 2.95+1.01
MEAN OF
ALL DATA (+
INDICATE 1
SD)

Table S2. Information of each flight from FENNEC 2011 campaign used in this study (Ryder,
Highwood, Rosenberg, et al., (2013) and Ryder et al., (2015)).

Flight Number Date Time, UTC Category

b600 17 June 2011 10:00-11:15 Freshly uplift from Mali
b601 17 June 2011 17:15-18:15 Freshly uplift from Mali
b602 18 June 2011 10:15-11:30 Freshly uplift from Mali
b604 20 June 2011 15:15-15:45 Aged dust (Mauritania)
b605 21 June 2011 10:00-10:30 Aged dust (cold pool Atlas)
b606 21 June 2011 16:00 -18:00 Aged dust (cold pool Atlas)
b609 24 June 2011 13:30-14:40 Aged dust (Mauritania)
b610 25 June 2011 9:15 -10:45 Freshly uplift over Mauritania
b611 25 June 2011 16:30-10:30 Aged dust (Mauritania)
b612 26 June 2011 9:30-10:45 Aged dust (Mauritania)
b613 26 June 2011 15:45 -18:00 Aged dust (Mauritania)
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Figure S1. Comparison of measurements of the emitted dust size distribution with the brittle
fragmentation power law in the 1-10 um size range. Measurements of the emitted dust size
distribution were processed, normalized, and corrected to geometric diameter as detailed in
Kok (2011) and Huang et al. (2021). The dashed line denotes dN/dInD o D™2, which is the
power law observed in the scale-invariant fragmentation of brittle materials (Astrom, 2006;
Gilvarry and Bergstrom, 1961).
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Figure S2. Locations of atmospheric PSD measurements campaigns used in this study. Aircraft
campaigns conducted in or close to the dust source regions are denoted with pink triangles and
campaigns conducted in desert outflow regions are denoted with black triangles.
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Figure S3. Simulations showing the sensitivity of the simulated freshly uplifted atmospheric
dust PSD to whether dust emissions are included from all grid boxes or just the grid box
identified as the dust source and the simulated atmospheric PSD averaged at different
temporal resolutions. Shown are the simulated PSDs using BFT-coarse when averaged over daytime
hours only (10 - 18h local time) (blue line with triangle markers), the entire day (cyan line with diamond



markers), the entire month (light blue line with asterisk markers) and the entire season (grey line with
square markers). The magenta open circles denote the average PSD of freshly uplifted dust over Mali
and Maritania (~23.5°N, 7°W) during FENNEC campaign flights B600, B601, B602 and B610 at altitudes
below 1000 m. In (a), simulations are with BFT-coarse and emissions from all model grid-boxes. In (b),
simulations are with BFT-coarse but with emissions only at the grid-box where the freshly uplifted dust
observations (Flights B600, B601, B602 and B610) were taken, which was identified as the source of the
sampled dust. This figure indicates that the effect of the temporal scale over which model simulations of
the PSD are averaged is relatively small. All curves are normalized to yield unity when integrated over
the 0.1-20 um diameter range.
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Figure S4. An example of a soil particle size distribution (PSD) for an arid soil in the Tarim
Basin from Li et al. (2014). (a) The mass percentage of soil particles passing through different
sieve openings (x-axis) was obtained from Table 3 in Li et al. (2014) and documented in our
Table S1. (b) The soil PSD displayed as dV /dInD versus D, where V is soil volume and InD is the
natural logarithm of particle diameter D. The blue line indicates the median diameter D,
determined by dividing the percentages from (a) by their respective bin widths, dividing this
into sub-bins of width 1 um (panel c), and identifying the sub-bin at which the cumulative mass
fraction reaches 50%. The median diameter is D = 87 um for this case. Note that the area in
panels (b) and (c) sum up to 1.
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Figure S5. Effect of accounting for asphericity on FENNEC PSD measurements for FENNEC
flight-averaged PSD measurements (flights B600, B601, B602 and B610). The conversion for
dust shape was done following Huang et al. (2021). The magenta line is the converted data,
which including the correction for dust refractive index and dust shape. The grey line is the
unconverted data, which only including the correction for dust refractive index; the square
markers denote the measurements from the CDP instrument whereas the diamond markers
denote the measurements from the PCASP instrument.
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Figure S6. Simulated atmospheric dust lifetime. (a). Shown are size-resolved dust lifetime from
simulations using the default dust aerosol density (2500 kg m3, blue line with triangle markers)
and four sensitivity simulations using smaller dust aerosol densities (1000 kg m-3, dark brown
line; 500 kg m=3, brown line; 250 kg m3, orange line; 125 kg m3, light yellow line); all
simulations use the BFT-coarse emitted dust PSD. (b). The size-resolved dust lifetime changes
for simulations using lower dust aerosol densities compared with the simulation using the
default dust aerosol density. (c). Bulk global averaged dust lifetime from simulations using
different dust aerosol densities.
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