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Abstract Amodel for source‐limited dust emission is proposed. The model accounts for the evolution of the
supply of soil dust depleted by dust emission and enriched by the process of surface renewal, together with
several other new developments. The model is tested with a field dataset. The impact of source limitation to dust
emission is profound. Our tests show that by considering source limitation, the model predicted dust emission
can reduce by one order of magnitude in a real‐case simulation period of less than 20 days. We show that the
process of dust emission is much more complex and variable than considered in previous dust models. Our
findings have far‐reaching implications, for example, to the global dust emission estimates. Because source‐
limited dust emission has so far not been represented in global dust models, the model estimated dust emission is
only its potential and may be a substantial overestimate.

Plain Language Summary Airborne dust is important to climate change. Models exist to estimate
how much dust is emitted from the surface every year. But these models do not account for source limited dust
emission. This lack of capacity may cause serious errors in the estimated dust emission. Here, we develop a new
model to overcome this problem, which simulates the evolution of dust availability on the surface. We test our
model using observed data and found that the impact of source limited dust emission is very large. This is the
first source‐limited dust emission model we know. Our findings have far‐reaching implications to climate
research. We believe that existing global dust emission estimates may be too large.

1. Introduction
Are global dust emission estimates reliable? In recent decades, these estimates have been repeatedly revised from
500 to 3,000 (Shao et al., 2011) to 1,000–4,000 (Boucher et al., 2013) and to 5,000 Tg yr− 1 (Kok et al., 2021). A
serious deficit of the existing dust models is their incapacity in modeling source‐limited dust emission (SLDE)
(Webb et al., 2021). Two types SLDE exist. First, factors such as surface cover, soil moisture, surface crust etc.
limit dust emission by influencing wind erosion dynamics. In dust models, these factors are reflected in the
threshold friction velocity u∗t for wind erosion:

u∗t(d; θ,λ, s,c…) = u∗t0(d) fθ(θ) fλ(λ) fs(s) fc(c)… (1)

where d is particle size, θ soil moisture, λ surface roughness density, s soil salt content, and c surface crust; u∗t0 is
the threshold friction velocity for an idealized surface and fθ(θ) , fλ(λ) etc. are modification functions accounting
for the effects of soil moisture, surface roughness etc., respectively. Schemes for u∗t0(d) have been proposed
(Bagnold, 1941; Shao & Lu, 2000) and various modification functions, for example, by Fécan et al. (1999) for
fθ(θ) . While large uncertainties exist in modeling u∗t, for example, in quantifying the effect of surface crust, we
have conceptually considered the first type SLDE in dust models and know the challenges. Second, SLDE occurs
if the parent soil has a limited supply of dust for emission or is depleted of dust due to emission. Here, we study the
second type SLDE. Figure 1a depicts the evolution of soil particle size distributions (PSDs), one before and the
other after a dust event. In the latter case, because of dust emission, the topsoil is depleted of dust and becomes
sandier and the availability of dust for emission becomes limited. On the other hand, the topsoil can be enriched of
dust via surface renewal and weathering processes. Surface renewal is a process which replenishes the amount of
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surface dust by saltation mixing of soil particles (Zhang et al., 2016).
Weathering processes on various time scales can modify soil PSD and in-
crease the supply of dust for emission, for example, alluvial dust deposits in
river beds are important local dust sources and biogeochemical processes in
desert areas may influence the availability of dust for emission on climate
time scales.

The lack of capacity for modelling SLDE has serious implications to global
climate research and dust weather forecast. As global dust models only pre-
dict the potential dust emission under unlimited supply, the estimates of the
global dust emission are probably larger than that in reality, leading to errors
in the estimates of aerosol radiative forcing. For weather forecasts, this lack
may result in false alarms or wrong intensity estimates of dust storms.

As Figure 1a implies, to account for SLDE requires modelling the evolution
of soil PSD and needs to be based on schemes which can model size‐resolved
dust emission fluxes. Several such schemes exist (Klose et al., 2021; Kok
et al., 2014; LeGrand et al., 2019; Shao, 2004). Here, we present a new SLDE
model, carry out numerical experiments with it and discuss the implications of
SLDE.

2. Source‐Limited Dust Emission Model
2.1. Dynamic Evolution of Soil Particle Size Distribution

Consider a unit area of soil and suppose the depth of the erodible soil layer is
h. Then, the total mass of the erodible soil m is

m = ρsh (2)

where ρs is bulk soil density. Suppose the erodible soil has a PSD p(d) and the full particle‐size range is divided
into N bins, with bin i of width Δdi centered at di. Then, the erodible soil mass for bin i is

mi = m · Pi (3)

where Pi = p(di)Δdi is the mass fraction of bin i. The derivative of Equation 3 after time gives

d ln Pi

dt
= −

d ln m
dt

+
d ln mi

dt
(4)

Suppose the dust emission rate from bin i is Fi, and that, due to surface renewal, soil from deeper layers is mixed
into the erosion layer and Pi0 is the mass fraction for bin i of the renewed soil (Figure 1b). Then, we have

1
mi

dmi

dt
= −

Fi
mi
+
1
m

dm
dt

Pi0

Pi
(5)

From Equation 2, we have

1
m

dm
dt
=

1
ρsh

d ρsh
dt

−
∑Fi
m

(6)

The last term is the loss of total erodible soil mass due to dust emission, which we shall neglect. Substituting
Equations 5 and 6 into Equation 4 gives

d ln Pi

dt
= −

d ln h
dt

(1 −
Pi0

Pi
) −

Fi
mi

(7)

Figure 1. (a) Illustration of soil PSD evolution. Depicted are the soil PSDs
before a dust event (original), depleted of dust due to dust emission
(depleted) and enriched by surface renewal and weathering (enriched).
(b) Illustration of the processes related to SLDE. The depth of the erodible
soil layer h is assumed to be proportional to streamwise saltation flux Q. An
increase in Q leads to an increase of h to h + δh, mixing dust from a deep soil
layer, for which the mass fraction of dust bin i is Pi0, to the topsoil layer, for
which the mass fraction of dust bin i is Pi.
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A finite‐difference form of Equation 7 is

ln Pi(t + Δt) − ln Pi(t) = − [ln h(t + Δt) − ln h(t)] · (1 −
Pi0

Pi
) −

Fi
mi
Δt (8)

Equation 8 shows two mechanisms drive the evolution of Pi(t) . First, a net dust emission (Fi > 0) leads to a
reduction of Pi. Second, the surface renewal process, that is, an increase in hwith Pi0 ≠ Pi, leads to a change of Pi
and with Pi0 > Pi, a restoration of particles of size di for dust emission.

Like a creep layer (Wang et al., 2020), we assume h and Q are linearly related,

h = ahQ (9)

with ah being a coefficient. Using Equation 9, we rewrite Equation 8 as

ln Pi(t + Δt) − ln Pi(t) = − ϵr[ln Q(t + Δt) − ln Q(t)] · (1 −
Pi0

Pi
) −

Fi
mi
Δt (10)

where ϵr represents the degree of soil mixing in the erodible soil layer. For ϵr = 0, surface renewal has no impact,
while for ϵr = 1, its full impact on the PSD of the erodible soil layer. In Equation 10, ah does not explicitly appear
but is used to compute h + δh, which Pi0 is associated with.

Weathering modifies the soil PSD, which involves numerous environment factors, such as solar radiation,
temperature, rainfall, and other bio‐geochemical variables. A full weathering model is not our purpose, and a
simple representation of the weathering effect is to assume that

dmi

dt
= rimi + ci (11)

with ri being the weathering rate and ci a source term due to factors such as deposition, alluvial and freezing‐and‐
throwing processes. Equation 10 can now be written as

ln Pi(t + Δt) − ln Pi(t) = − ϵr[ln Q(t + Δt) − ln Q(t)] · (1 −
Pi0

Pi
) − (

Fi
mi
− ri −

ci
mi
)Δt (12)

Numerically, the term Pi0
Pi
is problematic if Pi is small. We thus solve Equation 12 in two steps. In step 1, we solve

for surface renewal

d ln Pi

dt
= − ϵr

d ln Q
dt

(1 −
Pi0

Pi
) (13)

which can be written as

dPi

dt
= − ϵr

d ln Q
dt

(Pi − Pi0) (14)

An interim Pi, denoted as P∗
i , is computed

P∗
i = Pi + ϵr (Pi0 − Pi) ln(

Q(t + Δt)
Q(t)

) (15)

In step 2, we solve for dust depletion/weathering

d ln Pi

dt
= − (

Fi
mi
− ri −

ci
mi
) (16)
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which gives

Pi(t + Δt) = P∗
i · exp[− (

Fi
mi
− ri −

ci
mi
)Δt] (17)

Equation 12 shows that equilibrium states of SLDE are possible. In short‐term, dust production by weathering can
be neglected and a quasi‐equilibrium is achieved if

Fi
mi
Δt = − ϵr[ln Q(t + Δt) − ln Q(t)/Q(t)] · (1 −

Pi0

Pi
)

This state is not steady, because Pi0 drops overtime to Pi and Fi drops to zero. In long‐term, Pi0 = Pi is expected
and an equilibrium is achieved with

Fi
mi
= ri +

ci
mi

implying that long‐term dust emission is constrained by weathering processes, as is probably the case in today's
climate.

2.2. Model for Saltation and Dust Emission Fluxes

In addition to SLDE, the dust model includes two novel developments. One, the Shao (2004) scheme for saltation‐
bombardment and aggregates‐disintegration (SBAD) dust emission is combined with the Klose and Shao (2012)
scheme. The latter, originally designed for convective turbulence dust emission, is generalized for aerodynamic
dust emission. Two, the turbulent nature of saltation and dust emission is considered by treating both friction
velocity u∗ and threshold friction velocity u∗t as stochastic variables. The model is summarized in Figure S1 and
detailed in Supporting Information S1.

3. Example of Model Application
3.1. Idealized Experiment

An idealized test is done by assuming the atmospheric surface layer is neutral with u∗ = 0.4 m·s− 1, ρ = 1.23
kg·m− 3, θ = 0.0 m3·m− 3, and fraction of surface cover σ = 0.0. The surface renewal process is excluded. The
minimally and fully dispersed soil PSDs, pm(d) and pf (d) , are specified for loam sand. Figure 2a shows that the
simulated dust emission rate F decreases with time from about 20,000 μg·m− 2 s− 1 at the start to less than
5,000 μg·m− 2 s− 1 at the end of the simulation of about 20 days, while the streamwise saltation flux Q increases
with time and approaches an equilibrium at ∼34 g·m− 1 s− 1. The decrease in F is caused by the dust depletion due
to emission, and the increase in Q as the soil texture coarsens. Also plotted is F/Q, the saltation bombardment
efficiency, which decreases substantially with time as the soil becomes sandier.

An example for the evolutions of pm(d) and pf (d) , together with the sediment PSD ps(d) , is shown in Figure 2b.
After 2 days of continuous dust emission, the amount of dust both in pm(d) and pf (d) are depleted, which in turn
results in the reduced amount of dust in ps(d) and limits the dust emission rate as seen in Figure 2a.

3.2. Real Case Experiment

The data of the Japan‐Australian Dust Experiment (JADE) are used to drive the dust model and for comparison.
The JADE dataset, outlined in Supporting Information S2, has been used before (Alfaro et al., 2022). We carried
out four groups of experiments using the JADE data (Supporting Information S2). Exp0 is the reference run with
no SLDE, Exp1 is with SLDE but no surface renewal and Exp2 is as Exp1, but with surface renewal. Exp3, as
Exp2 but with weathering (not sown).

Figure 3 compares the dust fluxes Fexp0, Fexp1 and Fexp2 for Exp0, Exp1 and Exp2, respectively. Figure 3a shows
Fexp0 as reference and Figure 3b the relative differences, for example, ΔF/Fexp0 ≡ (Fexp0 − Fexp1)/Fexp0, for
Exp1 and Exp2. For all three runs, the predicted dust fluxes vary over many orders of magnitude but are
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Figure 2. (a) Streamwise saltation flux Q and dust emission rate F for the idealized experiment. (b) Evolution of minimally,
fully dispersed and sediment PSDs [in dust bin mass fraction pm(d)Δd, pf (d)Δd] and ps(d)Δd] at time zero and 2 days.

Figure 3. (a) For Exp0, simulated dust flux Fexp0 in μg·m− 2 s− 1 for the JADE period; (b) relative differences of Fexp1 and Fexp2
with respect to Fexp0.
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qualitative similar. The frequent occurrence of the weak dust fluxes is attributed to both weak SBAD and
aerodynamic dust emission. Figure 3b shows that the relative differences between Fexp0, Fexp1 and Fexp2 are
initially small as the soil PSDs for all three runs are similar. As time increases, the differences between them
increase due to the evolution of the soil PSDs. Between them, Fexp0 is the largest and Fexp1 the smallest, because
for Exp0, dust depletion is not accounted for, while for Exp1 the soil PSDs evolve, and soil dust is depleted by
dust emission. Fexp2 falls between Fexp0 and Fexp1 because the depleted soil dust is partially compensated by
surface renewal. Figure 3b shows, by the end of the simulation, Fexp1 is less than 0.2Fexp0, and Fexp2 less than
0.5Fexp0. For a longer simulation period, the differences between these fluxes will be even larger, because Fexp1
will approach zero when soil continues to be depleted of dust.

As Equation S13 in Supporting Information S1 describes, γ fraction of the SBAD dust emission originates from
the free dust, represented using the minimally dispersed PSD, and (1–γ) fraction from aggregated dust, repre-
sented using the fully dispersed PSD. Thus, the PSDs pm(d) , pf (d) and ps(d) all evolve with time. For Exp0,
pm(d) and pf (d) do not change with time. Figure 4 compares for Exp1 and Exp2 the averaged pm(d) and pf (d) on
JADE Day 72 with their initial specifications. With no surface renewal (Exp1), as seen in pm(d) , dust particles are
significantly depleted, but in pf (d) , a considerable amount of aggregated dust still exists. This is because
aggregated dust is emitted mainly under strong wind conditions. Figure 3c shows that u∗ during JADE was not
excessively large, mostly below 0.4 m·s− 1 apart from Day 71. Thus, the depletion of the aggregated dust occurs at
a much slower rate than that of the free dust. In comparison, as Exp2 shows, the surface renewal process can
compensate the depletion of dust by making dust from deeper soil layers available for emission.

A comparison between the modeled and observed dust emissions is made. In JADE, the emission rate for dust
particles smaller than 12 μm (PM12) was estimated from the dust concentration profile measurements, which we
denote as F12. As our model predicts size‐resolved dust fluxes, F12 can be calculated from the model output.
Figure 5 shows the comparison of F12 simulated in Exp0 and Exp1 and observed in JADE. The model reproduces
the observed dust emission to the correct order of magnitude (Figure 5a). For the initial phase (Figure 5b), F12
simulated in Exp0 and Exp1 are very similar and close to the JADE observations, except for the period 53.6–
54.2 days. In the end phase (Figure 5c), due to the evolution of the soil PSDs, F12 simulated in Exp0 and Exp1
differ significantly, with Exp0 predicting larger values and Exp1 smaller. Toward the end of the simulation, Exp1
provides a better agreement with the JADE data.

For quantitative comparison, we calculate the accumulative sand drift DJ, dust emission EJ and PM12 emission
E12J over the JADE period, defined respectively as

DJ = ∫

JADE

Q · dt;  EJ = ∫

JADE

F · dt;  EJ12 = ∫

JADE

F12 · dt

Figure 4. Initial minimally (black lines) and fully dispersed (red lines) soil PSDs and the simulated ones for JADE Day 72 for
Exp1 (SLDE with no surface renewal) and Exp2 (SLDE with surface renewal).
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These values are listed Table 1 together with the ratios EJ/DJ and EJ12/DJ. Again, the smallestDJ and largest EJ and
EJ12 are predicted for Exp0, while the largest DJ and smallest EJ and EJ12 are predicted for Exp1. EJ and EJ12 for
Exp1 are ∼70% and ∼85% of those for Exp0. This implies that, in the period of 20 days, the accumulative dust
emission is reduced by 30% and the accumulative PM12 emission is reduced by 15%. Over a longer period, the
reduction in dust emission will be even more pronounced as dust depletion continues by dust emission. The
increased sand drift and reduced dust emission for Exp1 with respect to Exp0 imply that the saltation
bombardment efficiencies EJ/DJ and EJ12/DJ are smaller for Exp1 than for Exp0. The values of DJ, EJ and EJ12 for
Exp2 fall between those for Exp0 and Exp1. For a short time periods (e.g., days), surface renewal process can
partially compensate the dust depletion by dust emission, but for long time periods (e.g., years), if the weathering
process for dust generation is neglected, as the deep soil layer is also depleted of dust, the effect of surface renewal
will be less important or even counterproductive. Suppose in Equation 9 ah = 0.5 s·kg− 1, then a Q = 10
g·m− 1 s− 1 corresponds to h = 5 mm. The parameter ah is not yet well known and varies in space and time, we
conducted a sensitivity test in Supporting Information S2 A smaller ah implies that a shallower soil layer can be
renewed, and dust emission is more strongly source limited and vice versa.

Figure 5. (a) Comparison of Exp1‐simulated with JADE‐observed PM12 emission rate F12; (b) As (a), with Exp0 added, but for the initial period of JADE, here set to
54.0–54.8 days; and (c) As (b), but for the final phase of JADE, here set to 72.0–72.8 days.

Table 1
Comparison of Exp0‐, Exp1‐ And Exp2‐Simulated Accumulative Sand Drift DJ, Dust Emission EJ and PM12 Dust Emission
EJ12 for the JADE Period

DJ (kg m
− 1) EJ (g m

− 2) EJ12 (g m
− 2) EJ/DJ (m

− 1) EJ12/DJ (m
− 1)

Exp0 309 278 67 0.00090 0.00022

Exp1 (Exp1/Exp0) 366 (1.18) 194 (0.70) 57 (0.85) 0.00053 0.00016

Exp2 (Exp2/Exp0) 350 (1.13) 224 (0.81) 60 (0.90) 0.00064 0.00017

Note. Also shown are bombardment efficiencies EJ/DJ and EJ12/DJ.

Geophysical Research Letters 10.1029/2024GL112562

SHAO ET AL. 7 of 9

 19448007, 2025, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
112562 by B

ibl. der U
niversitat zu K

oln, W
iley O

nline L
ibrary on [24/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4. Summary
We proposed a SLDE scheme by modeling the evolution of soil PSD, in which the three processes affecting soil
PSD were considered, including dust depletion by dust emission, surface renewal and weathering. Idealized and
real‐case model runs with reference to observed data were carried out. We found that the evolution of soil PSD
can strongly reduce the dust emission rate, depending on the length of the simulation period. Our findings have
far‐reaching implications to dust emission estimates. Because SLDE is so far not accounted for, global dust
models only predict the potential of dust emission and likely substantially overestimate the real dust emission. It is
common for global dust modeling to constrain the simulated atmospheric dust load using satellite data, but this
technique is insufficient to constrain the dust budget, that is, the atmospheric dust load can be forced to agree with
the satellite data for the wrong reason.

We demonstrated that the dynamics of dust emission is much more complicated than considered in previous dust
models, because the surface renewal process is related not only to saltation but also to the vertical structure of the
erodible soil layer. In short term, for a shallow erodible soil layer, dust for emission would be quickly depleted and
dust emission reduced to small values (e.g., Gobi surface), while for a deep erodible soil layer (e.g., farmland),
dust for emission could be enriched via the dust supply from deep soils and dust emission could stay for a
considerable period at the potential level. In long term, the evolution of soil horizon due to sediment transport can
have a marked effect on dust emission potential. Closer integration is thus required of dust, land‐surface and
ecosystem/carbon‐cycle modeling.

We classified SLDE into first and second type, studied here the latter but did not consider all other important
SLDE factors, for example, physical, chemical and biogenic soil crust. SLDE of all types need to be more
comprehensively studied. Specific to this work, three issues require future research. One is to obtain observations
to rigorously test the SLDEmodel; two is to critically examine the uncertainties in the existing (especially global)
dust models, caused by their incapabilities in dealing with SLDE; and three is to establish a PSD database which
SLDE modeling relies upon. Fortunately, thousands of soil samples are being collected worldwide and we are
hopeful that such a database will become available soon.

Data Availability Statement
The JADE data used for model test are available from Ishizuka et al. (2021).
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