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There is considerable interest to determine the threshold for aeolian dust emission on Earth and Mars.
Existing schemes for threshold friction velocity are all deterministic in nature, but observations show that
in the dust particle size range the threshold friction velocity scatters strongly due to stochastic inter-
particle cohesion. In the real world, there always exists a certain amount of free dust which can be easily
lifted from the surface by weak winds or even turbulence, as exemplified by dust devils. It has been pro-
posed in the dust-devil research community, that the pressure drop at dust-devil center may be a major
mechanism for dust-devil dust emission, known as the Dp effect. It is questioned here whether the Dp
effect is substantial or whether the elevated dust concentration in dust devils is due to free dust emission.
A simple analysis indicates that the Dp effect appears to be small and the dust in dust devils is probably
due to free dust emission and dust convergence. To estimate free dust emission, it is useful to define a
lower limit of dust-particle threshold friction velocity. A simple expression for this velocity is proposed
by making assumptions to the median and variance of inter-particle cohesive force. The simple expres-
sion is fitted to the data of the Arizona State University Vortex Generator. While considerable uncertainty
remains in the scheme, this note highlights the need for additional research on the stochastic nature of
dust emission.

� 2016 Published by Elsevier B.V.
1. Aeolian sediment entrainment

Aeolian transport is initiated if friction velocity, u⁄, exceeds
threshold friction velocity, u⁄t. By considering the balance of aero-
dynamic drag and gravity forces acting on a particle at rest,
Bagnold (1941) found that

u�t ¼ ABðRe�tÞ
ffiffiffiffiffiffiffiffiffiffiffi
rpgd

q
ð1Þ

where rp is particle-to-air density ratio, g is gravitational accelera-
tion, d is particle diameter and AB is a coefficient that depends on
particle friction Reynolds number, Re⁄t. Eq. (1) is valid for sand par-
ticles, but due to the neglect of inter-particle cohesion which
becomes important for smaller particles, it fails to predict the
observed increase of u⁄t with decreasing d. Greeley and Iversen
(1985) improved the Bagnold scheme by taking into account
inter-particle cohesion. Shao and Lu (2000) proposed a simpler
scheme by also considering the balance of aerodynamic, gravity
and inter-particle cohesive forces. In the latter scheme, the cohesive
force, Fi, is assumed to be proportional to particle size, i.e.

Fi ¼ bd ð2Þ

with b being an empirical coefficient of the order of 10�5 Nm�1. It
follows that

u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AN rpgdþ c

qd

� �s
ð3Þ

where AN is a dimensionless coefficient of about 0.0123 (in theory,
AN is a function of Re⁄t but fitting of Eq. (3) to data suggests that it is
almost a constant) and c a dimensional coefficient of the order of
10�4 kg s�2. The Greeley and Iversen (1985) and Shao and Lu
(2000) schemes are compared with observations in Fig. 1.

Fig. 1 shows that in the dust-size range, u⁄t scatters over a large
degree. Shao (2008) suggested that this is because inter-particle
cohesion depends on many factors that are random in nature,
and it is thus more appropriate to consider u⁄t as a stochastic
variable.
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Fig. 1. Threshold friction velocity, u⁄t (in ms�1), as function of particle size, d (in lm), derived from the schemes of Greeley and Iversen (1985) and Shao and Lu (2000) (with
c = 0.75 � 10�4 and 1.5 � 10�4 kg s�2) in comparison with the measurements of Bagnold (1937), Chepil (1945), Zingg (1953), Fletcher (1976a,b) and Iversen et al. (1976). Also
shown are the u⁄t estimates from the dust-devil experiments using the Arizona State University Vortex Generator (Greeley et al., 2003; Neakrase and Greeley, 2010). Eq. (9) is
represented by the thick dashed line (with c = 1.5 � 10�4 kg s�2, d0 = 100 lm and b = 0.33).
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2. Free dust emission

Three dust emission mechanisms have been identified, includ-
ing aerodynamic lift, saltation bombardment and aggregate disin-
tegration. In a typical wind erosion event, saltation develops first
because sand grains (d � 100 lm) have the smallest entrainment
threshold, and saltation becomes the dominant process for dust
generation. However, dust emission occurs also in the absence of
saltation by direct aerodynamic lift, although the emission rate is
usually much smaller (e.g., Shao et al., 1993; Loosmore and Hunt,
2000; Roney and White, 2004; Chkhetiani et al., 2012). Aerody-
namic lift of dust can even happen in weak mean winds due to tur-
bulence (Klose et al., 2014) because there always exists a fraction
of free dust, i.e., dust of weak cohesion (Macpherson et al., 2008;
Zhang et al., 2016). It is the emission of the free dust that is often
seen in small dust devils or in dust turbulent bursts. For the esti-
mation of free dust emission by aerodynamic lift, the lower limit
of u⁄t for dust particles, namely, the threshold friction velocity for
dust particles subject to weak cohesion, seems to be more mean-
ingful than what is predicted by Eq. (3).

Based on the dust devil experiment in the Arizona State Univer-
sity Vortex Generator (ASUVG), Greeley et al. (2003) reported that
vortices are more efficient in lifting dust particles than non-
rotating boundary layer winds, suggesting that the pressure drop
in the vortex center can overcome particle cohesion to generate
dust emission, a mechanism known as the Dp-effect (Balme and
Hagermann, 2006). Similar discussions were made in Neakrase
et al. (2006) and Neakrase and Greeley (2010a, 2010b). The mea-
sured threshold friction velocities of Greeley et al. (2003) are also
shown in Fig. 1.

Balme and Hagermann (2006) estimated that the lift force due
to Dp can be larger than the gravity force for impermeable sur-
faces, and thus the Dp-effect is likely to be most significant when
the pressure drop is applied suddenly to the surface. There is so
far no data to test whether the Dp-effect is indeed significant in
nature. Let us assume that the air pressure in the top soil layer is
equal to the air pressure of the background flow. It follows that
the vertical pressure drop from the surface to a reference height
(zr), Dp, is equal to the horizontal pressure drop from the back-
ground to the dust-devil center at zr. Balme and Hagermann
(2006) assumed Dp to be 1–10 hPa, which may be typical for the
strongest dust devils on Earth. According to the recent measure-
ments of Lorenz et al. (2015) and the numerical simulations of
Klose and Shao (2016), Dp is typically of the order of 0.1–1 hPa.
Suppose we take Dp = 1 hPa and zr = 0.1 m. Then the vertical pres-
sure gradient is 10 hPa m�1. If this gradient is vertically uniform,
then for a particle of size d, the lift force due to Dp is about
1
4

@p
@z d � pd2 � 103d3 Nm�3. In comparison, the gravity force acting

on the same particle is about pqpgd
3
=6 � 104d3 Nm�3. Our analysis

shows that for natural dust devils, the Dp-effect can be neglected.
Furthermore, in their derivation, Balme and Hagermann (2006) did
not consider the inter-particle cohesive force which is usually the
dominant retarding force for dust particles.

On the other hand, it is often seen in wind-tunnel experiments
that dust emission from a newly prepared dust bed can be substan-
tial in the first few minutes after the flow is turned on, before
declining to small values (Shao et al., 1993; Zhang et al., 2016). This
is because new dust beds often contain a high proportion of free
dust. Once the free dust is blown away, dust emission ceases.
Macpherson et al. (2008) observed the same phenomenon on
unprepared natural surfaces. The latter authors suggest that free
dust on natural surface is due to bed readjustments or produced
by weakly-bonded aggregates from crust cracks or flakes. It is thus
appropriate to question whether the observed dust emission in the
ASUVG experiments was due to the Dp-effect or due to the pres-
ence of free dust.
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3. Threshold friction velocity for aerodynamic dust emission

The above discussions show that it is useful to define a lower
limit of u⁄t for free dust emission. Based on the data of Zimon
(1982), we assume that Fi for a given particle size satisfies a log-
normal distribution

pðFiÞ ¼ 1
Fi

ffiffiffiffiffiffiffi
2p

p
r

exp �1
2

logðFiÞ � l
r

� �2 !
ð4Þ

where l is the mean of log(Fi) and r its variance. The median of Fi
equals exp(l) which is the right hand side of Eq. (2), i.e.,

l ¼ lnðbdÞ ð5Þ
The characteristic of r is poorly understood. According to

Table 1.2 of Zimon (1982) for (glass) particle diameters of 20 lm,
r = 3 (units corresponding to cohesive force in dyne), for particles
in the size range of 30–80 lm, r = 1.75, and for particles of 100 lm
in diameter, r = 0.9. It appears that r increases with decreasing
particle size. We therefore assume that

r=r0 ¼ ðd0=dÞb ð6Þ
with b being an empirical coefficient and d0 a scaling particle size
and r0 the r value at d0. The lower limit of Fi can be defined as

Fi;low ¼ bd expð�rÞ ð7Þ
Substituting Eq. (6) into Eq. (7) gives

Fi;low ¼ bd exp �r0ðd0=dÞb
h i

ð8Þ

We can now compute the threshold friction velocity for free
dust by replacing Fi with Fi,low in Eq. (21) of Shao and Lu (2000)
to obtain

u�t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AN rpgdþ c

qd
exp �r0ðd0=dÞb

h i� �s
ð9Þ

We set the scaling particle size d0 to be 100 lm the diameter at
which, according to Zimon (1982), r0 ’ 1, and u⁄t is close to min-
imum. The only additional parameter to be determined is b. The fit-
ting of Eq. (9) to the ASUVG data with b = 0.33 gives good
agreement, as shown in Fig. 1. This b value results in that Eq. (6)
gives r20 lm=r0 ¼ 1:7 compared to 3 given in Table 1.2 of Zimon
(1982). For sand particles, Eq. (9) is almost equivalent to Eq. (2),
but for dust particles, it predicts much lower values of u⁄t in agree-
ment with the ASUVG measurements. The comparison suggests
that the low observed threshold friction velocities for dust emis-
sion in the ASUVG dust-devil experiments do not have to be attrib-
uted to the Dp effect. Instead, it may be due to the presence of free
dust. For free dust emission, we believe it is reasonable to use Eq.
(9) to estimate the threshold friction velocity for dust particles,
which happens to be close to the minimum of u⁄t.
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