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Abstract
Understanding aerodynamic entrainment, a critical process in wind-blown sand dynamics, remains

challenging due to the difficulty of isolating it from other mechanisms, such as impact entrainment.

Aerodynamic entrainment initiates the movement of surface particles, influencing large-scale pro-

cesses like sediment transport and dune formation. Previous studies focused on average aero-

dynamic shear stress to estimate entrainment, but the role of impulse events, which cause

significant shear stress fluctuations, remains under-explored. We used 12 hot-film shear sensors

to measure the spatiotemporal distribution of aerodynamic shear stress during wind-blown

sand flow development. We identified impulse events exceeding the entrainment threshold and

analyzed their intensity, classifying particle movement as rocking, rolling, or saltation. Results indi-

cate that after a 2-m fetch, sediment mass flux stabilizes, with aerodynamic shear stress decreasing

to 78% of the entrainment threshold. We identified key trends, including the stabilization of rock-

ing events beyond x= 4.5 m and a significant decrease in saltation frequency, indicating fully devel-

oped wind-blown sand flow. Impulse characteristics stabilize at a greater distance (4.5 m) than

sediment transport (2 m) because turbulent airflow evolves more slowly. Our findings show

that impulse events significantly influence aerodynamic entrainment. These insights enhance under-

standing of sediment transport dynamics and improve modeling of sand dune movement.
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Introduction

Wind-blown sand poses significant risks to human health and causes substantial damage
to infrastructure, leading to significant annual economic losses.1 Understanding the
mechanisms of sand drift, which involve the transfer of momentum from airflow to
sand particles, is crucial for mitigating these hazards.2,3 This process, known as entrain-
ment, plays a crucial role in initiating and sustaining wind-blown sand flow.4

Aerodynamic entrainment and impact entrainment are the two main processes that
generate airborne particles in wind-blown sand flows.5,6 Aerodynamic entrainment
occurs when surface particles are lifted by aerodynamic drag, while impact entrainment
results from collisions between airborne particles and surface particles.7–9 Research sug-
gests that aerodynamic entrainment initiates wind-sand flow, while impact entrainment
dominates in fully developed air-sand flows.10,11 Recent studies emphasize the import-
ance of accurately determining the aerodynamic entrainment threshold to control
global sediment transport and dune formation. Sauermann et al.12 developed a continuous
saltation model that shows how this threshold influences particle movement initiation and
the formation and migration of sand dunes. Zhang et al.13 also showed a non-linear rela-
tionship between sand flux and wind shear velocity, where small reductions in the aero-
dynamic entrainment threshold can cause exponential increases in sand transport. These
changes are critical for predicting desert expansion and the development of new dune
systems globally. However, the presence of airborne particles makes it difficult to
isolate aerodynamic entrainment from other physical processes during direct observation.
Consequently, scientists have focused on measuring wall shear stress directly to quantify
the aerodynamic drag exerted by wind on surface.14

Earlier studies have used average aerodynamic shear stress to estimate particle entrain-
ment, but this method is insufficient due to turbulence-induced fluctuations.15,16 Diplas
et al.17 introduced the concept of impulse, which provides a deeper understanding by
accounting for “impulse events”—brief but significant fluctuations in aerodynamic
shear velocity that exceed the threshold needed to dislodge particles from the bed.
This concept aligns better with both simulations and experiments.18,19 Impulse events
are essential for driving rocking, rolling, and saltation motions.20–22 Recent research
highlights the crucial role of coherent structures in particle entrainment. Experimental
studies have shown how these structures influence particle movements like creeping,
rocking, and full particle entrainment.23 The thresholds and movement patterns of
rocking, rolling, and saltation have also been studied in both aeolian and fluvial
environments.24

This study aims to investigate the movement of bed particles induced by aerodynamic
entrainment. Fluctuations in wall shear stress during the development of wind-blown
sand flow were recorded to detect impulse events. The intensity of these impulse
events was analyzed, and particle movement patterns were identified based on momen-
tum conservation. The observed movement patterns, including rocking, rolling, and sal-
tation, varied with impulse intensity. The frequency and probability of these particle
movements were quantified throughout the development of the sand flow. These findings
offer new insights into the relationship between coherent structures and particle entrain-
ment in sand-laden flows.
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Materials and methods

Experimental setup

The experimental setup is schematically depicted in Figure 1(a). Wind-blown sand experi-
ments were conducted in the environmental wind tunnel at Lanzhou University, with a
working section measuring 22×1.45×1.3 m³, corresponding to the streamwise (X ), span-
wise (Y ), and vertical (Z) directions. As shown in Figure 1(b), a sand bed of 0.5 m in
width and 0.08 m in thickness was placed along the streamwise direction. The sand particles
had an average diameter of 496 μm, as illustrated by the size distribution in Figure 1(c).

A metal square tube was installed along the mid-line of the wind tunnel floor to
provide a smooth, stable surface for the hot-film sensors, ensuring that the tube’s
upper surface was level with the sand bed. The inlet wind profile measured at x= 0 m
is presented in Figure 1(f), with the wind speed at 20 cm above the surface designated
as the incoming wind speed, uin. The fluctuation parameters of aerodynamic shear
stress at the entrance are presented in Figure 1(g).

Figure 1. Experimental setup in the wind tunnel.
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Aerodynamic shear stress in the wind-blown sand was measured using 12 hot-film
sensors arranged along the flow direction. Figure 1(d) details the key specifications of
the hot-film sensors, including film thickness, hot element length, and sampling fre-
quency. The polyimide substrate’s thermal insulation properties improve both sensitivity
and thermal response speed. Figure 1(e) shows the components of the flexible hot-film
sensors. The polyimide substrate, pads, wires, and thermistors are all flexible thin films
with a total thickness of less than 80 μm, minimizing interference with the measured
surface. The polyimide substrate’s thermal insulation also enhances sensitivity and accel-
erates thermal response. The system’s sampling frequency reaches up to 4 kHz with an
accuracy of ±5%. Given that large-scale wall shear stress fluctuations drive aerodynamic
entrainment, we set the sampling frequency at 2 kHz, which is sufficient for the required
observational accuracy.

Sensor calibration

Before starting the wind-blown sand experiments, we calibrated the hot-film sensors.
Wind velocity profiles were measured at six different fan speeds using an anemometer
and were fitted to a logarithmic curve:

U(z) = u∗
κ
ln

z

z0

( )
(1)

where u∗ is the shear velocity, z0 is roughness height, and κ is the von-Kármán constant
(0.41). The shear velocities were then converted to aerodynamic shear stress (τa) using
the equation τa = ρau

2
∗, where ρa is the air density. Output signals from the hot-film

sensors in still air (E0) and at the six different fan speeds (Ew) were recorded.
Figure 1(h) shows a calibration curve for a hot-film sensor, described by the equation:

τ1/3a = a
E2
0 − E2

w

E2
0

+ b (2)

where a and b are fitting parameters that vary between sensors. The calibration process and
accuracy of the hot-film sensors have been thoroughly documented in previous studies.25

Data collection

Three inlet wind velocities (uin= 10.9 m/s, 12.3 m/s, and 14.2 m/s) were applied to induce
wind-blown sand flow in the boundary layer. Data from all 12 sensors were recorded sim-
ultaneously after the hot-film sensor outputs had stabilized. After each recording session,
the wind tunnel was turned off, and the sand bed was renewed for subsequent trials.

Wind velocity and sand mass flux profiles were measured carefully to prevent damage
to the hot-film sensors. A wind anemometer with ten pitot probes was positioned at
heights ranging from 3 to 200 mm above the sand bed. For sand flux measurements,
we employed a CAREERI, CAS-designed sand collector, which is widely recognized
for its accuracy in wind-blown sand particle mass flux measurements. The sand collector,
with 20 vertical openings (0.02× 0.02 m² each), was used.
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The sediment mass flux Q was calculated using the equation: Q = mi / hit, where mi

represents the mass of sand collected in each tube, hi is the length of the square tube’s
side, and t is the collection time. Wind velocity and sand flux were measured in separate
runs to avoid interference between the anemometers and sand collectors.

Mitigation of experimental bias

The wind tunnel dimensions can significantly affect boundary layer development and
introduce wall effects, which may distort turbulence and shear stress, thus impacting
the accuracy of sediment transport simulations.26 To minimize wall effects, a 0.49-m
gap was left between the sand bed and the tunnel side walls. Additionally, the sand
bed and instruments were aligned along the tunnel’s mid-line.

To prevent significant surface changes in the sand bed during continuous wind conditions,
which could affect results, the data collection window was shortened. Wind velocity profiles
and sand flux measurements were taken with the sand bed re-leveled after each measurement.
Since wall shear stress measurements are more sensitive to changes in the bed surface, possibly
leading to reduced shear stress fluctuations as the bed erodes, the data collection period for these
measurements was shortened to 10–20 seconds, followed by re-leveling of the sand bed.

Results

Development characteristics of wind-blown sand flow

Studies have provided valuable insights into the role of saturation length in controlling
sediment transport.27 The wavelength at which a dune pattern emerges from a flat sand
bed is controlled by the sediment transport saturation length, which length refers to the
distance required for sediment transport to reach an equilibrium state after a change in
wind conditions or surface characteristics.

Figure 2 shows the horizontal velocity profiles of airflow, both with and without sal-
tation. In airflow, the logarithmic layer’s height increases between 0.5 m and 4 m

Figure 2. Horizontal velocity profiles along the streamwise direction with and without airborne

sand particles.
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downstream. In air-sand flow, sand particles reduce horizontal wind velocity, forming a
low-velocity zone up to 4 cm high at x≤ 2 m. Beyond x≥ 4 m, this zone reaches over 16
cm in height with little change due to saturation in wind-sand flow.

The boundary layer development in the wind tunnel impacts the accuracy of critical
shear stress measurements.26 In our experiment, the fully developed boundary layer
reached 20 cm, confirming that the tunnel dimensions were adequate to generate a
thick boundary layer, enhancing the relevance of the results to real-world scenarios.

Figure 3(a) compares the sediment mass flux measured in this experiment to previous
wind tunnel and field observations. For comparison, we used the same dimensionless
scaling as Kol et al.:11

Q∧ = gQ

ρau∗it(u2∗ − u2∗it)

where g is the gravitational acceleration, and u∗it = 0.28m / s is the impact threshold for
the particle size used in this experiment. The results show that the values from this experi-
ment are comparable to previous studies; however, a unified model has not been estab-
lished to integrate all findings.

As illustrated in Figure 3(b), the sediment mass flux along the streamwise direction
in this experiment indicates that the wind-blown sand flow reaches equilibrium around
x= 2 m, corresponding to the fetch or saturation length. Saturation length represents
the distance needed for sediment transport to reach equilibrium following changes in
wind conditions or surface characteristics. This concept is akin to the fetch distance
observed here. The dimensionless fetch length in this experiment is approximately
1.86, consistent with Pähtz et al.28 This indicates that despite varying environmental con-
ditions, relaxation processes in sediment transport remain relatively unaffected by exter-
nal flow variations, resulting in similar saturation lengths.

Aerodynamic shear stress

This section investigates the characteristics of aerodynamic shear stress (τa) during wind-
blown sand development.

Time-averaged aerodynamic shear stress. Figure 4(a) presents fluctuating τa along with its
time-averaged value in wind-sand flow. The aerodynamic entrainment threshold is
denoted by τft:

u∗ft = AN

���������������������
ρp − ρa

ρa
gdp + γ

ρadp

√
(3− a)

τft = ρau
2
∗ft (3− b)

where u∗ft denotes the threshold friction velocity,33 AN = 0.111 and γ = 2.9 × 10−4 N / m.
At the beginning of the sand bed (x= 0.5 m), most τa values exceed the aerodynamic
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Figure 3. (a) Comparison of the dimensionless sediment mass flux of our experiment and

measured in wind tunnel (Iversen and Rasmussen,29 Creyssels et al.,30 Ho et al.31) and field (Li

et al.32) experiments for sand with a diameter of ∼250 m. (b) Sediment mass flux along the

streamwise direction in our experiment, indicating a normalized fetch length, 1.86.
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Figure 4. (a) Example of fluctuating shear stress, τa, and the time-averaged shear stress, �τa. (b)
Time-averaged shear stress, �τa, along the streamwise direction. (c) Probability distribution of τa
compared to the aerodynamic entrainment threshold, τft, along the streamwise direction in

air-sand flow with uin = 10.9m / s.
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entrainment threshold, indicating strong aerodynamic drag with sufficient sediment transport
supply. As wind-sand flow develops, the time-averaged τa decreases due to the increase in
sand mass flux. In the saturated wind-sand flow (x= 7.5 m), τa occasionally exceeds the aero-
dynamic entrainment threshold, suggesting potential aerodynamic entrainment in fully devel-
oped wind-sand flow.

Figure 4(b) displays the ratios between �τa and τft in the saturated wind-blown sand,
which are 0.757, 0.785, and 0.781 for three inlet wind velocities. This indicates that
the impact threshold of shear stress is approximately 22% lower than the aerodynamic
threshold, aligning with the findings of Walter et al.16

Probability of aerodynamic shear stress. Figure 4(c) illustrates the log-normal distribution
of τa along the streamwise direction. As the wind-sand flow develops, the probability of
τa exceeding τft decreases with the average value of �τa. Table 1 presents the probability
of τa exceeding τft along the streamwise direction with different inlet wind velocities. The
data show a clear trend: as the distance from the inlet increases, the probability of τa exceed-
ing τft decreases for all wind velocities. For example, at 10.9 m/s, the probability drops from
82.5% at 0.5 m to approximately 17.7% at 8.5 m. This decline indicates that the aerodynamic
forces driving sediment entrainment gradually stabilize as the wind-sand flow develops satu-
rated, reducing the probability of particle entrainment at downstream positions.

The analysis further reveals that higher wind velocities maintain a greater probability
of τa exceeding τft near the inlet. At 0.5 m, the probabilities are 82.5%, 85.7%, and 90.5%
for 10.9 m/s, 12.3 m/s, and 14.2 m/s, respectively. However, this difference diminishes as
the distance increases, with the probabilities converging to approximately 20% beyond
3.5 m. Beyond a fetch length of approximately 5.5 m, the wind-sand flow reaches a
quasi-steady state, with the probabilities stabilizing between 20% and 23% for all
wind velocities.

Further analysis reveals that the non-linear probability decay, characterized by a faster
drop in the initial region (0–3.5 m) and a slower decline at greater distances, emphasizes
the dynamic nature of the flow near the inlet. Beyond 5.5 m, the system stabilizes, indi-
cating the flow achieves stable for both sediment transport and aerodynamic entrainment
at this point.

Discussion

Impulse events and particle movement

Figure 5 presents an example of an impulse event identified in the τa time series. Using
the threshold shear stress τft obtained from Equation (3), we identify impulse events that
may result in aerodynamic entrainment. The aerodynamic drag force (Fd) acting on
surface sand grains is defined as:

Fd = Kd〈τa〉id2p (4)

where Kd, typically around 4,2 enables detection of all events where τa exceeds τft.
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The impulse acting on a sand particle is derived as:

Ii = Kd〈τa〉id2pTi (5)

where 〈τa〉i and Ti represent the magnitude of force and duration of each impulse event.
To analyze surface sand particle movement during each impulse event, we establish a

threshold criterion based on a spherical assumption.33 When the friction velocity exceeds
the threshold for aerodynamic entrainment, particles tend to pivot. However, this does not
describe subsequent particle movements. Adopting the classification of particle move-
ment states from existing literature, we categorize the movements as rocking, rolling,
and saltation. Figure 6(a) illustrates that if a particle rolls upward due to an impulse
but does not reach the dashed line, it rocks within its bed pockets. If it reaches or sur-
passes this line, it slowly rolls along the surface, denoted by the critical impulse Iroll.
Full entrainment, or saltation, occurs when a particle is lifted by one particle diameter,
marked by the critical impulse Isalt.

The initial velocity V0, which influences these critical impulses, is derived from the
kinetic energy acquired by a particle during an impulse event. Ignoring energy loss
due to inter-particle friction, the upper limit for rocking is defined by a height of
Δh = (1− ��

3
√

/ 2)dp, where dp is the particle diameter. Saltation occurs when a par-
ticle is elevated by one grain diameter. The difference between the rocking and

Figure 5. Impulse events in the τa time series. Each impulse event, denoted as τai and Ti,
represents the force magnitude and duration, respectively.
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saltation limits indicates rolling along the sand bed. Substituting these parameters into
Equations (6) and (7)

Iroll or Isalt = mpV0 (6)

1
2
mpV

2
0 = mpgΔh (7)

the threshold impulse levels for rolling and saltation in our experiments are deter-
mined to be 6.11 × 10−9 N s and 1.67 × 10−8 N s, respectively.

Figure 6(b) illustrates the estimation of aerodynamic entrainment based on the afore-
mentioned theoretical analysis. The impulse values Ii are plotted against 〈τa〉i for satu-
rated wind-blown sand, including threshold impulse levels for comparison. Impulse
events exceeding Isalt indicate significant full particle entrainment, even in stable wind-
sand flow. Due to interference from airborne particles, direct observations of aero-
dynamic entrainment in saturated wind-blown sand are limited. Thus, the critical
values are derived using simplified spherical models.

Spatial variability of particle movement modes

The data in Tables 2, 3, and 4 present the frequency and average duration of impulse
events generating rocking, rolling, and saltation at various positions (x= 0.5–8.5 m).
These tables provide key insights into the variability of particle movement modes as
wind-blown sand flow develops, particularly focusing on the fetch of x≥ 4.5 m.

The number of rocking events generally increases with distance from the starting
point, stabilizing beyond x= 4.5 m. For example, at x= 8.5 m, the number of rocking
events reaches 4.12/s, significantly higher than at x= 0.5 m (1.17/s). The duration of
rocking events remains relatively stable across positions. Rolling events are less frequent
than rocking events at all positions, with their frequency generally below 1/s. The average

Figure 6. (a) Forces acting on a particle resting on the surface under the influence of an air

stream, and (b) Ii versus 〈τa〉i plots. The horizontal solid line indicates the threshold levels of rolling
(Iroll) and saltation (Isalt).
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duration of rolling events remains consistent across positions, further stabilizing beyond
x= 4.5 m.

Saltation events display greater variability. The frequency of saltation events decreases
as x increases up to 4.5 m, suggesting a gradual dissipation of wind energy or changes in
surface roughness that hinder particle lifting. Beyond x= 4.5 m, the frequency and
average duration of saltation events stabilize, indicating a saturated wind-blown sand
flow. For instance, saltation events decrease from 1.37/s at x= 0.5 m to around 0.7/s at
x= 8.5 m.

To further study the probability of sand grains undergoing rocking, rolling, and salta-
tion, the proportion of each impulse event type over the entire time series was calculated.
Figure 7 illustrates the probability of instantaneous τa generating these movement types
along the streamwise direction. The probability of generating saltation (Psalt) decreases
significantly as x increases from 0.5 m to 4.5 m, stabilizing in saturated wind-blown

Table 2. Number and averaged duration of impulse events generate saltation, rocking, and rolling

per second with uin = 10.9m / s.

x (m)

Rocking Rolling Saltation

nrock (s) Tirock(s) nroll (s) Tiroll (s) nsalt (s) Tisalt(s)

0.5 1.58 0.0097 0.45 0.054 1.37 0.664
1.5 1.57 0.0093 0.45 0.060 1.42 1.072
2.5 3.27 0.0083 1.05 0.056 1.31 0.456
3.5 2.46 0.0081 0.98 0.057 0.84 0.485
4.5 2.32 0.0082 1.65 0.050 0.58 0.644
5.5 2.99 0.0086 0.64 0.057 0.83 0.462
6.5 2.4 0.0090 0.61 0.058 0.71 0.496
7.5 2.68 0.0091 0.73 0.057 0.73 0.446
8.5 2.75 0.0082 1.04 0.051 0.7 0.393

Table 3. Number and averaged duration of impulse events generate saltation, rocking, and rolling

per second with uin = 12.3m / s.

x (m)

Rocking Rolling Saltation

nrock (s) Tirock(s) nroll (s) Tiroll (s) nsalt (s) Tisalt(s)

0.5 1.40 0.0095 0.45 0.055 1.36 1.236
1.5 1.95 0.0080 0.45 0.059 1.29 1.254
2.5 2.05 0.0065 1.05 0.053 1.73 0.631
3.5 2.83 0.0042 0.98 0.028 0.59 0.244
4.5 3.07 0.0082 1.05 0.056 0.97 0.509
5.5 2.86 0.0090 0.64 0.055 0.89 0.464
6.5 3.87 0.0081 0.61 0.055 0.87 0.441
7.5 2.81 0.0088 0.73 0.056 0.86 0.417
8.5 3.69 0.0081 1.04 0.054 0.83 0.451
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sand (x≥ 4.5 m). This trend confirms that in a fully developed wind-blown sand flow, the
probability of complete saltation events remains relatively high.23

The probability of generating rocking (Prock) increases with distance, stabilizing
beyond x= 4.5 m. A similar trend is observed for rolling (Proll), though with a higher
magnitude than Prock. This stabilization aligns with the trends in the number and duration
of rocking and rolling events, indicating a consistent pattern in particle movement as the
wind-blown sand flow develops.

Entrainment thresholds and global sediment transport

The aerodynamic entrainment threshold plays a crucial role in global sediment transport,
controlling the initiation of particle movement and sand dune development. Sauermann
et al.12 introduced a continuous saltation model that emphasizes dune formation’s
dependence on aerodynamic entrainment.

Figure 7 shows that even in saturated wind-blown sand flow, there is a 15.1% prob-
ability that impulse events cause surface particles to reach the threshold required for sal-
tation. Considering the vast number of particles on the bed surface, aerodynamic
entrainment may begin even before the surface shear stress reaches the known threshold.
Our findings suggest that aerodynamic entrainment of surface particles may occur with
the impulse effects of aerodynamic shear stress being a critical factor to consider. This
implies that when considering impulse effects, random surface particle release may
occur before the shear force reaches the aerodynamic threshold, leading to an actual
threshold lower than the mean-based u∗ft.

Variations in this threshold could significantly alter the frequency and magnitude of
sand movement, thereby affecting dune morphology and migration rates globally. If
the aerodynamic entrainment threshold is reduced, previously insufficient wind speeds
may become effective, leading to increased particle entrainment. As Zhang et al.13

demonstrated, sand flux and wind shear velocity are non-linearly related, meaning
even a slight decrease in the threshold can exponentially increase sediment transport.

Table 4. Number and averaged duration of impulse events generate saltation, rocking, and rolling

per second with uin = 14.2m / s.

x (m)

Rocking Rolling Saltation

nrock (s) Tirock(s) nroll (s) Tiroll (s) nsalt (s) Tisalt(s)

0.5 1.17 0.0077 0.45 0.054 1.17 1.537
1.5 1.94 0.0078 0.45 0.057 1.29 1.330
2.5 3.68 0.0065 1.05 0.053 1.19 0.560
3.5 3.92 0.0065 0.98 0.057 1.36 0.613
4.5 4.25 0.0074 1.05 0.052 1.09 0.429
5.5 4.06 0.0070 0.64 0.056 0.75 0.483
6.5 4.88 0.0080 0.61 0.051 0.75 0.417
7.5 4.51 0.0088 0.73 0.052 0.79 0.424
8.5 4.12 0.0085 1.04 0.051 0.9 0.418
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The aerodynamic entrainment threshold is crucial for understanding desertification
mechanisms. Similarly, the research by Tsoar et al.34 showed that the formation and
migration of different dune types are also influenced by the aerodynamic entrainment
threshold. This highlights the importance of understanding the role of this threshold,
not only in localized environments but also in predicting broader phenomena such as
desertification.

Conclusion

The potential for aerodynamic entrainment in wind-blown sand flow was assessed using
12 hot-film sensors placed along the streamwise direction. The 8-m experimental setup
effectively captured nearly all stages of wind-blown sand flow development. By analyz-
ing impulse events where the instantaneous aerodynamic shear stress exceeded the
threshold, we determined the movement patterns of surface particles. The main conclu-
sions are as follows:

1. Streamwise variations in sand mass flux and wind velocity profiles indicate a nor-
malized saturated fetch of 1.86. As wind-blown sand develops, the time-averaged

Figure 7. The probability of instantaneous τa generating rocking, rolling, and saltation.
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aerodynamic shear stress decreases to a stable level, approximately 78% of the
aerodynamic entrainment threshold, τft.

2. The study successfully identified impulse events in wind-blown sand flow through
time series analysis. Using threshold shear stress as a criterion, we assessed the aero-
dynamic forces acting on surface particles, revealing the dynamics of impulse events
leading to particle movements such as rocking, rolling, and saltation.

3. The study highlights notable spatial variability in particle movement modes—
rocking, rolling, and saltation—along the streamwise direction of wind-blown
sand flow. The frequency of rocking events increases with distance and stabilizes
beyond 4.5 m, while rolling events remain infrequent. Saltation events decrease as
the wind-blown sand flow develops and stabilize at a fetch length of 4.5 m.

4. The reason the impulse characteristics stabilize at a greater distance (4.5 m) com-
pared to sediment transport (2 m) is due to the different dynamics involved.
Sediment transport reaches equilibrium faster because it is directly influenced
by mean shear stress. In contrast, the impulse in aerodynamic shear stress reflects
the unsteady, turbulent nature of airflow. These fluctuations take longer to stabil-
ize as turbulence evolves more slowly over distance, continuously influenced by
coherent airflow structures and airborne particles. This leads to the impulse char-
acteristics of the wind field stabilizing over a greater distance.

5. In fully developed wind-blown sand flow, the frequency and probability of salta-
tion induced by aerodynamic entrainment are the primary focus. This finding can
be used to incorporate the fluid-driven release of surface particles into simulations
of saturated wind-blown sand flow, enhancing simulation accuracy and realism.

6. Despite certain simplifications, such as assumptions about sand grain geometry
and threshold levels, our findings provide valuable insights into estimating the
potential for aerodynamic entrainment in wind-blown sand flow. By applying
the impulse concept to link turbulent particle-laden flow with sand entrainment,
these results improve our understanding and modeling of a wide range of wind-
blown sand flows.
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