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Abstract: This study analyzes ground-based observations and multi-source remote sensing 
data from eight dust storm events in 2024 at two sites: the Tazhong (TZ) station in the 
Taklamakan Desert interior and the Xiaotang (XT) station on its northern margin, 
systematically investigates the interrelationships among dust particle size, friction velocity 
(U*), and dust flux, and evaluates the applicability of remote sensing data in dust monitoring. 
The results indicate that particle size significantly influences both horizontal fluxes (Q) and 
vertical dust fluxes (F). Fine particles (d[0.5]) enhance surface dust flux, while coarse 
particles (D[4,3])—due to their greater gravitational settling—are less capable of sustained 
suspension, limiting their long-distance transport. A positive correlation exists between 
friction velocity (U*) and Q, whereas its impact on F is weaker, suggesting that vertical 
transport is regulated primarily by particle size, gravitational settling, and turbulent 
structures. Regarding remote sensing data, MODIS Aerosol Optical Depth (AOD) shows 
strong consistency with ground-based dust flux measurements, especially at the Xiaotang 
(XT) station, where AOD closely follows the variation trends of both Q and F. This reflects 
the effectiveness of remote sensing data in capturing changes in dust activity. Additionally, 
the Aerosol Absorbing Index (AAI) from Sentinel-5P exhibits a highly significant positive 
correlation with ground-level dust concentrations, effectively reflecting the vertical 
structure of dust events. This research provides valuable data support and theoretical 
foundation for dust warning systems and desertification control projects.
Keywords: Dust flux; Particle size; Friction velocity; Multi-source remote sensing; Dust 
monitoring.

1  Introduction
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Dust flux is a key parameter characterizing surface wind erosion and 
atmospheric dust transport, and serves as a core indicator in desertification 
monitoring and sandstorm early warning systems [1]. As a major arid region 
in inland Asia, the Taklamakan Desert is not only the largest mobile desert in 
China but also one of the primary source areas for dust aerosols in the mid-
latitudes of the Northern Hemisphere [2]. Dust particles emitted from this 
region, influenced by both westerly circulation and local atmospheric systems, 
can be transported to East Asia, the North Pacific, and even North America 
[3], significantly affecting regional air quality, radiative balance, and glacier 
melt processes [4,5].

Considerable progress has been made in recent decades in characterizing 
dust emissions at desert margins and individual sites [6] , providing a 
foundation for understanding wind erosion dynamics.. However, due to the 
logistical challenges of conducting observations in the extreme environment 
of the desert hinterland, systematic comparisons between emission 
mechanisms in the interior versus marginal areas remain limited [7]. It is well 
established that dust emission is controlled by both the particle size 
distribution of surface sediments and near-surface aerodynamic conditions [8]. 
Nevertheless, the synergistic regulation of these factors on dust flux—
particularly under conditions when friction velocity approaches or slightly 
exceeds the threshold friction velocity for particle entrainment—remains a 
major source of uncertainty in dust parameterization schemes [9]. In the 
Taklamakan Desert, Tazhong station (hinterland) and Xiaotang station 
(northern margin) represent typical high-intensity erosion and marginal 
transition zones, respectively [10]. While extensive observational data have 
been accumulated on wind erosion characteristics in each region [11]. 
comparative studies across sites remain rare, especially those integrating flux 
measurements with detailed particle size analysis [12]. Moreover, traditional 
dust flux estimates often rely on simplified parameters such as median particle 
diameter (D50) or a constant threshold friction velocity (U*) [13], potentially 
overlooking the differential erodibility represented by other particle size 
metrics (e.g., D[4,3] and d[0.5]), as well as nonlinear, threshold-dependent 
relationships between friction velocity and dust flux [14]. Addressing these 
gaps is essential for advancing physical understanding of wind erosion and 
improving dust emission models [15].

Recent advances in remote sensing offer new opportunities for dust flux 
studies through multi-source data integration [16].  For instance, aerosol 
optical depth (AOD) from MODIS provides information on the spatial and 
temporal evolution of dust plumes [17]，while the aerosol absorption index 
(AAI) from Sentinel-5P helps reveal the vertical distribution of dust aerosols 
[18]. However, linking satellite products to surface fluxes remains challenging 
due to mismatches in spatial resolution, cloud interference [19,20] and 
retrieval uncertainties [21–23]. AOD, as a column-integrated quantity, cannot 
distinguish near-surface emissions from elevated transport [24]; Sentinel-5P 
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offers higher resolution but has a longer revisit time, potentially missing 
localized erosion events [25]. Thus, developing robust spatiotemporal 
matching strategies and integrating ground-based and satellite observations 
are crucial steps toward improving dust flux inversion accuracy..

To address these issues, this study conducts a comparative analysis of dust 
emission mechanisms at Tazhong (hinterland) and Xiaotang (northern margin) 
stations in the Taklamakan Desert. By combining high-resolution ground-
based measurements with multi-source satellite data, we aim to investigate: 
(1) how particle size characteristics influence horizontal and vertical dust 
fluxes; (2) the role of friction velocity in modulating dust emissions, 
particularly near threshold conditions; and (3) how remote sensing data can 
complement ground observations to reveal the spatiotemporal patterns of dust 
emission and transport. Through this integrated approach, we seek to 
elucidate differences in dust emission dynamics between the desert interior 
and its margin, thereby providing a physical basis for improving wind erosion 
models and supporting regional dust monitoring and early warning efforts.

2 Materials and Methods

2.1  Study Area

Taklimakan Desert is located in Tarim Basin, Xinjiang, China [26,27], it is 
the second largest mobile desert in the world, with a total area of about 
350,000 square kilometers [28]. Surrounded by high mountains, the area is 
adjacent to Pamirs Plateau in the west, Kunlun Mountains in the south, 
Tianshan Mountains in the north and Lop Nur lowland in the east, forming a 
typical closed inland desert system [29]. The region experiences a hyper-arid 
continental climate, characterized by minimal annual precipitation—averaging 
only 75.00 mm—and high potential evaporation. Temperature extremes range 
from a minimum of −25 °C to a maximum of 40 °C, with pronounced diurnal 
variations. Persistent and strong winds, particularly during spring and early 
summer, drive frequent aeolian processes and sandstorm activity. The 
dominant soil types include saline soils, wind–sand soils, brown desert soils, 
and scrub desert soils [30] . Subject to arid climate conditions and strong wind 
activity, desert aeolian processes are frequent, making this region one of the 
most concentrated areas for dust storms in China. In some sections, the annual 
average number of dusty weather days can exceed 40 days [31]. The surface 
is predominantly covered by loose sandy sediments, with sparse or no 
vegetation cover, creating conditions highly susceptible to wind erosion [32]. 
This study focuses on selecting two representative observation sites within the 
Taklamakan Desert: the Tazhong Station (TZ) and the Xiaotang Station (XT), 
which respectively represent the typical aeolian environments of the desert 
interior and the transition zone at the desert's edge [33]. Tazhong Station is 
located in the central region of the desert (83°39′E, 38°58′N), with an elevation 
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of approximately 1,099 meters. The landscape is primarily characterized by 
longitudinal sand ridges and crescent-shaped dunes, with a topographic relief 
of 40–50 meters [33]. This region has favorable natural background conditions, 
making it an ideal monitoring area for analyzing the vertical structure 
evolution of dust and the characteristics of aeolian flux. Xiaotang Station (84°
18 ′E, 40°48 ′N, elevation 912 meters) is located at the northern edge of the 
desert, near the Tarim River and the distribution area of poplar forests, and is 
situated in the desert-oasis transition zone [34]. The site is surrounded by the 
remains of ancient channel landform, and the aeolian sand deposition and 
transportation are intertwined [35]. This site not only helps to capture the 
response characteristics of the marginal windblown environment, but also 
provides support for cross-validation of multi-source data for this study.

Figure 1. Overview of the Research Area

2.2  Observation Data and Experimental Design

The experimental workflow comprised three sequential phases: (1) an 
initial setup and pre-deployment phase, (2) a dust-event monitoring and 
sampling phase, and (3) a post-event retrieval and laboratory analysis phase.

2.2.1 Initial Setup and Pre-Deployment

Prior to each dust storm season, professionals inspected and cleaned the 
BSNE dust collection systems and sand traps at all observation heights (Table 
1). All sampling bags were pre-weighed in the laboratory to avoid weight 
discrepancies caused by abrasion during transportation. All sampling 
personnel were qualified for high-altitude operations.

2.2.2 Dust-Event Sampling and Data Acquisition

Eight typical dust storm events were recorded simultaneously at both 
stations in 2024 (Table 2). During each event, the following protocol was 
followed:
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1. Continuous monitoring: Near-surface micro-meteorological observation 
systems recorded wind speed, wind direction, atmospheric pressure, and 
temperature at multiple heights (1–100 m at XT; 1–80 m at TZ) throughout 
each dust storm..

2. Dust sampling: BSNE samplers at each height collected dust aerosol 
samples continuously during the event.[10].

Table 1. Taklamakan Desert Observation Station and Specifications Summary

Facility Observation Height (m)

XT Station 1, 2, 4, 10, 24, 32, 47, 63, 80, 100

TZ Station 1, 2, 4, 8, 16, 24, 32, 47, 63, 80

2.2.3 Post-Event Retrieval and Laboratory Analysis

On the second day after each dust storm, when wind speeds fell below 5 
m/s to ensure personnel safety, professionals retrieved dust samples from all 
heights, sealed them in pre-weighed bags, and transported them to the 
laboratory. In the laboratory, a laser particle size analyzer (Mastersizer Model 
2000, Malvern, UK) was used to analyze the particle size distribution of the 
dust samples (measuring range: 0.02–2000 μm; error < 3%) [10].
Table 2. Start Times of Typical Dust Storm Events at Tazhong Station and Xiaotang Station 

in 2024 (UTC)

Dust Storm ID Tazhong Station (TZ) Time Xiaotang Station (XT) Time

Dust 1 2024-03-31 12:00 2024-03-31 12:00

Dust 2 2024-04-12 04:00 2024-04-12 04:00

Dust 3 2024-04-17 11:00 2024-04-17 11:00

Dust 4 2024-04-26 21:00 2024-04-26 21:00

Dust 5 2024-05-12 07:00 2024-05-12 07:00

Dust 6 2024-05-20 11:00 2024-05-20 11:00

Dust 7 2024-06-04 04:00 2024-06-04 04:00

Dust 8 2024-06-18 07:00 2024-06-18 07:00

2.2.4 Data Processing and Parameter Calculation

From the collected samples and meteorological data, key parameters were 
derived: horizontal dust flux (Q), vertical dust flux (F), and friction velocity 
(U*). The start times of the eight dust storm events (UTC) are summarized in 
Table 2. Vertical dust flux (F) was calculated using the gradient method [36–
38] :

F =𝑘U * (c1 - c2)
ln (z2

z1) (1)

where F is the vertical dust flux (kg/m ² ); z1 and z2 are the measurement 
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heights (m); U * is the friction velocity (m/s); c1 and c2 are the dust 
concentrations at the two measurement heights (kg/m³); k is the von Kármán 
constant (0.4), and U *  is the friction velocity (m/s). Concentration c was 
obtained from BSNE sediment samplers as:

c = M
utA(2)

Where M is the collected dust mass (kg), u is the mean wind speed during 
sampling (m/s), t is the sampling duration (s), and A is the inlet area of the 
sampler (m2).

Computation of friction velocity u*

The U *  in Eq.(1) is not a directly measured variable. It is calculated from 

two-level wind and temperature data using the Monin–Obukhov (M–O) 
similarity theory to account for atmospheric stability[39,40]:

𝑘z
U *

∂u
∂z = ∅m(ζ)(3)

where U is wind speed (m/s), ∅m(ζ) is the dimensionless stability 

function, and ζ =z/L with L the M–O length. Integrating between the two 

observation levels and assuming∅m is constant within this layer yields[41] 

U(z2) - U(z1) = U *
k ϕm(ζ) ln

z2
z1

(4)

from which

U *= k[U2 - U1]
ϕm(ζ) ln (z2

z1)(5)

The stability function follows the Businger–Dyer formulation[42,43]:

∅m(δ) = {(1 - 16ζ)-0.25       ζ < 0 (unstable)
(1 + 5ζ)                  ζ ≥ 0 (stable)(6)

ζ is determined from the gradient Richardson number Ri[40]:

Ri = g z1z2
T

∆T
(∆u)2 ln⁡(

Z2
Z1

) 

where T is the mean absolute temperature (K), ∆T =T2−T1, and 

ΔU=U2−U1. Then,

ζ = {Ri               Ri < 0
Ri

1 - 5Ri
   Ri ≥ 0 (5)

Thus, u* used in Eq.(1) is obtained through Eqs.(3)–(4) with stability 

corrections before being applied to compute F. This approach avoids the bias 
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of a simple two-wind-speed estimate and clarifies that Eqs.(1) and (3) describe 

consistent stages of the same methodology.

2.3  Remote sensing data sources and processing methods

The remote sensing data used in this study primarily includes the aerosol 
optical depth (AOD) product retrieved from the MODIS (Moderate Resolution 
Imaging Spectroradiometer) sensor, as well as the aerosol absorption index 
(AAI) data provided by the Sentinel-5P satellite. All the data were processed 
and extracted using the Google Earth Engine (GEE) platform. For the MODIS 
AOD product, the joint product provided by the sensors onboard the Terra and 
Aqua satellites was selected (MODIS/061/MCD19A2_GRANULES). The spatial 
resolution of the data is 10 km, and the temporal resolution is daily. This 
resolution was chosen for two primary reasons: (1) it better matches the 
spatial footprint of dust transport inferred from the BSNE network, as point-
based ground measurements are more representative of regional-scale dust 
flux when compared to 1 km retrievals that may capture local variability 
unrelated to synoptic dust events [48]; and (2) the 10 km product provides 
more continuous temporal coverage with fewer gaps due to cloud screening, 
which is particularly important in capturing the full duration of dust storms 
that evolve over multiple hours to days. While higher-resolution (1 km) AOD 
products are available, they are more susceptible to cloud contamination and 
surface reflectance heterogeneity in arid regions, potentially introducing noise 
in dust source areas. The data are sourced from the NASA LAADS DAAC data 
center (https://ladsweb.modaps.eosdis.nasa.gov). To improve the adaptability 
to the surface in arid regions, the Optical_Depth_047 band was extracted. In 
addition, high-quality pixels were selected by applying the quality assurance 
flag (QA_flag ≥  2) to filter out low-quality data. This approach was used to 
minimize errors caused by cloud interference and high surface albedo.

The Sentinel-5P data is sourced from the European Space Agency (ESA) 
through the Copernicus program. The specific product used is the 
COPERNICUS / S5P /OFFL / L3 _ AER _ AI dataset, which can be found at 
https://developers.google.com/earth-engine 
datasets/catalog/COPERNICUS_S5P_OFFL_L3_AER_AI. This product has a 
spatial resolution of 7 km and a temporal resolution of daily scale. The data 
were processed through the GEE platform, with pixels severely affected by 
cloud interference removed. Only observations with good quality control were 
retained to ensure the reliability of the AAI values. AAI reflects the relative 
amount of absorbing aerosols in the atmosphere and can effectively identify 
strongly absorbing aerosols such as dust and smoke. In this study, to explore 
the relationship between near-surface dust concentration and column-
integrated aerosol absorption characteristics, eight typical dust storm events 
from 2024 were selected. It is important to note that while AAI provides 
information on the presence of absorbing aerosols in the atmospheric column, 
it does not directly resolve the vertical distribution of dust. Therefore, this 
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analysis focuses on the correlation between surface-measured dust 
concentration and total-column AAI, rather than attempting to infer vertical 
structure from satellite data alone. The time range for extraction corresponds 
to the UTC duration of each event, and the spatial extraction range covers a 5 
km radius around the Tazhong Station and Xiaotang Station. The AAI values 
were obtained using a time-averaging method.

2.4 Ground-Satellite Data Integration and Statistical Analysis

The ground-based observational data were obtained from an automatic 
dust monitoring system, which provided the horizontal dust flux (Q, in kg/m2) 
at 10 different layers within the height range of 1–100 meters at XT Station 
and 1–80 meters at TZ Station, along with corresponding wind speeds (WS, in 
m/s) at each height. To estimate the dust concentration (C, in kg/m³) at 
different heights, the following equation was used for calculation:：

C = Q
WS(6)

In this case, Q represents the dust flux at a specific height, and WS 
represents the horizontal wind speed at that height. The formula reflects the 
dust mass concentration transported by wind within a unit volume.

For each dust event, the average dust concentration at each height was 
paired with the corresponding satellite-derived AAI value. Pearson correlation 
coefficients (r) and significance levels (p-values) were calculated to assess the 
linear relationship between AAI and vertical dust concentration.. All data 
processing and visualization were conducted using Python. This integrated 
ground-satellite approach supports the application of remote sensing products 
in dust monitoring and provides a technical foundation for ground-satellite 
fusion research.

3  Results

3.1  Characteristics of Dust Events and Particle Size Effects on Dust 
Flux

In order to gain a deeper understanding of the impact of dust particle size 
on flux distribution, this section begins by examining the relationship between 
particle size parameters and flux at different heights. By combining the 
observational data from the TZ and XT stations, it analyzes the characteristics 
of horizontal dust flux (Q) and vertical flux (F) during eight dust events, with 
respect to changes in particle size and friction velocity (U*). This diversity in 
event characteristics provides a robust basis for examining the mechanisms 
controlling dust flux under different meteorological and surface conditions.

Figure 2-3 illustrates the relationship between two key particle size 
parameters—volume mean diameter (D[4,3]) and median diameter (d(0.5))—
and horizontal dust flux (Q) and vertical flux (F) at different heights during 
eight dust storm events at the TZ and XT station. Figure 2(a-d) reveals that Q 
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generally exhibits a decreasing trend with increasing particle size, a pattern 
that becomes more pronounced at higher altitudes. At heights of 1 meter and 
2 meters, D[4,3] and d(0.5) are smaller compared to upper layers, and the Q 
values are higher, indicating that smaller particles are more concentrated in 
the near-ground layer. As the height increases, the particle size gradually 
increases, and the concentration decreases, leading to a corresponding 
decrease in Q values. This trend is particularly pronounced during dust events 
with larger particle sizes (such as Dust 1 and Dust 8), where a clear negative 
correlation is observed between D[4,3] and Q. A comparison of the left and 
right charts shows that D[4,3] and d(0.5) are highly consistent in both 
magnitude and trend. Although there are differences in particle size and Q 
values across different dust events, the overall pattern remains consistent. The 
color variation indicates that when the particle size exceeds 80 μm, the 
decrease in Q with height becomes especially pronounced.

Figure 2(a-b) further illustrates the relationship between particle size 
(D[4,3] and d(0.5)) and vertical dust flux (F) at different height levels at the 
same location. The overall trend is consistent with that in Figure 2, with F 
decreasing as particle size increases. This is particularly evident in regions 
with larger D[4,3], where F decreases significantly, indicating that larger 
coarse particles (>80 μm) are more difficult to remain suspended at higher 
altitudes. In contrast, small particle size  (<60 μm) is easier to be transported 
by high altitude and maintain higher concentration, resulting in larger F value. 
This trend is especially obvious at high altitude (e.g. 63m, 80m), dust 
concentration decreases rapidly, and particle size parameters become smaller. 
Event - to - event comparison of different processes also reveals that particle 
size distribution plays a dominant role in F value, for example, dust8 is 
dominated by large particle size and F value is lower, while dust1 is dominated 
by small particle size and F value is higher. 
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Figure 2. Relationship between dust particle size and dust flux at Tazhong (TZ). 
(a) Volume mean diameter (D[4,3]) with vertical dust flux (F) overlay;

(b) Median diameter (d(0.5)) with vertical dust flux (F) overlay;
(c) Volume mean diameter (D[4,3]) with horizontal dust flux (Q) overlay;

(d) Median diameter (d(0.5)) with horizontal dust flux (Q) overlay.
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Figure 3. Relationship between dust particle size and dust flux at Xiaotang (XT). 
(a) Volume mean diameter (D[4,3]) with vertical dust flux (F) overlay;

(b) Median diameter (d(0.5)) with vertical dust flux (F) overlay;
(c) Volume mean diameter (D[4,3]) with horizontal dust flux (Q) overlay;

(d) Median diameter (d(0.5)) with horizontal dust flux (Q) overlay.
Figure 3(a-d) shows the relationship between D[4,3], d(0.5), and Q at 

different height levels during various dust events at the XT station. The results 
indicate that Q increases as particle size decreases and decreases with 
increasing height. In the 1–4 m height range, particle sizes are generally larger 
than those at higher levels, and Q values are also higher, as seen in the initial 
stages of Dust 8 and Dust 4. As height increases, particle size decreases, and 
Q values drop rapidly, reflecting the larger proportion of fine particles at 
higher altitudes, yet the mass flux significantly decreases, which aligns with 
the theory of gravitational settling and turbulent diffusion. Especially between 
80–100 meters in height, the particle size differences across various dust 
events become smaller, and Q values are generally lower. However, small 
changes in particle size near the surface correspond to significant differences 
in Q, indicating that lower-layer transport is more influenced by local factors 
such as topography and wind speed. 

Figure 3(a-d) shows the relationship between particle size and vertical flux 
(F) at different heights during eight dust events at the XT station. Overall, F is 
negatively correlated with D[4,3], with F significantly decreasing when the 
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particle size exceeds approximately 80 μm, reflecting that coarse particles 
larger particles are more likely to settle. In contrast, smaller particles (<60 
μm), due to their stronger suspension capability, lead to higher F values. The 
trend for d(0.5) is consistent with D[4,3], with smaller d(0.5) (around 60 μm) 
corresponding to higher concentrations, while larger particle sizes (such as 70 
μm) correspond to lower concentrations. This trend is generally observed 
across all dust events and becomes more pronounced with increasing height, 
indicating that the vertical distribution is primarily controlled by particle size 
and gravitational settling. 

3.2  Characteristics of U* Influence on Dust Flux

After analyzing the influence of dust particle size on dust flux distribution, 
this section will further explore the influence characteristics of friction 
velocity U* on dust flux, so as to deeply understand the mechanism of U* 
variation on dust horizontal and vertical transport.

Figure 4 illustrates the impact of friction velocity (U*) on Q and F during 
eight dust events at the TZ station. Overall, U* shows a strong positive 
correlation with Q. In most events (such as Dust 1 and Dust 4), as U* increases, 
Q clearly increases, suggesting that higher friction velocity helps to enhance 
the initiation and horizontal transport of surface particles. However, in events 
like Dust 2, Dust 6, and Dust 8, the response of Q to U* is less apparent, and 
in some cases, it even decreases slightly. This could be influenced by factors 
such as sand source depletion, surface humidity, particle size distribution, or 
local wind field structure. In contrast, U* has a weaker impact on F. In most 
dust events (such as Dust 2, 4, 6, and 8), F does not vary significantly with U*, 
and only in specific events like Dust 3 and Dust 5 is there a weak positive 
correlation. This indicates that F is more influenced by particle settling 
characteristics and gravity, with a relatively weak connection to wind speed 
variations. 

Figure 4. Variation of Q and F with U* under different dust processes in TZ
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Figure 5. Vertical distribution characteristics of Q, F and U* under different dust 
processes in TZ

Figure 5 further illustrates the distribution characteristics of Q, F, and U* 
in the vertical direction. The results show that Q generally decreases with 
increasing height, indicating that strong winds can transport particles to 
higher altitudes, but the transport capacity gradually weakens with height. U* 
is typically larger near the surface and decreases with height, displaying 
typical characteristics of the friction layer. F is mainly concentrated in the 
lower layers and rapidly decays, reflecting that vertical flux primarily occurs 
near the ground surface. This also suggests that Q is more dependent on the 
driving force of lower-layer U*, while F is more controlled by particle size, 
gravitational settling, and vertical turbulent structures.

Figure 6 shows the relationship between Q and F with changes in U* at 
the XT station. Consistent with the TZ station, Q exhibits a positive correlation 
with U*, especially in Dust 1, 2, 6, and 7. However, the response of F to U* 
remains relatively weak, with only slight increases observed in a few events 
(such as Dust 1, 3, 6, and 7), but the increase is much smaller than that of Q. 
This further validates that friction velocity primarily drives horizontal 
transport processes, while its role in regulating vertical settling flux is limited.

Figure 7 shows the vertical distribution relationship between U* and Q, F 
at the XT station. The results indicate that although U* changes relatively 
steadily with height, its regulatory role in the sand transport process remains 
significant. At lower altitudes, larger U* contributes the most to Q, with Q 
values being significantly higher at lower heights and rapidly decreasing with 
height. In contrast, the vertical distribution of F is more complex, often 
exhibiting a peak at lower altitudes, followed by rapid decay or fluctuation. 
This reflects the nonlinear variation characteristics formed under the 
combined influence of particle size, gravity, and local turbulence. 
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Figure 6. XT Relationship between Q and F and U* under different dust processes

Figure 7. XT Vertical distribution characteristics of Q, F and U* under different dust 
processes

3.3  Multi-source remote sensing data combined with ground 
observations

After analyzing the influence of friction velocity on dust transport, this 
section will further explore the relationship between remote sensing data and 
ground observation data through aerosol optical depth (AOD) retrieval in 
combination with remote sensing data to supplement the limitations of ground 
monitoring.

The aerosol optical depth (AOD) retrieved by remote sensing can 
effectively reflect the atmospheric dust loading and shows a certain degree of 
correspondence with ground-based dust transport parameters. By comparing 
the MODIS AOD data from eight dust events with the measured horizontal 
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dust flux (Q), vertical dust flux (F), and friction velocity (U*) at the XT and TZ 
stations, notable differences were identified between the two sites.

At the XT station, the temporal variations in AOD generally exhibit a 
consistent pattern with the changes in Q, F, and U*, particularly during the 
more intense dust events. Periods characterized by enhanced near-surface 
wind strength and increased dust transport correspond to elevated AOD 
values, suggesting that local wind-blown sand activity plays a dominant role in 
contributing to the atmospheric dust column.

In contrast, at the TZ station, certain dust events display relatively high 
AOD values without a proportional increase in near-surface dust transport 
intensity. This discrepancy indicates that the atmospheric dust loading at TZ 
may be influenced not only by local surface emission but also by regional dust 
transport and upper-level dust recirculation processes. Similar patterns 
observed in multiple events further support the spatial heterogeneity in dust 
source contributions between the desert interior and the desert margin (see 
Figures 8 and 9).

Figure 8. Corresponding relationship between AOD and dust flux Q, dust flux F and 
friction velocity U* at TZ station
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Figure 9. Relationship between AOD and dust flux Q, dust flux F and friction velocity U* 
at XT station

Correlation analysis between ground-level dust concentrations and 
Sentinel-5P AAI (Figure 10) shows a strong positive correlation at both 
stations (TZ: r = 0.96, p < 0.001; XT: r = 0.96, p < 0.001). This indicates that 
AAI can effectively capture the intensity of ground-level dust activity, 
particularly during strong dust events where surface and column 
measurements are highly synchronized.

Figure 10. Relationship between Pearson correlation AAI and dust concentration
Figure 11 shows the height-resolved correlation between AAI and dust 

concentrations at TZ and XT stations. The two stations exhibit distinct vertical 
correlation patterns. At XT, AAI shows the strongest correlation with near-
surface concentrations (1–10 m), peaking at 2 m (r = 0.928), with correlation 
gradually decreasing to 0.717 at 100 m. This suggests that at the desert 
margin, column-integrated absorbing aerosol is dominated by locally emitted 
dust. At TZ, correlation is lower in the near-surface layer (1–16 m, r ≈ 0.66) 
but increases at mid-altitudes (32–80 m), peaking at 47 m (r = 0.804). This 
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pattern indicates that in the desert interior, a significant portion of the 
absorbing aerosol column originates from elevated dust layers, consistent with 
regional transport or vertical mixing processes.

Figure 11. Pearson correlation between AAI and dust concentrations at various heights

4. Conclusion

At the Tazhong station (TZ):
A clear hierarchical relationship exists between particle size and dust flux. 

The horizontal flux (Q) generally decreases with increasing particle size, 
particularly at higher altitudes. Near the surface (1–2 m), higher 
concentrations of fine particles result in elevated Q values; with increasing 
height and particle size, both particle concentration and Q decline. During 
large-particle-dominated events (e.g., Dust 1 and Dust 8), D[4,3] is negatively 
correlated with Q, indicating that coarse particles are less favorable for long-
distance horizontal transport. The vertical flux (F) also decreases significantly 
with increasing particle size. Due to their weak suspension capacity, coarse 
particles cannot maintain high concentrations aloft, leading to rapid 
attenuation of F with height, highlighting the dominant role of particle size in 
vertical transport efficiency.

Friction velocity (U*) shows an overall positive correlation with Q, 
indicating that stronger surface shear enhances particle entrainment and 
horizontal transport. However, the response of F to U* is inconsistent, showing 
only weak positive correlations in some events, suggesting that vertical 
transport is jointly controlled by particle size, gravitational settling, and 
turbulent structure. Both Q and U* decrease with height, exhibiting typical 
friction-layer characteristics, while F is concentrated in the lower layers and 
decays rapidly. This indicates that dust transport at TZ is constrained by 
limited vertical kinetic energy and relatively high settling rates. In addition, 
although high AOD values were observed during some events, corresponding 
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Q and F were not significant, implying that AOD at TZ is strongly influenced 
by regional transport or upper-level recirculation, with weak coupling to local 
dust emission.

The Sentinel-5P Aerosol Absorbing Index (AAI) shows a highly significant 
positive correlation with near-surface dust concentration (r = 0.96, p < 0.001), 
confirming its effectiveness in monitoring severe dust events. At TZ, the 
correlation is lower in the near-surface layer (1–16 m, ~0.66) and increases in 
the middle–upper layers (32–80 m), reaching 0.804, revealing distinct vertical 
variability.

At the Xiaotang station (XT):
The relationship between particle size and dust flux is more consistent, 

with fine particles dominating the transport process. Both Q and F increase as 
particle size decreases, and this trend is more pronounced at higher altitudes, 
indicating stronger vertical suspension capacity.

U* exhibits a significant positive correlation with Q, particularly during 
Dust 1, 2, 6, and 7. Although the correlation between F and U* is weaker, an 
overall increasing tendency is observed. Q is highest near the surface and 
decreases rapidly with height, while F peaks in the lower–middle layers, 
reflecting the nonlinear coupling among particle size, settling effects, and 
turbulent structure.

At XT, AOD shows good consistency with both Q and F, especially during 
Dust 6 and Dust 8, indicating strong local control of aeolian activity. AAI also 
exhibits a highly significant correlation with near-surface dust concentration 
(r = 0.96, p < 0.001). The correlation is strongest in the near-surface layer (1–
10 m, r > 0.91) and gradually decreases with height, reaching 0.717 at 100 m.

Significant differences in dust transport mechanisms are observed 
between TZ and XT, reflecting the combined influence of topography, wind-
field structure, and particle-size composition. The strong consistency between 
AAI and ground observations at both sites provides a reliable data foundation 
and methodological support for future multi-source data fusion in dust 
retrieval and early warning applications.

5. Discussion

This study systematically reveals the influence of key parameters for 
sandstorm initiation at the Taklamakan Desert's central station (TZ) and the 
desert-oasis transition zone at the Xiaotang station (XT) on dust flux. At the TZ 
station, the control of dust flux by particle size shows a clear vertical 
stratification: the horizontal flux Q decreases overall as particle size increases, 
and this trend becomes more pronounced with height. In the near-ground 
layer (1-2 meters), smaller particles accumulate, leading to an increase in Q, 
while at about 40 meters, the secondary sand initiation induced by topographic 
rise (local dunes) causes larger particles to be lifted again by local strong 
winds [10,44], resulting in a significant increase in D[4,3] (such as a 15 μm 
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increase during the dust 1 event). The combined effect of concentration 
attenuation causes Q to sharply decrease in the higher layers. The negative 
correlation between Q and D[4,3] during typical large particle events (such as 
dust 1 and dust 8) further supports the limitation of large particle sizes on 
horizontal transport distance [45]. The vertical flux F also decreases 
significantly with increasing particle size, especially near the 40-meter layer. 
Large particles lifted by secondary sand initiation have weak suspension 
ability and cannot maintain high-altitude concentration, causing a sharp 
decline in F above this height. The friction velocity U* has a clear positive 
effect on horizontal transport (Q is positively correlated with U* overall), but 
its impact on vertical flux F is weak (only showing a slight positive correlation 
in some events like dust 3 and dust 5), indicating that F is mainly constrained 
by a combination of particle size distribution, gravitational settling, and 
turbulent structure [46]. The rapid decay of Q and F in the vertical direction, 
combined with the decrease in U* from the lower to higher layers, collectively 
reflects the typical characteristics of the friction layer and the limitation of 
vertical kinetic energy on transport. It is worth noting that the station 
frequently experiences a decoupling phenomenon, where high AOD values 
coincide with low surface fluxes (Q, F) (for example, in dust 6, the AOD 
reached 3.39, yet Q and F did not increase synchronously). This suggests that 
the remote sensing signal is primarily dominated by regional transport or 
upper-air recirculation, and the contribution of local dust activity to AOD is 
relatively limited [47]. The AAI derived from Sentinel-5P inversion shows a 
strong ability to capture dust concentration [48], with the correlation between 
AAI and dust concentration peaking in the secondary sand source layer at 40 
meters (32-80 meters) (r = 0.804), significantly higher than in the lower layers 
(1-16 meters, r ≈ 0.66). This phenomenon directly confirms the prominent 
contribution of secondary sand initiation in topographic rise areas to aerosol 
column concentration in the middle to upper layers [44,49]. When strong 
winds pass over 40-meter high sand dunes, local wind speed acceleration and 
enhanced turbulence lead to the resuspension of sand particles, forming a 
region of exceptionally high dust concentration at specific heights, thereby 
significantly increasing the response sensitivity of AAI at this vertical level.

At the Xiaotang station, dust transport is dominated by small particle sizes. 
Both Q and F generally increase as particle size decreases, with a particularly 
strong vertical suspension and long-distance transport potential observed in 
the higher layers. The friction velocity U* significantly enhances horizontal 
transport, with a strong positive correlation between Q and U* in events such 
as dust 1, 2, 6, and 7, which aligns with classical sand and dust initiation theory. 
While F shows a weaker correlation with U*, it still exhibits a slight upward 
trend with increasing U* in multiple events, reflecting the indirect promoting 
effect of U* on vertical transport and the nonlinear coupling between particle 
size and turbulence. The peak value of Q is located near the surface and rapidly 
decreases with height, while F reaches its maximum in the middle to lower 
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layers. In terms of remote sensing response, the AOD at this station shows a 
high degree of synchronization with the surface fluxes (Q, F), particularly 
during dust 6 and dust 8 events, where AOD increases in tandem with Q and 
F. Combined with a significant increase in U*, this confirms a strong local 
control characteristic. The AAI is also strongly positively correlated with 
surface concentration (r = 0.96, p < 0.001), with the correlation being 
strongest in the near-surface layer (1-10 meters) (r > 0.91). The correlation 
decreases with height (r = 0.717 at 100 meters), which is consistent with the 
vertical distribution pattern of dust concentration, characterized by a "larger 
at the bottom and smaller at the top" profile.

The differences between the two stations profoundly reflect the coupling 
effects of local underlying surface properties and meteorological conditions: 
the sharply varying vertical gradient of particle size, complex topography 
(such as secondary sand sources), and limited vertical kinetic energy at the TZ 
station together constrain the transport efficiency. In contrast, the dominance 
of small particles, strong U* response, and relatively flat surface at the XT 
station favor efficient near-surface transport. Notably, the AAI at both stations 
shows a highly significant correlation with dust concentration (r = 0.96, p < 
0.001), which validates the high applicability of Sentinel-5P in monitoring 
severe dust events and provides a solid data foundation for building dust 
warning models based on multi-source data fusion [50]. Future research 
should focus on the following directions: develop parameterization schemes 
for dust initiation and transport that integrate high-resolution terrain, surface 
roughness [51–53], and soil moisture data to enhance the simulation accuracy 
of models for regions with complex underlying surfaces. Conduct a systematic 
assessment of AAI vertical response characteristics across different regions 
(such as different sand source areas and transport path regions) to clarify how 
topographic uplift, boundary layer processes, and aerosol mixing states 
modulate the vertical representativeness of remote sensing signals [54,55]. 
This will provide theoretical support for remote sensing validation of global 
dust models. Investigate the formation mechanisms of secondary sand sources 
and their impact on the vertical distribution of dust. Combining meteorological 
factors will help enhance the understanding of complex dust transport 
processes and improve the accuracy of remote sensing inversion. Additionally, 
some studies suggest that comparing MODIS AOD with ground-based flux 
observations can reveal the characteristics of dust transport in different 
regions [56–60]. In certain areas, AOD shows a highly consistent trend with 
surface dust flux intensity, particularly when surface dust concentrations 
increase and AOD rises synchronously, indicating a strong local response 
[61,62]. However, in some areas, despite observing higher AOD, the surface 
flux and friction velocity did not change significantly, suggesting that 
exogenous dust or upper-air recirculation may be the dominant factors [63–
65]. Additionally, some studies indicate that the topographic fluctuations 
significantly influence the wind field and dust transport pathways, affecting 
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the distribution of dust concentrations at different altitudes [10,63,66,67], 
especially in areas with secondary sand sources. These studies provide new 
insights into the complexity of dust transport and emphasize the close 
relationship between topography, meteorological conditions, and remote 
sensing data interpretation. Such research will significantly enhance the 
understanding of dust transport complexities and provide technological 
support for ecological safety in arid regions and precise control of dust 
disasters.

5.1 Study Limitations

Despite the robust integration of ground-based observations and multi-
source remote sensing data, several limitations should be acknowledged. First, 
spatial scale mismatch remains an inherent challenge. Ground-based 
measurements represent point-scale observations, whereas satellite products 
such as MODIS AOD and Sentinel-5P AAI are derived from pixel-averaged 
signals, which may include contributions from regional transport and upper-
level aerosols. This mismatch can weaken the direct coupling between surface 
dust flux and remotely sensed aerosol signals, particularly in the desert 
interior.

Satellite observations are limited by temporal sampling. Daily overpass 
frequency may fail to capture short-lived or highly localized dust emission 
events driven by transient wind bursts. Third, uncertainties associated with 
retrieval algorithms, cloud contamination, and surface reflectance over bright 
desert surfaces can introduce additional errors in satellite-derived 
products.Finally, while AAI demonstrates strong potential in reflecting dust 
vertical structure, it remains an indirect indicator of aerosol loading and 
cannot fully resolve detailed vertical profiles without auxiliary information. 
Future studies should integrate higher temporal resolution satellite 
observations, lidar-based vertical profiling, and numerical modeling to further 
improve the representation of dust emission and transport processes.
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