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Dust storms and dust aerosols seriously affect environmental variation and climate change
at regional and global scales. Accordingly, these hazards are the current focus in studies
related to Earth science. The near-surface layer is an important link for the upward
transmission of dust aerosols. However, the difficulty associated with obtaining real-
time observation data from this layer has markedly hindered the progress of related
research. In sand source areas, the topographic relief of natural dunes is easily ignored,
despite serving as an essential factor affecting wind-driven dust emission, transport, and
deposition. In this study, we explored the similarities and differences in horizontal dust flux
(Q) between Xiaotang and Tazhong using observation data. In Xiaotang, the variation in the
Q value with height was found to fit a power function; however, in Tazhong, the Q value did
not show a significant gradient change. Such phenomena are caused by the secondary
sand source generated by the undulation of natural dunes. The median particle diameter of
the dust lifted from the ground during dust storms was essentially the same between
Xiaotang and Tazhong, ranging from 74 to 82 μm in Tazhong and from 53 to 81 μm in
Xiaotang. The maximum wind speed in Xiaotang was greater than that in Tazhong,
resulting in a larger Q value for each particle size range in Xiaotang. The coarse
sediment grain was identified as the main factor controlling the vertical variation trend
of Q. Further, fine particles were found to have a minor impact.
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1 INTRODUCTION

Dust storms are serious meteorological hazards. In fact, the process of dust transport has exacerbated
land desertification. Sand transport has had significant impacts on atmospheric radiation balance,
climate change (Coakley et al., 1983; Sokolik and Toon, 1996; Ramanathan et al., 2001; Gautam et al.,
2010; Spyrou et al., 2013), environment, air quality, and human health (Chen et al., 2004; Prospero
et al., 2014; Viana et al., 2002) and has become an important part of the global biogeochemical cycle.
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The Taklimakan Desert is the largest mobile desert in China
and is one of the main sources of sand material transmission in
China (Gong et al., 2003; Wang et al., 2005). Owing to the joint
influence of the topography of the Tarim Basin and Tibetan
Plateau (Zhang and Wang, 2008; Xu et al., 2014), dust storms lift
dust aerosols into the air, resulting in a unique phenomenon
known as persistent floating dust (He and Zhao, 1997; Zhang
et al., 2007; Ma et al., 2007; Nan and Wang, 2018; Meng et al.,
2019). Under the westerlies, dust aerosols diffuse to eastern China
and other parts of East Asia (Liu et al., 2015; Chen et al., 2017).
This diffusion has a significant impact on the climate and
environment in East Asia and the entire world (Iwasaka et al.,
1983; Huang et al., 2009). Since the 1980s, Nickovic and Dobricic,
1996 has focused on the long-range transport of dust in the
western Mediterranean, and for the first time, divided the dust
transport process into two stages: dust mobilisation at the surface
and dust lifting by turbulence. Genthon (1992) investigated the
characteristics of dust storms and sea salt aerosols in Antarctica
using the atmospheric circulation model. Notably, they found
that the vertical distribution of atmospheric aerosols is an
important parameter in numerical modelling and the stability
of the boundary layer has a considerable influence on the vertical
distribution of near-surface aerosols. Based on studies performed
by scholars worldwide, we sought to explore how the vertical
uplift of dust aerosols in sand source areas can be realistically
reflected and how the topographic relief of dunes affects the
vertical transport of dust aerosols in the near-surface layer.

Since the beginning of this century, studies on dust storms and
dust aerosols have become the focus of scientists in many
countries; these studies have led to fruitful achievements
(Zhang et al., 2005; Zhang et al., 2009; Park and In, 2003;
Tegen et al., 2002; Murayama et al., 2001; Tratt et al., 2001;
Xuan et al., 2000; Che et al., 2005). With advancements in
observation and analysis methods, significant progress has
been made in studies on dust storms and dust aerosols from
various aspects, such as synoptic analysis, climatic causes,
numerical simulation, climatic effects, and environmental
impacts (Zhou et al., 2002; Shen et al., 2003; Sun et al., 2003;
Wang et al., 2003; Zhou and Zhang, 2003; Lei et al., 2005; Huang
and Zheng, 2006; Yue et al., 2008; Chen et al., 2017; Zhou et al.,
2017; Hu et al., 2019). Investigations regarding dust emission,
transport, and deposition during dust storms mainly focus on: 1)
estimating the amount of dust emission at the ground surface and
analysing the mechanisms of dust emission and its influencing
factors; and 2) simulating the processes and calculating the total
amount of dust transport at high levels and dust deposition (Zhao
et al., 2011). Beside, for the near-surface layer, as an important
link between dust mobilisation at the ground surface and dust
transport within the boundary layer, the evolution patterns of the
horizontal dust transport flux and the sediment particle size
parameters during dust storms are unknown. Unfortunately,
related studies are rare as observation data are difficult to
collect. Thus, the variations in dust transport parameters in
the near-surface layer under natural conditions are unclear.
Little attention has been paid to the effects of topographic
relief in the Taklimakan Desert on the vertical structure of the
near-surface layer during dust storms owing to the existence of

different research perspectives. However, these scientific
problems must be urgently addressed. Thus, this study sought
to explore the influence of topographic relief on sand transport in
the near-surface layer during dust storms. By employing a new
perspective, this study aimed to provide new scientific
information on the material exchange between ground and
atmosphere affected by a non-flat, uniform underlying surface
and a basis for improving numerical forecasting models of dust
storms.

In this study, we innovatively designed an observational
experiment to evaluate the variability of near-surface vertical
gradient of dust storms at two sites in the Taklimakan Desert.
Accordingly, this study sought to reveal the vertical
distribution characteristics of horizontal dust fluxes and
particle size parameters under different topographic
conditions based on the invaluable observation data. The
rest of the paper is arranged as follows: Section 2 describes
the observation area and the design of the observational
experiment; Section 3 presents the characteristics of
horizontal dust fluxes (Q) and grain-size components and
the analysis of wind dynamics based on the experimental
data; and Section 4 and Section 5 discusses and concludes
the study, respectively.

2 OBSERVATION SITES, INSTRUMENTS,
AND DATA COLLECTION
2.1 Overview of the Field Observation
Experiment
To study and demonstrate the influence of undulating dunes
on the key dust particle parameters in the near-surface layer
under natural conditions, we innovatively designed an
observational experiment to evaluate the variability of the
near-surface vertical gradient of dust storms at two sites in
the Taklimakan Desert. The 80-m gradient observation system
in Tazhong is at the centre point of the desert, hereinafter
referred to as TZ, and the topography of its surrounding
observation environment is dominated by naturally
undulating dunes. The 100-m gradient system in Xiaotangis
at the northern edge of the Taklimakan Desert, hereinafter
referred to as XT, and its surrounding observation region has a
nearly flat terrain, as shown in Figure 1.

2.2 Acquisition of the Experimental
Parameters
Key observation parameters, such as the gradient wind speed,
temperature, wind direction, and horizontal dust flux during
dust storms, were obtained using the 80-m near-surface
micrometeorological gradient observation system in TZ, the
100-m system in XT, and the BSNE sand collectors installed at
different heights. Combined with the particle-size
determination work performed in the laboratory, the
particle size parameters of the dust samples, including the
median particle diameter and grain-size component data, were
obtained.
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2.3 Details of the Experimental Design
Dust samples were collected between January 2018 and August
2018, the spring-to-summer dust storm season in the Taklimakan
Desert. The flux observation system in TZ was 80 m high, while
that in XT was 100 m high (Figure 2).

In TZ, the meteorological parameters were monitored, and the
dust samples were collected at ten levels (1, 2, 5, 8, 16, 24, 32, 47,
63, and 80 m).

In XT, the meteorological parameters were monitored, and the
dust samples were collected at ten levels (1, 2, 5, 10, 24, 32, 47, 63,
80, and 100 m).

The BSNE sand collectors that conform to international
standards were adopted to measure the horizontal dust
transport flux. The volume, appearance, and sand inlet size
of these BSNE sand collectors were designed in accordance
with international standards, and the sand inlet was 2 cm wide
and 5 cm high. At the beginning of the experiment,
professionals were hired to inspect the BSNE sand
collection systems installed at different height levels and
clean the sand collectors. On the day after each dust storm,
the professionals retrieved the dust aerosol samples collected
at different levels, placed the samples in sealed bags, and
cleaned the sand collectors when the wind speed was less
than 5 m/s (to ensure personnel safety). In the measure
step,in order to reduce the error, we first measured and
recorded the weight of the sealable bags. Then the samples
were weighed at the TZ and XT observation stations to avoid
weighing errors caused by the wear and tear of sample bags
during the transportation and ensure data accuracy (The
sampling staff was qualified to work at the required heights).

2.4 Particle Size Determination in the
Laboratory
In general, the dust samples can be approximated as uniform
particles (Such as sand and dust particles), and their grain size
can be measured using the dry method for convenience.
However, the content of the dust samples collected using
the gradient BSNE collection system was small. Therefore,

the wet method was employed for the subsequent particle size
tests in the laboratory to ensure measurement accuracy. The
differences between the dry and wet methods were compared
in a previous study (Huo et al., 2016), and the error range of the
results was found to be minimal.

3 ANALYSIS OF THE MEASUREMENT
RESULTS
3.1 Near-Surface Distribution Patterns of
Horizontal Dust in XT and TZ
Initially, our research team focused on the ground surface (e.g.,
Yang et al., 2011; 2012; 2013; 2015), while Dong et al. (2010) had
measured the flux of dust sediments in the near-surface layer in
2010. Huo et al. (2016) conducted a study on the characteristics of
near-surface dust flux in the Taklimakan Desert. The sediment
fluxes of ten dust storm events during the study period have been
reported, and detailed information on the proportions of grain-
size components comprising these fluxes has been provided. In
this section, the variations in horizontal dust flux for all dust
storm processes in TZ and XT during the observational
experiment are presented.

Figure 3 demonstrates the variations in horizontal dust flux
with height for eleven dust storm events in XT and eight dust
storm events in TZ. First, the Q value in XT gradually decreased
with height, reflecting a power function; this feature was shared
by the eleven dust storm processes. Second, the Q value variation
in TZ differed from that in XT as described below. The Q value
decreased with height at the level of two to eight m; Q increased
with height in the range of 8–48 m; the horizontal dust flux Q did
not exhibit a significant variation trend with height at the level of
48–60 m. The eight dust storm processes displayed these three
characteristics.

It should be noted that among the samples of all dust storms,
five processes were widespread dust storms triggered by the same
weather processes, and they occurred on March 3, April 2, April
27, May 24, and May 31 (as shown in Figure 3), which increases
the comparability of the two observation sites.

FIGURE 1 | Locations of the main station (TZ) and auxiliary station (XT) in the Taklimakan Desert and images of the flux observation systems.
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As shown in Figure 4, the eight dust storm processes in 2018
were compared with the ten processes in 2016 in TZ. These two
sets of dust storm processes had almost the same characteristics,
except that the near-surface (one to eight m) observations were
absent for the 2016 events. The data of XT in 2018 shows a good
power function fitting relationship, with a coefficient of
determination (R2) as high as 0.9434. Therefore, the
differences in the dust storm processes characterised by the
variations in horizontal dust flux Q with height between XT
and TZ in the Taklimakan Desert are of particular interest.

3.2 Characteristics of Grain-Size
Components in XT and TZ
The factors that influence the variation in horizontal dust flux
during a dust storm include the physical properties of the
underlying surface (grain-size components of the sand source)
and the dynamic condition (wind speed). Thus, we opted to focus
on these two critical factors. The three-dimensional variation
patterns for the average median particle diameter and mean
horizontal dust flux with height during multiple dust storms
in XT and TZ are presented in Figure 5. First, in XT, the median
particle diameter decreased with height, from 81 μm at 1 m to
53 μm at 100 m, and this trend was similar to the variation trend
observed by Dong et al. (2010) in the flat sandy land in Minqin.

Second, the median particle diameter at 1 m above ground was
82 μm in TZ and 81 μm in XT, indicating similar physical
properties of their dust sources, consistent with the results of
Huo et al., 2011. Third, no significant variation in the median
particle diameter with height was found in TZ, with only minor
fluctuations (74–82 μm) in the entire vertical profile of d (0.5). d
(0.5) means the corresponding particle size when the cumulative
particle size distribution percentage of the sample reaches 50%
(Huo et al., 2016). Evidently, the horizontal dust flux is influenced
by horizontally moving dust particles. Further, greater dynamic
support is required to transport the coarser and heavier dust
grains as the height and particle weight increase.

As shown in Figure 5, the average median particle diameter d
(0.5) of multiple dust storm processes in XT and TZ was
extremely close. Thus, the dust sources of the samples
collected during the dust storms can be concluded to be the
same. Combined with the laboratory-determined particle size of
the dust storm samples from a sequence of height levels, the
coarse and fine-grained components of the dust samples were
further investigated to obtain the percentages of the particles with
a diameter less than 1, 2.5, 10, 20, 50, and 100 μm in the samples,
respectively. Thereafter, the Q values of the particle size ranges
can be calculated. Four additional large-scale dust storm
processes that affected both TZ and XT were included to
perform a thorough analysis (Figures 6, 7). Warm colour

FIGURE 2 | Schematic of the flux observation systems in the Taklimakan Desert.
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spheres were used to represent the data for TZ, while cold colour
spheres represented the data for XT to enable easy distinction of
the results. It can be seen from Figures 6, 7 that the cold colour
spheres were larger than the warm colour spheres in each of the
particle size ranges (i.e., <1 μm, <2.5 μm, <10 μm, <20 μm,
<50 μm, and <100 μm). Such findings indicate that the Q
value obtained for each particle size range in XT is greater
than that in TZ. Moreover, the vertical profile of the Q value
for the particle size range close to d (0.5) (i.e., <100 μm) was

consistent with the average results shown in Figures 3, 4,
indicating relatively stable accumulation of the coarse particles
with height. Coarse particle is the main factor controlling the
variation in Q value with height. The distribution of the fine

FIGURE 3 | Horizontal dust fluxes varying with height in (A) XT and (B) TZ (The legends indicate the dates of the dust storms).

FIGURE 4 | Comparison of the variations in horizontal dust flux with
height in 2016 and 2018.

FIGURE 5 | Three-dimensional diagram of the average median particle
diameter and mean horizontal dust flux varying with height in XT and TZ (the
values in the spheres represent the d (0.5) median particle diameters).
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particles is highly random, and the contribution of the fine
particles to the variation trend of the Q value is minimal.

3.3 Analysis of Wind Dynamics (XT and TZ)
The curve in Figure 8 (Huo et al., 2016) has a very similar pattern
to the fitted curve for the wind speed across the flux tower.
Following a logarithmic profile that is normally expected for the
atmospheric boundary layer, the wind speed exhibits a
remarkable increase with height in the lower part of the
surface boundary but does not display significant vertical
variations at the upper levels. This pattern reflects the nature
of a well-mixed middle and upper boundary layer. Accordingly,
the average sediment fluxes share the same property as the wind
speed, revealing the nature of wind-driven sand-dust transport
during dust storms. As shown in Figure 9, the maximum wind

speed values at the two observation sites (XT and TZ) during four
dust storms were selected to explore the variation in the
maximum wind speed with height. First, the maximum wind
speed increased with height at the two observation sites, which
was consistent with the pattern of the universal wind profile.
Second, the maximum wind speed values in XT were evidently
higher than those in TZ during the four typical dust storm
processes. Such findings indicate XT had better wind dynamic
conditions than TZ during the dust storms and the dust particles
had greater dynamic support in XT than in TZ. Such finding also
explains the greater Q value of each customised particle size range
in XT than in TZ, as demonstrated in the previous section.

(The number after legend represent the date of dust storm. For
example, TZ0402 represents the dust storm in TZ station on April
2. XT0402 represents the dust storm in XT station on April 2.)

FIGURE 6 | Three-dimensional diagram of the mean horizontal dust fluxes (<1 μm, <2.5 μm, and <10 μm) varying with height in XT and TZ (the size of the spheres
represents the magnitude of Q).

FIGURE 7 | Three-dimensional diagram of themean horizontal dust fluxes (<20 μm, <50 μm, and <100 μm) varying with height in XT and TZ (the size of the spheres
represents the magnitude of Q).
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4 DISCUSSION

The Taklimakan Desert is one of the critical sand source regions
for the upstream weather zones in China. However, the lack of a
clear and systematic understanding of the dust transport
conditions in the Taklamakan Desert due to scarce
observation data has limited the localisation and effective
application of numerical simulation of dust storms in this
region. Further, owing to a lack of consideration and
understanding of the topographic relief in the desert, the
differences in dust transport parameters under terrain

undulations are ignored, resulting in uncertainties regarding
the dust transport parameters. Thus, the horizontal and
vertical transport of dust particles during dust storm events
must be quantified. During dust storms under natural
conditions in the Taklimakan Desert, the horizontal dust flux
decreases with height in XT; however, no significant change
occurs with height in TZ. Notably, our observations in XT are
highly consistent with those of Dong et al. (2010). The most
remarkable feature leading to this commonality between the two
studies is the flat sandy land employed as the observation area by
Dong et al. (2010). This area has a topography similar to that of
XT at the northern edge of the Taklamakan Desert (Figure 1).
The main factors controlling the variation in Q include the wind
dynamics W, surface sand source (material basis) M, and
topography of the observation environment E. The M of XT
was equivalent to that of TZ. TheW of XT was greater than that of
TZ; however, the variation trend of W with height in XT and TZ
was consistent. The larger W value in XT leads to an increased
proportion of coarse particles in the dust storm processes.
However, as shown in Figure 6, the d (0.5) value in XT
decreases with height during multiple dust storms, and the d
(0.5) value in TZ stabilises in the range, 74–82 μm. Meanwhile,
the Q value in TZ increases with height at 8–48 m, and Q does not
show significant variation with height at 48–60 m. The reasons
for these contradictory phenomena may be related to E. Huo et al.
(2016) pointed out that grain size actually increases in the lower
surface layer between 8 and 24 m, decreases in the middle levels,
and slightly increases at the top of the tower. This pattern is partly
caused by the wind-driven sand-dust transport from the nearby
natural dunes. This process is called the “secondary sand source”
to illustrate the sand-dust transport process during dust storms in
the desert where large dunes and valleys exist. The previous work
lacks comparability; however, in this study, combined with the
observation results in XT, the observation results in TZ is caused
by “secondary sand source” is consistant with the results in 2016.
(Figures 10, 11). Yang et al., 2015 pointed out that at the top of
the dune Q all showed a significant decreasing trend with height;

FIGURE 8 | Scatter diagram of the average maximum wind speed
across the seven levels versus the horizontal dust transport flux (kg m−2) (Huo
et al., 2016) Figure 8 cites the results of 2016, from the 10 dust storm
processes in TZ, with both Q and maximum wind speed taken as an
average of the 7-level observed heights of the 10 dust storm processes. The
wind speeds during the four dust processes are used for comparative analysis
in Figure 9. These four processes are systemic weather-induced dust storms,
and the dust storms occur at the same time period at XT station and TZ
station, so they are more representative.

FIGURE 9 | Variation in the maximum wind speed with height during four typical dust storm processes in XT and TZ.
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therefore, assuming that the tall tower is located at the top of the
dune, the variation of Q with height may be similar to the results
of our study in XT. Because, firstly, from the TZ (50–80 m)
observations, there is a slight Q decreasing with height. Secondly,
if the top of the dune is considered as a flat surface, the variation
of Q will no longer be influenced by the “secondary sand source”.
On the contrary, if the tower is at the edge of the dune, Q below
the dune height may still appear as a uniform mode, and Q above
the dune height will be influenced by the “secondary sand
source”. In the numerical model calculation of dust storms, Q
is an important parameter, and the vertical dust flux F is also
calculated based on Q. We use tower observations, unlike the
observations of Q near the ground or in ideal flat sand (Yang
et al., 2011; 2013), to break away from localities. Therefore, our
results can provide a new basis and reference for the calculation of
parameterization in the model.

Of note, dust particles at the top of the dunes are coarser than at
the bottom of the dunes owing to long-term sorting (Lin et al., 2021;
2022). Due to the presence of the secondary sand source, more
coarse particles are easily collected, which affects the variation in Q
with height in TZ. The environmental factor E of undulating dunes is
also a decisive element influencing the transport of dust particles.
Secondary sand source leads to an increase in <20 μm fine particles,
andwe calculated themeanQvalues formultiple sandstorm samples
<20 μm for TZ andXT above 80mheight, TZ: 0.015 kgm−2 andXT:
0.080: kg m−2. It is clear that XT is larger than TZ in the fine particle
collection, so the topographic undulating conditions may affect the
long-distance transmission of fine particles. This may also affect the
internal cycle in the Taklamakan Desert and its surrounding areas,
the effect of which on the long-range transport of sand fine particles
needs to be corroborated by a combination of large-scale
experiments and numerical models.

FIGURE 10 | Conceptual diagram of dust transport from multiple sand sources during a dust storm in TZ.

FIGURE 11 | Conceptual diagram of dust transport from multiple sand sources during a dust storm in XT.
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At present, the parameterisation schemes of dust emission
mainly consider the effects of wind speed, dust particle size,
surface roughness length, soil moisture, and vegetation cover.
Topographic relief is also one of the important factors affecting
dust emission. However, the underlying surface is assumed to be a
flat desert surface in the current parameterisation schemes of dust
emission, and the impacts of an undulating underlying surface in
a desert on the dust emission flux are ignored, leading to
considerable uncertainty in the simulation results of these
parameterisation schemes for the Taklimakan Desert
(Marticorena and Bergametti, 1995; Shao et al., 1996; Shao
et al., 2004; Shao et al., 2010; Lu and Shao, 1999; Ginoux
et al., 2001; Shen et al., 2003; Klose and Shao, 2012; 2013).
Therefore, this study provides a good experimental basis and
data support for the localisation improvement of the
parameterisation schemes of dust emission, the accurate
assessment of the regional and global contribution of local
sand emission, and the development of dust storm forecasting.

The scarcity of observations in dust source areas constrains the
development of dust stormmodels. However, we have made great
efforts to record valuable observation data in environments with
extremely harsh dust storms. Although the collected samples are
not large enough, this task has been ongoing since 2016, and will
continue. We wish to provide a good prospect for future
experiments and observations and anticipate the performance
of similar experiments in other deserts or dust source regions. In
addition, we are delighted to share our observation data and
analysis results for collaborative research on dust storm
monitoring and modelling.

5 CONCLUSION

The variation in the horizontal dust flux with height during dust
storms at the XT station at the edge of the desert was found to fit a
power function. At the TZ station located at the centre of the
desert, the Q value was found to increase with height at 8–48 m;
however, no significant gradient change in the horizontal dust
flux Q was found between 48 and 60 m. Such different
distribution patterns are caused by the secondary sand source
derived from the tall dunes nearby.

The median particle diameter of the dust lifted from the
ground was essentially the same between XT and TZ during
large-scale dust storms. The vertical distribution of wind speed at
the two observation sites conforms to the typical patterns of wind
speed varying with height; however, the maximum wind speed in
XT was greater than that in TZ, resulting in a larger Q value for
each particle size range in XT than in TZ. The Q values for the
particle size ranges of <1 μm, <2.5 μm, <10 μm, <20 μm, <50 μm,
and <100 μm, were provided herein. This information is crucial
for evaluating the long-range transport of dust aerosols and their
impacts on weather and climate (Shao, 2004; Alpert et al., 2006;
Gong et al., 2006; Yue et al., 2010; Ghan et al., 2012; Kim et al.,
2013; Feng et al., 2015; Yang et al., 2015).

Coarse particle is the main factor controlling the variation
trend of Q in the vertical direction. Further, the effect of fine
particles is relatively minor. The trend of coarse particles with
height (as in Figure 7) is similar to the total trend (as in Figure 5),
for example, for particles <100 μm, and in addition, fine particles
<20 μm will be more involved in long-distance transmission.
Therefore, the contribution of fine particles to the change trend is
relatively small. The observation results in TZ show that the dust
samples collected at observation levels with the same height as the
nearby dunes were derived from multiple sand sources and
contained large proportion of coarse grains, which reflects the
real variation pattern of the horizontal dust flux Q under natural
conditions in the desert centre. Compared with the ideal flat sand
or 2 m observations close to the ground, our observations using
high tower can truly and objectively reflect the transmission
pattern of Q under undulating terrain conditions of dune,
which can improve the calculation of Q in sandstorm
forecasting models, especially in important dust source areas.
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