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Abstract: In this paper, the sand transport during a sand-dust storm in the Tazhong area of the central Takli-
makan Desert from 11:29 to 23:56 on July 19, 2008 was observed and measured in real time. The sand flux at 
Tazhong was estimated using sand transport empirical formulas. The critical friction velocity at Tazhong was 0.24 
m/s and the functional relation between the wind speed and sediment discharge at the height of 2 m was estab-
lished. It was also found that the calculated values by Lettau's sediment discharge formula were close to those of 
the instrument measurements. The horizontal sand flux and the vertical sand flux during this sand-dust storm at 
Tazhong were respectively 258.67×10−4 kg/(m·s) and 40.07×10−7 kg/(m2·s). 
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Sand-dust storms not only lead to serious deterioration 
of air quality and endanger human health, but also 
impose negative effects on society and the economy. 
The key point in identifying the source of sand-dust 
storms and controlling it effectively is estimating the 
sand transport flux during sand-dust storms accurately. 
There are varieties of models for estimating the sur-
face dust transport flux, but the results of these models 
have shown great differences. It was estimated that 
around the world about 1,000-5,000 Tg/a of sand-dust 
particles are transported into the atmosphere from the 
ground (Tegen et al., 1994), and the estimation by 
Duce (1980) was 1,000-2,000 Tg/a. On the basis of 
the element concentrations of mineral dust (Al, Fe, Mg 
and Si) in the 12 desert stations in China, it has been 
estimated that there are about 800 Tg/a of sand-dust 
particles transported into the atmosphere (Zhang et al., 
1997). The arid desert region in Northwest China is 
one of the world's main sources of atmospheric dust, 
and the Taklimakan Desert in the Tarim Basin is an 

important part of the source of sand-dust storms in 
China. Many scholars have analyzed the sand-dust 
storm weather in this region in terms of climate, dis-
tribution pattern and other factors (Shalaimaiti, 1996; 
Liang et al., 2005; Huo et al., 2006; Abuduwaili et al., 
2010), but little research has focussed on the sand 
transport flux of the sand-dust storms in this region. 

The sand flux can be obtained by instrument meas-
urements or empirical equations. Because of the 
imperfect relationship between instrument measure-
ments and theory, estimation through empirical equa-
tions is prevalent at present. In this paper, we report 
field tests and observations during a sand-dust storm 
that occurred in the central area of the Taklimakan De-
sert on July 9, 2008, and compare the sediment flux 
during the storm calculated using empirical equations 
with the results of direct instrument measurements. 
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1  Data collecting 

The weather data were collected from an 80-meter 
gradient tower observation system at Tazhong At-
mospheric Environment Observation Experiment Sta-
tion located in the central area of the Taklimakan De-
sert. This observation system included 10 levels of 
heights which were 0.5 m, 1 m, 2 m, 4 m, 10 m, 20 m, 
32 m, 47 m, 63 m and 80 m, and the basic elements 
that were obtained included horizontal wind direction, 
wind speed, temperature and relative humidity (RH). 
The type of the anemometer sensor was WAA151 
produced by the Finnish VAISALA Corporation. The 
wind speed range of the sensor was 0.4-75 m/s, and 
the wind cup started to revolve when the wind speed 
was no less than 0.35 m/s, with a measuring accuracy 
of 0.17 m/s. The thermograph was the HMP45D 
(QMH102) temperature transmitter with an ane-
mometer sensor produced by the same company. The 
measuring range of the temperature was −39.2ºC to 
60ºC and the measuring accuracy was ±0.2ºC (at 
20ºC). The database types of the 80-meter gradient 
tower detection system include the average data per 
second, minute and hour. The data utilized in this pa-
per are the average data per minute.   

In order to study the sand transportation in the 
Tazhong area, BSNE (Big Springs Number Eight) 
Gradient Sand Traps were respectively placed on the 
flat sand sheet and on the top of a tall sand dune. The 
BSNE Gradient Sand Trap is commonly used interna-
tionally and the efficiency of trapping sand is more 
than 90% (Shao et al., 1993). These sand-trapping 
boxes of the BSNE Gradient Sand Traps can simulta-
neously collect sand flux at six sediment layers. The 
heights for the sand-trapping boxes were set up at 5 
cm, 10 cm, 20 cm, 50 cm, 100 cm and 200 cm. Before 
the sand-dust storm started, the sand-trapping boxes 
were all cleaned, and as soon as the storm was over 
the sand samples were collected from the 
sand-trapping boxes and loaded into sealed bags. After 
that, the collection time, the period of the sand-dust 
storm and wind conditions were all recorded and the 
sand samples were all weighed. Also prior to the 
sand-dust storm, H11B wind erosion sensors (pro-
duced by the US Sensit Corporation) were set up 
above flat sand at the heights of 5 cm and 10 cm. 

Through many controlled experiments between labo-
ratories and field, the wind erosion sensor has shown 
good performance and has produced good experimen-
tal results. By recording the number of the particles in 
collision with the sensor and the impact energy during 
the sand storm, and referring to the gradient velocity 
of the wind, the start of sand particle movement can be 
determined.  

2  Calculation of sediment fluxes 

The types of dust flux include horizontal dust flux, 
which means sand transport rate, and vertical sand 
transport flux, respectively represented by Q and F.  
In the range from the surface to the observation height, 
Q represents the quality of sand particles which cross 
the sensor in a unit time and a unit width. The physical 
significance of F is that, at a measured height above 
the ground, the quality of the sands transported from 
the surface into the atmosphere within a unit time per 
unit area can be measured.  

Since the middle of the 20th century, many scholars 
have researched the relationship between air flow and 
sand particle flux. Based on field observations or wind 
tunnel simulation tests, sand transport rate models 
have been put forward by different researchers    
(Table 1).  

 
Table 1  Representative sediment discharge models 

Author (year) Formula 
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Sorensen (1991) 8 ( )( 7.6 205)*t *t *tQ = C ρu u u u + u +* −  

Note: Q is horizontal sand flux; d is sand grain size; D is standard grain 
size, which is 250 μm; ρ is air density; ρs is density of the sands; g is 
gravity acceleration; u* and u*t are airflow friction velocity and the critical 
airflow friction velocity, respectively; P is some kind of normal probabil-
ity; b and N are indices; C1−C8  are coefficient indices, with the values of 
1.8, 2.78, 0.83, 0.25, 0.025, 0.0001, 4.2 and 0.0004, respectively. 
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Many researchers (Gillette et al., 1988; Marticorena 
et al., 1995; Shao et al., 1996; Lu et al., 1999) have 
researched vertical sand flux, and varied computation 
models have been established. Although the theory of 
sand flux models is relatively robust (Marticorena et 
al., 1995; Shao et al., 1996; Lu et al., 1999), the form 
of the models is complex. Large numbers of parame-
ters are required in the computational process and 
some parameters are difficult to determine, so there is 
difficulty in actual application. The computation 
model by Gillette (1988) is very simple in form and 
merely two parameters, u* and u*t, are required, which 
is suitable for simple or approximate estimation. The 
specific formula is as follows:  

   

4 *
2 * * *

*

* *

1

0

t
t

t

u
C u u u

F u
u u

⎧ ⎛ ⎞
⎪ − >⎜ ⎟= ⎨ ⎝ ⎠
⎪⎩ ≤

,          (1) 

where C2 is a coefficient, with the value of 1.4×10–15 

g/(cm·s3).  

3  Calculation of sand transport flux 

In the computation of the sand flux, u* and u*t, respec-
tively the friction velocity and the critical friction ve-
locity, are both critical parameters requiring accurate 
calculation. So in this research, these two parameters 
during the sand-dust storm needed to be determined 
first. 

3.1  Friction velocity 

Whether individual soil particles can break away from 
the surface depends on the join forces of the external 
aerodynamics and resistance (including gravity and 
internal viscous force). In blown sand physics, u*, the 
friction velocity, is used to reflect the aerodynamic 
force imposed on sand particles. According to existing 
observations and experimental results, sand-dust parti-
cles will break away from the surface and enter the 
atmosphere as soon as u* exceeds a certain threshold 
(critical friction velocity). As for the calculation of u*, 
the formula proposed by Bagnold (1941) was based 
solely on the wind speeds of two layers, which was 
inclined to cause errors. In this paper, based on the 
Monin-Obukhov similarity theory and using wind 
speed and temperature data of two layers, an aerody-
namics method was applied to calculate the friction 
velocity u*, calculated as formula (2) (Zhang et al., 

2001):  

*
m

kz u
u z

φ∂ =
∂

 .               (2) 

Where u* represents the friction velocity (m/s); k is 
Kerman constant (generally 0.4); z represents the 
height (m); u is the wind speed (m/s); φm is the Monin- 
Obukhov similarity function of the wind and can be 
calculated with formula (3).            
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ζ ζφ ζ ζ ζ

−⎧ −= ⎨ +⎩
≤
< .       (3) 

Where ζ is the Monin-Obukhov atmospheric stability 
parameter, which is z/L. This can be approximately 
determined using the Businger-Dyer relational expres-
sion (4):  
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Where Ri is the gradient Richardson value, which can 
be calculated with formula (5): 
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.          (5) 

Where T  represents the average absolute tempera-
ture (K) of the two selected air layers (z1, z2), and TΔ  
and uΔ  respectively represent the temperature differ-
ence and wind-speed difference between the upper and 
lower heights of the two air layers.  

Using the above-mentioned formulas and utilizing 
the temperature and wind-speed data at the heights of 
both 1 m and 2 m which were provided by the 
80-meter gradient tower detection system at Tazhong, 
the friction velocity (u*) during the sand-dust storm, 
which lasted from 11:29 to 23:55 on July 19, 2008, 
could be calculated as Fig. 1. The friction velocity 
varied with the variation in wind speed, that is, the 
larger the wind speed, the larger the friction velocity 
(Fig. 1). The friction velocity appeared to be mainly 
affected by wind speed. We observed that the larger 
the wind speed was, the stronger was the turbulence 
near the ground, which led to a greater intensity of 
sediment transport, and larger u*. This result is 
consistent with the conclusions of the study in Xiao-
tang region by He et al. (2008). 

3.2  Critical friction velocity  

Critical friction velocity u*t is the threshold of friction 
velocity at which sand particles start to be raised from  



202 JOURNAL OF ARID LAND Vol. 3 

 

 
 

Fig. 1  The wind velocity over z=2 meters and friction velocity at 
Tazhong on July 19, 2008 
 

the surface. Different critical friction velocities char-
acterize how the ground surface hinders sand particles 
from rising (Shen et al., 2004). Since the surface fea-
tures are composed of factors including mechanical 
and mineral composition, vegetation coverage as well 
as coverage of other roughness elements, water and 
salt content, topography and slope trend, human man-
agement and utilization, and other factors, the 
mechanism by which wind exerts influence on dust 
emission is complicated. There are differences in the 
values of u*t under different ground surface conditions. 
For sand particles of a given grain size, the critical 
friction velocity will be affected by soil properties 
especially soil water content, and vegetation. There-
fore, it is relatively complicated to obtain an accurate 
value for the critical friction velocity. At present, the 
formula by Shao et al. (2000) is considered to be the 
most accurate in theory, and the expression is shown 
as formula (6):  

( ) ( )*t N
gdu H R A a

d
σ εω λ
ρ ρ

⎛ ⎞
= +⎜ ⎟

⎝ ⎠
.       (6) 

Where AN and ε are empirical constants (0.0123, 300 
kg/s2 respectively); σ is the density of sand particles 
(2,650 kg/m3); ρ is the air density (1.23 kg/m3); g is 
the gravitational acceleration which is approximately 
9.7975 m/s2 at Tazhong; d is the grain size of sand 
particles (μm); H(ω) and R(λ) characterize the obstru- 
ction to dust emission imposed by soil moisture and 
vegetation respectively. The detailed calculations can 
be seen in Shen et al. (2005). 

According to observation, the average grain size of 
the sand particles on the ground surface at Tazhong is 
136 μm, and the average moisture content of the sand 
soil, at a depth of 0−10 cm is 3.2%, which is lower 
than the marginal value of 5% (Shao et al., 2001). The 
vegetation factor in the Tazhong area can be ignored. 

So the values of H (ω) and R (λ) are both equal to 1. 
After importing the parameters into formula (6) and 
computing them, the critical friction velocity, u*t, in 
the Tazhong area was found to be 0.24 m/s. 

Estimation through empirical equations has empiri-
cal and regional limitations. In order to obtain more 
precise critical friction velocity for the Tazhong area, 
estimations for the same sand-dust storm were made 
based on recorded instrument values. Figure 2 shows 
the relation between the number of hitting sand parti-
cles and the friction velocity, which was measured by 
H11B wind erosion sensor. According to Fig. 2, sand 
particles begin to move when u* reaches 0.20 m/s and 
they begin accelerating when u* exceeds 0.22 m/s, 
with the number of hitting sand particles increasing. 
From this we can determine that the range for the 
critical friction velocity in the Tazhong area is 
0.20−0.25 m/s, which coincides with the result by the 
empirical equation (Shao et al., 2005). After much 
consideration, the value of the critical friction velocity 
chosen for the Tazhong area was 0.24 m/s, that is, u*t = 
0.24 m/s. This value is smaller than the critical friction 
velocity of the Gobi desert in Dunhuang, which is 0.43 
m/s (Shen et al., 2004), but it is close to the critical 
friction velocity of the farmland in Dunhuang, which 
is 0.3 m/s. This value in Tazhong is also approxi-
mately equal to that in Yanchi area which is 0.32 m/s 
(Wang et al., 2007). The Gobi desert in Dunhuang is 
covered by fine gravel and mobile, relatively coarse 
sand particles, so the critical starting velocity is rela-
tively large. The sands in the Tazhong area are finer, 
have no vegetation cover, and have a lower topsoil 
moisture content than in the Dunhuang and Yanchi 
areas. Therefore, it is reasonable to expect that the 
critical starting velocity in the Tazhong area would be 
relatively small.  
 

 
 

Fig. 2  The relationship between friction velocity and particle 
counts was measured by wind erosion sensor 
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3.3  Computation of the sand flux during the sand- 
dust storm 

As there are differences between the values of hori-
zontal sand flux predicted by different formulas (Lv, 
2004), the sand flux in this paper was calculated using 
multiple formulas. We used the formulas of Bagnold, 
Zingg, Kawamura and Lettau. The value for vertical 
sand flux in this paper was calculated using Gillette's 
formula. Importing the above-mentioned parameters 
into the corresponding formulas, the horizontal and 
vertical sand transport flux could be obtained, as 
shown in Fig. 3. 

It can be seen from Fig. 3 (a) and (b) that the results 
for sand transport flux calculated by different formulas 
are very similar. The wind speed was unstable from 
11:29 to 17:00, so the curve that reflects sand emission 
is not continuous. The wind speed is relatively high 
and stable from 17:00 to 23:00, and the curve is con-
tinuous and the amount of wind-blown sands is rela-
tively large. The variations in sand transport flux were 
coincident with those of friction velocity, while the 
friction velocity was influenced by the wind speed 
(Fig. 1 and Fig. 3). So it can be stated that the wind 
speed is the principle factor determining sand flux.  

The results of Bagnold's formula for horizontal 
sand flux follow closely the pattern of the results from 
the Zingg formula, but on the whole, the sand flux by 
Bagnold's formula is larger than that of Zingg. In this 
sand-dust storm, the average horizontal sand flux by 
Bagnold, Zingg, Kawamura and Lettau's formulas are 
191.67 × 10–4 kg/(m·s), 92.17 × 10–4 kg/(m·s), 522.5 ×  
10–4 kg/(m·s) and 258.67 × 10–4 kg/(m·s) respectively. 
Thus it can be seen that there are large differences 
between the calculated results of each formula; the 
result by Kawamura's formula is the largest, approxi-
mately 6 times that produced by the Zingg formula. 

Figure 3 (c) shows that the variations in the vertical 
sand flux coincide with those of the horizontal sand 
flux in this sand-dust storm in the Tazhong area. The 
average vertical sand flux during this sand-dust storm 
was 40.07×10–7 kg/(m2·s), which is larger than that of 
the Gobi desert in Dunhuang (Lv et al., 2004; Shen et 
al., 2004) and that of the arid steppe in the Inner 
Mongolian autonomous region (Shen et al., 2008) by 
an order of 1−2 magnitudes. This difference is mainly 
caused by different surface features and different wind 
speeds between these regions. 

4  Comparative analysis of thetheo-
retical values and measured results 
of sand flux 

In order to test the applicability of the theoretical 
models of sand flux in the Tazhong area, an equation 
to extrapolate results was established based on previ-
ous studies. The functional relationship is based on the 
results obtained from square-mouth sand traps (which 
can only measure the sand flux at the height of 1 m 
and in one direction) and our measured results at 6 
different heights. The horizontal sand flux at the 
height of 2 m can be obtained by this extrapolation. 
Then the empirical formula expressing the functional 
relation between wind speed and sand flux at the 
height of 2 m can be created as follows:  

6 4.257 210 ( 0.9975)Q = u R =− .        (7) 
Where Q represents the horizontal sand flux within the 
height of 2 m above the surface and in the width of 
1 m, with units in kg/(m·s). u represents the wind 
speed at 2 m at which sand movement begins. By 
comparing the above empirical equation with Bagnold, 
Zingg, Kawamura and Lettau's formulas (Fig. 4), it  

 

 
Fig. 3  The variations of horizontal (a, b) and vertical (c) sand transport flux with time in the Tazhong area on July 19, 2008 
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can be seen that the calculated results of sand transport 
flux by the formulas are all close to the measured re-
sults when the wind speed is less than 12.0 m/s. How-
ever, the results show increasing differences as the 
wind speed exceeds 12.0 m/s. The results by Bagnold 
and Zingg's formulas are smaller than the measured 
result, with Zingg's result being the minimum. The 
sand flux by Kawamura's formula is always larger, 
and only the results by Lettau's formula are close to 
the measured results: the two curves almost coincide 
when the wind speed is smaller than 20.0 m/s, but 
when the wind speed is over 20.0 m/s the measured 
results exceed the calculated results, although still 
very close to each other. Even if taking into account 
the instrument efficiency of the sand traps, the results 
by Lettau's formula are still the closest to the meas-
ured sand flux in the Tazhong area. As a result, the 
average horizontal sand flux during this sand-dust 
storm is approximatively identified as 258.67×10–4 
kg/(m·s). The vertical sand flux will not be discussed 
further in this paper, because no field tests or observa-
tions were carried out. 
 

 
 

Fig. 4  Comparison between the horizontal sand flux was cal-
culated by haricus formula and measurement  

 

5  Discussion and conclusions 

In this paper, a sand-dust storm which happened in the 
Tazhong area of the Taklimakan Desert, in summer 
was used to study existing sand flux formulas. The 
study involved comparing the results of empirical 
equations with results of field tests and observations of 
sand flux. Large differences were found between the 
results for sand flux for the one Tazhong sand-dust 
storm when estimated by various empirical formulas. 
The reason for the differences between empirical and 

observed data is that sand grain size is taken as the 
main parameter in all four empirical formulas. The 
critical friction velocity and the sand flux are mainly 
determined by the sand grain size, and other 
influencing factors are not considered. As well, the 
empirical coefficient of every formula is obtained 
from different wind tunnel tests or field tests in 
different desert regions, and is not suitable for all 
desert regions. Therefore, the results calculated from 
empirical formulas underestimate the size of the sand 
flux. The values for sand transport flux depends 
mainly on wind speed and grain size of sand particles, 
and are also affected by factors including underlying 
surface conditions, terrain, temperature, surface soil 
moisture and air humidity. As a result, there is relative 
difficulty in precisely evaluating the sand transport 
flux during one particular sand-dust storm event. 
Although comparative analysis of empirical equations 
and instrument measurements was carried out in this 
paper along with analysis of the measured horizontal 
sand flux at the height of 2 m, the final results are the 
approximation of the actual 1 m sand flux, because of 
problems with the measurement precision or 
instrument efficiency of the sand traps. 

Some conclusions are as follows: 
(1) There is consistency between the variation of 

friction velocity and the variation of wind speed. The 
friction velocity increased when the wind speed be-
came larger, and the friction velocity exerted influence 
on the variations in the sand flux. 

(2) According to empirical equations and instru-
ment measurements and taking into account the 
underlying surface conditions, soil surface moisture 
and air humidity, the critical friction velocity in 
Tazhong area was identified as 0.24 m/s. 

(3) According to field measurements, the empirical 
equation that best expresses the functional relation 
between the wind speed and horizontal sand flux at the 
height of 2 m in the Tazhong area was created, which 
is, Q=10–6u4.257. As a result of empirical and regional 
environmental constraints, the formulas of Bagnold, 
Zingg, Kawamura and Lettau are not all appropriate in 
the Tazhong area. The calculated results using Lettau’s 
formula give the closest agreement to the field 
measured results. Finally, the horizontal and vertical 
sand transport fluxes during this sand-dust storm in the 
Tazhong area are respectively 258.67×10–4 kg/(m·s) 
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and 40.07×10–7 kg/(m2·s). 
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