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Abstract: Dust aerosols persistently affect nearly all landscapes worldwide, and the saltation ac-
tivity caused by dusty weather (e.g., dust days) releases considerable amounts of aerosol into the
atmosphere. Nevertheless, dust-induced saltation activity may also occur on non-dust days. To
date, few studies have investigated the saltation activity characteristics on non-dust days. Moreover,
the contribution of non-dust days to the total saltation activity remains ambiguous. This study
comprehensively investigates the characteristics of saltation activity on non-dust days. Specifically,
we analyze the influence of the saltation activity of non-dust days on dust aerosols by utilizing salta-
tion, atmospheric, soil, dust aerosol (i.e., PMj and aerosol optical depth), and weather record data
obtained from the Taklimakan Desert, China, between 2008 and 2010. Our results show that lower
temperature, vapor pressure, and soil moisture on non-dust days reduces the saltation threshold
velocity (5.9 m/s) more compared to on dust days (6.5 m/s). Furthermore, regarding wind speed,
relatively strong monthly saltation activity occurs from March to August, and daily saltation activity
occurs from 9:00 to 16:00. Although non-dust days only contribute 18.5% and 7.7% to saltation time
and saltation count, respectively, both significantly influence the dust aerosols. Therefore, the effect
of saltation activity on non-dust days cannot be undervalued, particularly while performing dust
aerosol studies.

Keywords: saltation activity; threshold velocity; dust aerosols; non-dust days; Taklimakan Desert

1. Introduction

As a common occurrence in arid and semiarid areas globally, wind erosion is a critical
component of the surface soil process. During this process, the sand particle size determines
the differentiation of sand motion patterns with respect to creep, saltation, and suspen-
sion [1]. The saltation activity pattern drives the sand motion, accounting for about 3/4 of
all aeolian sand [1-3]. It is the causal factor of soil erosion, desertification, sand burial (e.g.,
road, village, and cropland), and nutrient loss in soil [4-7]. Above all, saltation activity
defines the critical mechanism of dust emissions [3,8-11]. Gillette [8] demonstrates that the
dust emission amount is significantly connected to saltation flux. Gillette [9] also indicates
that the impact of saltating sand easily disrupts interparticle bonds, and bombardment is
the dominant mechanism responsible for eolian dust entrainment. Shao et al. [10] corrobo-
rate Gillette’s findings [9], utilizing the tunnel experiment and the developed theoretical
model of dust emission [3,12]. The three dust-emission mechanisms are aerodynamic lift,
saltation bombardment, and disaggregation of soil aggregates—the latter two mechanisms
are closely related to saltation, and the dust emission caused by them is two to three times
greater than that caused by aerodynamic lift [3]. Recent research indicates that dust aerosols
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derived from saltation activity account for approximately 75% of the total dust emission
flux [13], and the amount negatively correlates with the clay content during saltation [14].
The large volume of dust aerosols induced by dust emission are transported, suspended,
or deposited into the atmosphere and can persistently affect several aspects of the global
ecosystem, including the global and regional climate, ecological environment, human phys-
ical health, industrial production, and agricultural activities [6,15-19]. Therefore, saltation
activity is one of the causal factors of global change.

Conventionally, sand samplers are the primary tools employed to measure the saltation
activity in fields and wind tunnels, and the saltation flux of one dust storm or a specific
period of observation time can be obtained using this equipment [1,20-22]. Nevertheless,
the lack of automaticity severely limits their performance, and information on the temporal
patterns of saltation activity may not be obtained. In the past few years, saltation sensors,
which can be categorized as piezoelectric [23-29], acoustic [30-32], and optical sensors [33-38],
have been deployed. The principal strengths and weaknesses among the three classes of
saltation sensors have been comprehensively analyzed [38]. Specifically, the piezoelectric
saltation sensor has a crystal, when exposed to sand particles; it can convert the impact
force to electric pulses and assess particle counts [23,24]. Nevertheless, this sensor is
incapable of measuring sand flux and, typically, is insensitive to sand particles less than
50 um [25,27,29]. An acoustic saltation sensor can convert acoustical pressure to voltage
signals, which requires the transport signals to be differentiated from the noise generated by
the electronics and wind [30-32]. Laser saltation sensors are generally adopted because of
their sensitivity and reasonable cost. However, the sensor lens can be easily contaminated by
sand particles during dust storms, which dramatically reduces sensitivity [35,38]. Despite
these limitations, they are adequate for the continuous monitoring of saltation activity.

In fieldwork, most saltation activity appears during dust storms [1,8,24,39]. Therefore,
most research studies on saltation activity are conducted by observing representative dust
storms [1,8,24,33,37,40]. The climatic characteristics of saltation activity were also evaluated
based on long-term observations [41-44]. However, research on saltation activity from
non-dust days is limited in comparison to dust days due to the limitations of monitoring
resources and the shortage of observational dust weather data. Observational studies
have shown that saltation activity can also occur on non-dust days due to gusts [43]. The
climatic characteristics, contribution, and effect of saltation activity on dust aerosols during
non-dust days have not yet been clearly comprehended, limiting our overall understanding
of saltation activity.

The Taklimakan Desert is a significant source of blowing dust events (e.g., dust storm
and blowing sand) in China, where blowing dust events typically occur more than 40 days
per year over the entire desert [45]. This condition is favorable for thoroughly exploring
saltation activity. We conducted observational experiments on saltation activity and dust
weather in the Taklimakan Desert between March 2008 and February 2010. Based on
an observational experiment design, this study aimed to investigate the characteristics of
saltation activity, including atmospheric and soil conditions, threshold velocity of saltation
activity, saltation time, and saltation count on non-dust days and to achieve an in-depth
understanding of saltation activity on non-dust days in contrast to dust days.

2. Materials and Methods
2.1. Experimental Site and Data

The experimental site for this study is Tazhong, located at the core region of the
Taklimakan Desert (Figure 1). The climate in this region is arid, with only marginal
precipitation, as low as 25.9 mm per year, and a substantially high evaporation rate,
exceeding 3600 mm per year. The surface is desertified, covered by drifting sand, mainly
classified as fine and very fine sand, with a typical particle size of 147 um [45]. This location
has the ideal conditions for dust weather formation due to the rich sand abundance and
arid climate. On average, Tazhong experiences 78.7 d of blowing dust events annually [45].
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Figure 1. Location of the experimental site in the Taklimakan Desert.

Experiments were conducted over a two-year period on an area with the leveled
ground between March 2008 and February 2010. During this experimental period, the
wind speed, vapor pressure, air temperature, and soil moisture were collected using the
010C anemometer (Met One, Grants Pass, OR, USA, accuracy: £1.0%), the HMP45D
hygrometer (Vaisala, Vantaa, Finland, accuracy: temperature, +0.3; relative humidity,
£2.0%), and the CS616 soil moisture gauge (Campbell Scientific, Logan, UT, USA, accuracy:
0.05%), respectively. All statistic variables were collected at the frequency of 1 Hz, and
average values were calculated every minute and hour. Among these variables, wind speed,
vapor pressure, and air temperature were gathered at a height of 2.0 m, and soil moisture
was determined at a depth of 0.01-0.02 m underneath the surface (Figure 2). Saltation
activities were measured at 0.05 m height using the H11LIN piezoelectric saltation sensor
manufactured by Sensit, Valparaiso, IN, USA (Figure 2), and the sensor can respond to
particles with grain sizes larger than 50 pm [46]. Previous research shows that, in over
95.0% of surface soil and aeolian sand samples at the height of 5 cm, the particle sizes
were greater than 50 um at the study site [47]. In addition, the saltation numbers and the
quantity of horizontal dust flux collected by Big Spring Number Eight sand sampler per
dust storm at 5 cm high had a high level of consistency. This analysis showed that an
HI11LIN piezoelectric saltation sensor could be deployed to measure the saltation activity at
the study site. Saltation activity was measured at a frequency of 1 Hz, and average values
were calculated within each minute and hour for consistency. The dust concentration
was measured by a Grimm model 1.108 (GRIMM, Ainring, Germany, measurement range:
0.3-20 um) at a height of 2.0 m and a measuring frequency of 6 s (Figure 2). Aerosol optical
depth (AOD) data were obtained from the MODIS Level 2 AOD product at 0.55 um, and
the acquired daily AOD measurements were interpolated onto a rectangular grid with a spatial
resolution of 0.1° x 0.1°.

According to the meteorological observing criterion from the China Meteorological
Administration [48], dust weather can be categorized as floating dust, blowing sand, and
dust storm. Floating dust is a weather phenomenon in which fine dust is suspended
with lower or calmer wind levels, and horizontal visibility is less than 10,000 m. Blowing
sand is a weather phenomenon in which a strong wind carries large amounts of dust and
sand, where the horizontal visibility ranges from 1000 to 10,000 m. In contrast, a dust
storm is characterized by large amounts of dust and sand being carried by a strong wind,
where horizontal visibility is less than 1000 m. In the experimental field, the observation
of dust weather was conducted each day by Tazhong Meteorological Station, initiating
the recording of these data in 1997. This study adopted dust weather records from the
Tazhong Meteorological Station from March 2008 to February 2010 to determine the dust
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and non-dust days. A day is defined as a dust day when at least one case of dust weather
is recorded, regardless of its duration; otherwise, the day is defined as a non-dust day.

Figure 2. Overview of the entire experimental ground. (1) Soil moisture gauge. (2) Piezoelectric
saltation sensor. (3) Grimm model 1.108.

2.2. Threshold Velocity for Saltation Activity

Established on the saltation data gauge, employing a piezoelectric saltation sensor
(Sensit), Stout [49] presents the following formula to calculate the threshold velocity for
saltation activity:

up=1—0-0(y) (1)

where uy, %, 0, 7, and ®1(7) represent the threshold velocity, averaged wind speed within
one minute, the standard deviation of wind speed per minute, the proportion of occurrence
on saltation activity per minute, and the normal distribution inversion function as v,
respectively. This score has been successfully applied and verified by Tan et al. [39], Deoro
and Buschiazzo [41], Barchyn and Hugenholtz [42], and Yang et al. [50] in independent
field experiments.

3. Results
3.1. Daily Examples

This study established two daily serials, as experiment and control groups, with
different weather on 4 August 2008, as non-dust day, and 5 August 2008, as dust day.
Figure 3 shows temperature, vapor pressure, wind speeds, soil moisture, and saltation
trends minutely on 4 and 5 August 2008. On 4 August 2008, saltation activity occurred
for 302 s, with 10,803 counts, and the maximum minute saltation time and count were
54 s and 5235 counts, corresponding to temperature, vapor pressure, wind speeds, and
soil moisture, ranging from 22.8 to 41.0 °C, 4.9 to 6.0 kPa, 0.9 to 6.5 m/s, and 0.019 to
0.021 m3/m3, respectively. On 5 August 2008, saltation activity occurred for 34,644 s,
with 8,416,533 counts, and the maximum minute saltation time and count were 60 s and
25,837 counts, respectively, corresponding to temperature, vapor pressure, wind speeds,
and soil moisture of 21.9 to 34.7 °C, 4.8 to 11.8 kPa, 1.0 to 13.8 m/s, and 0.020 to
0.023 m3/m?. In contrast with non-dust days, dust days had a lower temperature and
higher vapor pressure, wind speed, and soil moisture at approximately the same time. The
saltation intensity on non-dust was much lower than on dust days induced by different



Remote Sens. 2022, 14, 2099

50f15

atmospheric and soil conditions [40—42,51,52]. The significant differences in saltation ac-
tivities and atmospheric and soil conditions between dust and non-dust days indicate the
importance of understanding saltation activity patterns on non-dust days.
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Figure 3. Saltation activities and atmospheric and soil conditions on dust (5 August 2008) and
non-dust (4 August 2008) days.

3.2. Atmospheric and Soil Conditions on Non-Dust Days

The atmospheric and soil conditions were evidently different for the two weather
conditions (Table 1 and Figure 4). On dust and non-dust days, the hourly temperature
changed between —13.9 and 42.0 °C, —21.5 and 42.3 °C, with average values of 21.3 and
9.9 °C, respectively. As the temperature was lower than approximately 12.0 °C and higher
than 40.0 °C, the relative frequency was higher on the non-dust day. In contrast, when
the temperature was between 12.0 and 40.0 °C, the trend was reversed. There were
456 non-dust days in our experimental period. The proportions in the seasons were
consistent with the pattern of winter (31.5%) > autumn (30.6%) > spring (19.2%) > summer
(18.7%), respectively. Dust days were more prominent in spring and summer because
of the atmospheric circulation and wind speed conditions [45,53]. Therefore, the greater
number of non-dust days observed in colder seasons is consistent with the typically lower
temperature of non-dust days. The hourly vapor pressure changed between 0.4 and 19.4 kPa
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and 0.3 and 18.2 kPa, with average values of 5.7 and 3.2 kPa, respectively, on dust and non-
dust days. When the vapor pressure was lower than about 4.8 kPa, the relative frequency
was higher on non-dust days than on dust days; when the vapor pressure was higher than
about 4.8 kPa, this result was reversed. Dust weather in the study area primarily occurred
in spring and summer, the seasons where most of the regional precipitation occurred;
these seasons contributed 90.0% of the total rainfall, with vapor pressure increasing during
this time [45,54]. In addition, as the weather system responsible for dust weather entered
the desert, water vapor was carried with it, increasing air humidity [54], as corroborated
by the results in Figure 3. Moreover, the hourly wind speeds changed between 0.0 and
12.8 m/s 0.0 and 10.0 m/s, with average 3.5 and 1.5 m/s values on dust and non-dust days,
respectively. When the wind speed was lower than 2.2 m/s, the relative frequency was
higher on the non-dust days than on dust days; when the wind speed was higher than
about 2.2 m/s, the result was reversed. Hourly soil moisture changed between 0.002 and
0.218 m3/m?3, and 0.002 and 0.197 m3/m?3, with average values of 0.021 and 0.019 m3/m3
on dust and non-dust days, respectively. Due to the arid climate of the Taklimakan Desert,
the ranges and average values of soil moisture on dust and non-dust days were comparable
and at a lower level.

Table 1. Total saltation activity and atmospheric and soil conditions on dust and non-dust days from
March 2008 to February 2010.

Temperature Vapor Wind Speed 5.011 Sal’fatlon Saltation
Weather ©0) Pressure (m/s) Moisture Time Count
(kPa) (m3/m®) () (10%)
Dust days 23.2 6.7 3.9 0.021 311.63 10,539.5
08-09 -
Non-dust 103 3.3 14 0.019 79.88 858.3
days
Dust days 194 47 3.1 0.020 270.61 6821.5
09-10 -
Non-dust 9.4 3.1 15 0.018 53.68 574.8
days
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Figure 4. Relative distributions of temperature, wind speed, vapor pressure, and soil moisture on
dust and non-dust days.
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3.3. Threshold Velocity for Saltation Activity on Non-Dust Days

The threshold velocity is a determining parameter for saltation activity occurrence and
reflects the atmospheric and soil conditions [1,3]. Figure 5 shows the frequency distributions
of the threshold velocity on both dust and non-dust days. Within the entire study period,
the threshold velocity for non-dust days varied between 4.1 and 10.5 m/s, with an average
value of 5.9 m/s. Among all observations, approximately 30.0%, 60.0%, and 90.0% had
values less than 5.4, 5.9, and 6.8 m/s, respectively. Moreover, approximately 95.0% of the
values range from 4.8 to 7.3 m/s. In contrast, the dust days exhibited higher threshold
velocities, with values varying from 4.1 to 12.2 m/s, averaging 6.5 m/s. On non-dust
days, the threshold velocity exhibited significant monthly variations, varying from 5.3 to
6.4 m/s. The maximum and minimum were recorded in July and November, respectively.
Gathering short-term observations at the northern margin of the Taklimakan Desert, Chen
et al. [55] determined that the threshold velocity at a height of 2 m was 5.2 m/s lower
than the average values for both the dust and non-dust days recorded in our study. This
difference may be due to distinct methods for determining the threshold velocity and
different observational periods.

30 7.0
Dust day 1 —M—Non-dust day
Non-dust day ]
- 65
20 E y
}; 7 ./. \
g o0 R e \.
=] 4
10 2 ]
§ 5.5 —-\/ \/l
= i n
0 T T T T 50—T—TT T 7T T T T T
2 4 6 8 10 12 14 1.2 34 56 78 9 101112
Threshold velocity (m/s) Month

Figure 5. Frequency distributions of the threshold velocity on both dust and non-dust days (left) and
monthly variations in the threshold velocity on non-dust days (right).

3.4. Saltation Time during Non-Dust Days

Considerable saltation differences were observed during the study period. From 2008
to 2009 and from 2009 to 2010, the saltation times were 79.88 and 53.68 h, respectively,
accounting for 20.4% and 16.6% of the total annual saltation time, respectively (Table 1).
Despite the fact that lower threshold velocities provided favorable conditions for saltation
activity during non-dust days, low wind speeds inhibited the occurrence of saltation
activity. On non-dust days, only 0.9% of all observed wind speeds were higher than the
average threshold velocity (5.9 m/s), whereas on dust days, 8.1% of observed wind speeds
were higher than the average threshold velocity (6.5 m/s).

Saltation times also revealed monthly and daily variations on non-dust days (Figure 6).
Within the experiment, most saltation activities occurred from March to June and in August,
accounting for 73.2% of the total saltation time, whereas saltation activity occurred less
frequently in July and from September to February, accounting for only 26.8% of the total
saltation time. The maximum and minimum saltation times occurred in August (19.2%)
and January (0.4%). In terms of daily variation, saltation times longer than the average
value mainly occurred from 9:00 to 16:00, accounting for 68.1% of the total saltation time.
In contrast, saltation occurring from 17:00 to 8:00 accounted for only 32.9% of the total
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saltation time. The maximum and minimum saltation times occurred at 14:00 and 2:00,
accounting for 10.8% and 0.1% of the total saltation time. Additionally, monthly and daily
variations were observed between the dust and non-dust days. Monthly variations in the
saltation time between March and August accounted for a higher proportion of dust days
(91.8%), with the maximum and minimum saltation times occurring in July and November.
Regarding the daily variations, intense saltation activity occurred over more prolonged
periods on the dust days, occurring from 8:00 to 19:00, with the maximum and minimum
values occurring at 13:00 and 23:00, respectively.

707 I Non-dust day 309 = Non-dust day
1 I Dust day —e— Dust day
60
5 ] 5 20 °
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< 40 (S /
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0+ OF."\"'.'_.IA.!.”'I"'I"'I"'I""\II
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Month Hour

Figure 6. Monthly and diurnal variations in the saltation time on dust and non-dust days.

Figure 7 shows the relative distributions of hourly saltation time on dust and non-dust
days. As demonstrated, values were significantly higher on non-dust days than dust days
when the hourly saltation time was lower than 0.15 h. The result was reversed when the
hourly saltation time was higher than 0.15 h. In the interval of 1.0 h, only 52.7% of saltation
events lasted for less than 0.1 h on dust days, whereas the corresponding value for non-dust
days was 81.3%. Furthermore, only 63.2% of the saltation events endured for less than 0.2 h
on dust days, whereas for non-dust days, the proportion is as high as 92.4%. Only 2.4% of
the saltation events lasted a sufficient amount of time—0.9 to 1.0 h on dust days—whereas
for non-dust days, only 0.1% stayed for the sufficient period—0.9 to 1.0 h. These results
suggest that most saltation events on non-dust days were intermittent and lasted less than 0.2 h.
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Figure 7. Relative distributions of hourly saltation time on dust and non-dust days.
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3.5. Saltation Count on Non-Dust Days

The saltation count also depicted considerable annual variations on non-dust days.
From 2008 to 2009 and from 2009 to 2010, the saltation counts were 858.3 x 10* and
574.8 x 10%, respectively, accounting for 7.5% and 7.8% of the total annual saltation count,
respectively (Table 1). Corresponding to the saltation time, the contribution of non-dust
days to the saltation count was significantly lower. Previous research concluded that the
amount of saltation is dominated by the wind speed and is proportional to the quadratic or
cubic power of the wind speed [1,20,21].

Figure 8 shows the monthly and daily variations in the saltation counts on non-dust
days from 2008 to 2010. Comparable to the saltation time, higher saltation counts occurred
between March and August, whereas lower values were recorded between September and
February. These two periods contribute 85.3% and 14.7% of the total saltation counts. The
maximum and minimum saltation counts occurred in August (141.6 x 10%) and January
(0.37 x 10%), corresponding to 19.8% and 0.05% of the total saltation counts, respectively.
Concerning daily variations, high saltation counts (more extensive than the average value)
mainly occurred from 10:00 to 16:00 and 19:00 to 21:00, accounting for 73.8% of the total
counts. In contrast, low saltation counts occurred from 22:00 to 9:00 and 17:00 to 18:00, ac-
counting for only 26.2%. Compared with the saltation time, high saltation counts frequently
occurred and ceased later in the day, showing that the variations in the saltation time and
counts were asynchronous. The maximum and minimum values of the saltation counts
occurred at 14:00 and 2:00, accounting for 10.9% and 0.01% of the total saltation counts,
respectively. Moreover, differences in terms of monthly and daily variations were observed
between dust and non-dust days. For monthly variations, the maximum and minimum
saltation counts on the dust days occurred in July and November, respectively. Conversely,
concerning daily variations, intense saltation activity occurred over more extended periods
on dust days between 10:00 and 20:00, with the maximum and minimum values occurring
at 16:00 and 6:00.

30001 g Non-dust day 10007 —=— Non-dust day
I Dust day | — Dustday
800 1 it
£~ 2000 -
= =
= = 600
= k=
= =
(= (=}
[&] [$]
g 5 400
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I =
o W \
200 / \
'..'/*..\b/./ 0*-1
0 0—%*—!4——;—;—%
1 2 3 4 5 6 7 8 9 1011 12 0:00 4:00 8:00 12:00 16:00 20:00 0:00
Month Hour

Figure 8. Monthly and diurnal variations in the saltation counts on dust and non-dust days.

Figure 9 illustrates the relative distributions of the hourly saltation counts for both
dust and non-dust days. Comparable to saltation time, the values were significantly higher
on non-dust days than on dust days when the hourly saltation count was lower than
1.5 x 10*. The results reversed when the hourly saltation count was higher than 1.5 x 10%.
The maximum hourly saltation count for dust and non-dust days was 232.4 x 10* and 55.5 x 10%,
respectively, which is a 4.1-times difference. About 80.0% of the hourly saltation counts
were lower than 0.39 x 10%, and 90.0% were lower than 1.0 x 10* on non-dust days. The
corresponding values for dust days were only 47.7% and 56.4%, respectively.
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Figure 9. Relative distributions of hourly saltation count on both dust and non-dust days.

4. Discussions
4.1. Atmospheric/Soil Conditions and Threshold Velocities on Non-Dust Days

Correlations between the monthly threshold velocity and temperature, vapor pressure,
and soil moisture are illustrated in Figure 10. When the temperature was above 0 °C,
the temperature had a strong positive correlation with the threshold velocity (r = 0.93,
p < 0.05). In contrast, when the temperature was lower than 0 °C, a negative correlation
(r=0.79, p < 0.05) was observed. Moreover, vapor pressure and threshold velocity positively
correlated (r = 0.80, p < 0.05). However, soil moisture and threshold velocity only showed
a marginal correlation (r = 0.16, p > 0.05), indicating that soil moisture is not a causal
factor of the threshold velocity. Meanwhile, the threshold velocity is primarily determined
by atmospheric and soil conditions [41,42,56-58]. A previous study showed that lower
temperatures correspond to weaker cohesion between sand particles and a lower threshold
velocity [56]; however, soil erodibility declines due to freezing when the temperature is
below 0 °C, thus increasing the threshold velocity [42]. In addition, high air humidity and soil
moisture can increase inter-particle cohesion, thus increasing the threshold velocity [41,42,56-58].
Li et al. [40] and Yang et al. [59] reveal that the effect of soil moisture on the threshold was
substantial for a single dust storm and was otherwise marginal for the season or year in the
Horgin Sandy Land and Taklimakan Desert due to the general shortage of soil moisture.
Together, this explains the weak correlation between soil moisture and threshold velocity.
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Figure 10. Correlations between monthly threshold velocity and temperature, vapor pressure, and
soil moisture.



Remote Sens. 2022, 14, 2099

110f15

4.2. Wind Speed Conditions and Saltation Activity on Non-Dust Days

Although the non-dust days were primarily distributed in winter and autumn, and
a higher threshold velocity was spread throughout spring and summer, relatively intense
saltation activity was still present in spring and summer (Figures 6 and 8). Given the signif-
icance of wind speed on saltation activity [1,3,39,51,52], correlations between wind speeds
(monthly and diurnal) and saltation activity (saltation time and count) were analyzed
(Table 2). A strong linear correlation between them was determined, and the correlation
coefficient between monthly wind speeds, saltation time, and saltation count were 0.81 and
0.91 at the 99% significance level; the correlation coefficients between diurnal wind speeds,
saltation time, and saltation count were 0.94 and 0.74 at the 99% and 95% significance
levels. This was the principal reason for the seasonal and diurnal distributions of saltation
intensity on non-dust days.

Table 2. Correlation coefficients between wind speeds and saltation activity.

Saltation Time (h) Saltation Count (10%)
Monthly wind speed (m/s) 0.81 0.91
Diurnal wind speed (m/s) 0.94 0.74

4.3. Saltation Activity and Dust Aerosols on Non-Dust Days

Previous studies have shown that saltation activity on dust days significantly influ-
enced the amount of dust aerosol emitted [3,8-14]. The relations between saltation activity
on non-dust days and dust aerosols were ambiguous; therefore, another the study is nec-
essary. As dust aerosols originated from saltation, activity on dust days can float in the
atmosphere for several days [3,60]. To rule out the influence of dust days which slow
down dust aerosols, non-dust days were designated in November 2009 for this study. Syn-
chronous daily saltation activity, PMjg, and AOD data from November 2009 were selected,
and only the AOD for the rectangular grid in the study area was evaluated (Figure 11).
During November, there were 16 d which had saltation activity, and the total saltation time
and count were 0.6 h and 1.36 x 10%, respectively. The daily PM;g and AOD changed from
30.9 to 1301.9 pg/m3 and from 0.04 to 0.58, with average values of 160.4 pg/m3 and 0.09.
The maximum daily saltation count and time emerged on November 15; corresponding
PM;p and AOD were also at the maximum. Daily saltation activity was associated with
dust aerosols, with higher dust aerosol volumes accompanying saltation activities. The
daily saltation count and saltation time positively correlated with PM;y and AOD, and
the coefficients were 0.96, 0.91, 0.92, and 0.87, respectively, with 99% significance tests.
Moreover, the correlation between saltation counts and dust aerosols was more substantial
than that between saltation time and dust aerosols, suggesting that the amount of saltation
significantly influenced dust aerosols.

The spatial distribution of average AOD between March 2008 and February 2010 on
non-dust days over the Taklimakan Desert is shown in Figure 12. Relatively high levels of
AQOD enveloped the entire desert, and AOD values were more extensive than 0.2. Across
the entire desert, relatively high values of AOD were distributed in the northwest and
northeast regions instead of the central region, implying that there was more vigorous
saltation activity on non-dust days. Although the Taklimakan Desert was surrounded
by many dust sources (Figure 12), the transportation of dust aerosol was always blocked
by the Tianshan Mountain, Pamirs, and Plateau, and only limited dust aerosols could be
transported to the Taklimakan Desert from its north, west, and south edges [61]. This
indicated that the dust aerosols floating above the Taklimakan Desert were mainly from
the local region. Combined with the results shown in Figure 11, the additional results
confirm the effects of saltation activities on dust aerosols on non-dust days. Thus, despite
the saltation activity on non-dust days being weaker than that on dust days, its contribution
to dust aerosols should not be overlooked.
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Figure 12. Spatial distribution of average AOD values between March 2008 and February 2010 on
non-dust days over the Taklimakan Desert.

5. Conclusions

The saltation activity on non-dust days in the center of the Taklimakan Desert was
comprehensively investigated utilizing long-term observation data of the saltation time
and counts, atmospheric and soil conditions, dust aerosols, and dust weather from March 2008
to February 2010. Our study derives exciting results: compared with dust days, the char-
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acteristics of saltation activity on non-dust days had significant differences. For example,
non-dust days had relatively lower temperature, vapor pressure, wind speeds, and soil
moisture than dust days due to the differences in seasonal distribution and atmospheric
circulation conditions. The favorable atmospheric and soil conditions on non-dust days
reduced the saltation threshold velocity (5.9 m/s) more than on dust days (6.5 m/s). Nev-
ertheless, the constraint of wind speed inhibited the saltation activity, the saltation density
of non-dust days was remarkably lower than dust days, and the contributions of non-dust
days to saltation time and saltation counts were 18.5% and 7.7%, respectively. Dominated
by wind speed, relatively intense monthly saltation activity occurred from March to Au-
gust, and daily saltation activity occurred from 9:00 to 16:00. Although the contribution of
non-dust days to saltation time and saltation count was relatively lower than dust days,
they had a remarkable influence on dust aerosols. Thus, we emphasize that non-dust day
saltation effects on dust aerosols are significant and have been overlooked in previous research.

Author Contributions: X.Y. conceptualization; writing—reviewing and editing. C.Z., EY,,L.M., WH.,
AM. and Q.H. carried out the experiment, data curation, and supervision. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China, grant
numbers 41875019 and 41905009; the Basic Business Expenses, grant number IDM2022002; and the
Flexible Talents Introducing Project of Xinjiang, grant number 2018.

Data Availability Statement: The data in this paper were obtained from the Institute of Desert
Meteorology, China Meteorological Administration. These data are limited by the Institute and can
be available from the author with permission.

Acknowledgments: We thank the Tazhong meteorological station, China Meteorological Bureau and
Wei Zheng and Xinping Wu for their help in the observation experiment of dust weather.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bagnold, R.A. The Physics of Blown Sand and Desert Dunes; William Morrow & Company: New York, NY, USA, 1941; pp. 1-26.

2. Chepil, W.S. Dynamics of wind erosion: I. Nature of movement of soil by wind. Soil Sci. 1945, 60, 305-320. [CrossRef]

3. Shao, Y.P. Physics and Modeling of Wind Erosion; Kluwer Academic Publishing: Dordrecht, The Netherlands, 2008; pp. 149-206.

4. Nordstrom, K.F,; Hotta, S. Wind erosion from cropland in the USA: A review of problems, solutions and prospects. Geoderma
2004, 121, 157-167. [CrossRef]

5. Lal, R. Soil degradation by erosion. Land Degrad. Dev. 2005, 12, 519-539. [CrossRef]

6. Middleton, N.J. Desert dust hazards: A global review. Aeolian Res. 2017, 24, 53-63. [CrossRef]

7. Du,H.Q,Li,S.,; Webb, N.P,; Zuo, X.A.; Liu, X.Y. Soil organic carbon (SOC) enrichment in aeolian sediments and SOC loss by dust
emission in the desert steppe, China. Sci. Total Environ. 2021, 798, 149189. [CrossRef] [PubMed]

8.  Gillette, D.A. Fine particulate emissions due to wind erosion. Trans. ASAE 1977, 20, 890-897. [CrossRef]

9.  Gillette, D.A. Production of dust that may be carried great distances. Spec. Pap. Geol. Soc. Am. 1981, 186, 11-26.

10.  Shao, Y.P; Raupach, M.R; Findlater, P.A. The effect of saltation bombardment on the entrainment of dust by wind. J. Geophys. Res.
1993, 98, 12719-12726. [CrossRef]

11. Mirzamostafa, N.; Hagen, L.].; Stone, L.R.; Skidmore, E.L. Soil aggregate and texture effects on suspension components from
wind erosion. Soil Sci. Soc. Am. J. 1998, 62, 1351-1361. [CrossRef]

12.  Shao, Y.P. A model for mineral dust emission. J. Geophys. Res. 2001, 106, 20239—-20254. [CrossRef]

13.  Ju, T.T; Li, X.L.; Zhang, H.S; Cai, X.U.; Song, Y. Comparison of two different dust emission mechanisms over the Horqin Sandy
Land area: Aerosols contribution and size distributions. Atmos. Environ. 2018, 176, 82-90. [CrossRef]

14. Tatarko, J.; Kucharski, M.; Li, H.L.; Li, H.R. PM2.5 and PM10 emissions by breakage during saltation of agricultural soils.
Soil Tillage Res. 2021, 208, 104902. [CrossRef]

15. Goudie, A.S.; Middleton, N.J. Desert Dust in the Global System; Springer Verlag: Heidelberg, Germany, 2006; pp. 3-8.

16. McTainsh, G.; Strong, C. The role of aeolian dust in ecosystems. Geomorphology 2007, 89, 39-54. [CrossRef]

17.  Gonzalez, M.C.; Teigell, PN.; Valladares, B.; Griffin, G.W. The global dispersion of pathogenic microorganisms by dust storms
and its relevance to agriculture. Adv. Agron. 2014, 127, 1-41.

18. Goudie, A.S. Desert dust and human health disorders. Environ. Int. 2014, 63, 101-113. [CrossRef]

19. Carmen, C.J.; Michael, S.; Maria, A.L.C.; Albert, A.; Adolfo, C.; Maria, P.Z.; Alejandro, R.G.; Constantino, M.P. Aerosol radiative

impact during the summer 2019 heatwave produced partly by an inter-continental Saharan dust outbreak Part 1: Short-wave
dust direct radiative effect. Atmos. Chem. Phys. 2021, 21, 6455-6479.


http://doi.org/10.1097/00010694-194510000-00004
http://doi.org/10.1016/j.geoderma.2003.11.012
http://doi.org/10.1002/ldr.472
http://doi.org/10.1016/j.aeolia.2016.12.001
http://doi.org/10.1016/j.scitotenv.2021.149189
http://www.ncbi.nlm.nih.gov/pubmed/34333433
http://doi.org/10.13031/2013.35670
http://doi.org/10.1029/93JD00396
http://doi.org/10.2136/sssaj1998.03615995006200050030x
http://doi.org/10.1029/2001JD900171
http://doi.org/10.1016/j.atmosenv.2017.12.017
http://doi.org/10.1016/j.still.2020.104902
http://doi.org/10.1016/j.geomorph.2006.07.028
http://doi.org/10.1016/j.envint.2013.10.011

Remote Sens. 2022, 14, 2099 14 of 15

20.
21.
22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.

48.

49.

50.

Owen, R.P. Saltation of uniform grains in air. J. Fluid Mech. 1964, 20, 225-242. [CrossRef]

White, B.R. Soil transport by winds on Mars. ]. Geophys. Res.-Atmos. 1979, 84, 4643—-4651. [CrossRef]

Dong, Z.B.; Qian, G.Q.; Luo, W.Y.; Wang, H.T. Analysis of the mass flux profiles of an aeolian saltating cloud. ]. Geophys.
Res.-Atmos. 2006, 111, D16111. [CrossRef]

Stockton, P; Gillette, D. Field measurement of the sheltering effect of vegetation on erodible land surfaces. Land Degrad. Dev.
1990, 2, 77-85. [CrossRef]

Stout, J.E.; Zobeck, T.M. Intermittent saltation. Sedimentology 1997, 44, 959-970. [CrossRef]

Baas, A.C. Evaluation of saltation flux impact responders (Safires) for measuring instantaneous aeolian sand transport intensity.
Geomorphology 2004, 59, 99-118. [CrossRef]

Udo, K. New method for estimation of aeolian sand transport rate using ceramic sand flux sensor (UD-101). Sensors 2009, 9,
9058-9072. [CrossRef] [PubMed]

Sherman, D.J.; Li, B.; Farrell, E.J.; Ellis, ].T.; Cox, W.D.; Maia, L.P.; Sousa, PH. Measuring aeolian saltation: A comparison of
sensors. J. Coast. Res. 2011, 59, 280-290. [CrossRef]

Raygosa-Barahona, R.; Ruiz-Martinez, G.; Marino-Tapia, I.; Heyser-Ojeda, E. Design and initial testing of a piezoelectric sensor to
quantify aeolian sand transport. Aeolian Res. 2016, 22, 127-134. [CrossRef]

De Winter, W.; Van Dam, D.; Delbecque, N.; Verdoodt, A.; Ruessink, B.; Sterk, G. Measuring high spatiotemporal variability in
saltation intensity using a low-cost Saltation Detection System: Wind tunnel and field experiments. Aeolian Res. 2018, 31, 72-81.
[CrossRef]

Spaan, W.; Vanden Abeele, G. Wind borne particle measurements with acoustic sensors. Soil Technol. 1991, 4, 51-63. [CrossRef]
Ellis, J.T.; Sherman, D.J.; Farrell, EJ.; Li, B. Temporal and spatial variability of aeolian sand transport: Implications for field
measurements. Aeolian Res. 2012, 3, 379-387. [CrossRef]

Rezaei, M.; Goossens, D.; Riksen, M.]. Evaluating the SandFlow, an acoustic sediment transport sensor. Aeolian Res. 2020, 42, 100558.
[CrossRef]

Mikami, M.; Yamada, Y.; Ishizuka, M.; Ishimaru, T.; Gao, W.; Zeng, EJ. Measurement of saltation process over gobi and sand
dunes in the Taklimakan desert, China, with newly developed sand particle counter. J. Geophys. Res.-Atmos. 2005, 110, D18S02.
[CrossRef]

Davidson-Arnott, R.; Bauer, B.; Walker, I.; Hesp, P; Ollerhead, J.; Delgado-Fernandez, I. Instantaneous and mean aeolian sediment
transport rate on beaches: An intercomparison of measurements from two sensor types. J. Coast. Res. 2009, 56, 297-301.
Hugenholtz, C.H.; Barchyn, T.E. Laboratory and field performance of a laser particle counter for measuring aeolian sand transport.
J. Geophys. Res.-Atmos. 2011, 116, F01010. [CrossRef]

Chapman, C.; Walker, 1.].; Hesp, P.A.; Bauer, B.O.; Davidson-Arnott, R.G.; Ollerhead, J. Reynolds stress and sand transport over
a foredune. Earth Surf. Processes Landf. 2013, 38, 1735-1747. [CrossRef]

Martin, R.L.; Kok, J.E; Hugenholtz, C.H.; Barchyn, T.E.; Chamecki, M.; Ellis, J.T. High-frequency measurements of aeolian
saltation flux: Field-based methodology and applications. Aeolian Res. 2018, 30, 97-114. [CrossRef]

Li, BL;; Ning, Q.Q.; Yu, Y.S.; Ma, ].Y.; Meldaua, L.F; Liu, ].H. A laser sheet sensor (LASS) for wind-blown sand flux measurement.
Aeolian Res. 2021, 50, 100681. [CrossRef]

Tan, LH.; An, Z.S.; Zhang, K.C; Qu, ].J.; Han, Q.J.; Wang, J.Z. Intermittent aeolian saltation over a Gobi surface: Threshold,
saltation layer height, and high-frequency variability. ]. Geophys. Res.-Eaerth Surf. 2020, 125, e2019]JF005329. [CrossRef]

Li, X.L.; Zhang, H.S. Soil moisture effects on sand saltation and dust emission observed over the Horqin Sandy land area in China.
J. Meteorol. Res. 2014, 28, 444-452. [CrossRef]

Deoro, L.A.; Buschiazzo, D.E. Threshold wind velocity as an index of soil susceptibility to wind erosion under variable climatic
conditions. Land Degrad. Dev. 2009, 20, 14-21. [CrossRef]

Barchyn, T.E.; Hugenholtz, C.H. Winter variability of aeolian sediment transport threshold on a cold-climate dune. Geomorphology
2012, 177-178, 38-50. [CrossRef]

Yang, X.H.; Mamtimin, A.; He, Q.; Liu, X.C.; Huo, W. Observation of saltation activity at Tazhong area in Taklimakan Desert,
China. . Arid. Land 2013, 5, 32—41. [CrossRef]

Stout, J.E. Detecting patterns of aeolian transport direction. J. Arid. Environ. 2014, 107, 18-25. [CrossRef]

Yang, X.H.; Shen, S.H.; Yang, F.; He, Q.; Mamtimin, A.; Huo, W.; Liu, X.C. Spatial and temporal variations of blowing dust events
in the Taklimakan Desert. Theor. Appl. Climatol. 2016, 125, 669-677. [CrossRef]

Sensit Company. Technical Description for the New Model H11-LIN; Sensit Company: Readlands, CA, USA, 2007; pp. 13-14.

Yang, X.H.; He, Q.; Mamtimin, A.; Huo, W,; Liu, X.H.; Trake, M. A field experiment on dust emission by wind erosion in the
Taklimakan Desert. Acta Meteorol. Sin. 2012, 26, 241-249. [CrossRef]

National Weather Bureau of China. Criterion of Surface Meteorological Observation; Meteorological Press: Beijing, China, 1979;
pp- 33-34.

Stout, J.E. A method for establishing the critical threshold for aeolian transport in the field. Earth Surf. Processes Landf. 2004, 29,
1195-1207. [CrossRef]

Yang, X.H.; He, Q.; Mamtimin, A.; Yang, F; Huo, W.; Liu, X.C.; Zhao, T.L.; Shen, S.H. Threshold velocity for saltation activity in
the Taklimakan Desert. Pure Appl. Geophys. 2017, 174, 4459—4470. [CrossRef]


http://doi.org/10.1017/S0022112064001173
http://doi.org/10.1029/JB084iB09p04643
http://doi.org/10.1029/2005JD006630
http://doi.org/10.1002/ldr.3400020202
http://doi.org/10.1046/j.1365-3091.1997.d01-55.x
http://doi.org/10.1016/j.geomorph.2003.09.009
http://doi.org/10.3390/s91109058
http://www.ncbi.nlm.nih.gov/pubmed/22291553
http://doi.org/10.2112/SI59-030.1
http://doi.org/10.1016/j.aeolia.2016.08.005
http://doi.org/10.1016/j.aeolia.2017.11.003
http://doi.org/10.1016/0933-3630(91)90039-P
http://doi.org/10.1016/j.aeolia.2011.06.001
http://doi.org/10.1016/j.aeolia.2019.100558
http://doi.org/10.1029/2004JD004688
http://doi.org/10.1029/2010JF001822
http://doi.org/10.1002/esp.3428
http://doi.org/10.1016/j.aeolia.2017.12.003
http://doi.org/10.1016/j.aeolia.2021.100681
http://doi.org/10.1029/2019JF005329
http://doi.org/10.1007/s13351-014-3053-3
http://doi.org/10.1002/ldr.863
http://doi.org/10.1016/j.geomorph.2012.07.012
http://doi.org/10.1007/s40333-013-0139-1
http://doi.org/10.1016/j.jaridenv.2014.04.001
http://doi.org/10.1007/s00704-015-1537-4
http://doi.org/10.1007/s13351-012-0209-x
http://doi.org/10.1002/esp.1079
http://doi.org/10.1007/s00024-017-1644-5

Remote Sens. 2022, 14, 2099 15 of 15

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Liu, B.L.; Wang, Z.Y;; Niu, B.C.; Qu, J.J. Large scale sand saltation over hard surface: A controlled experiment in still air. J. Arid. Land
2021, 13, 599-611. [CrossRef]

Wang, Z.T.; Zhang, C.L.; Wang, H.T. Intermittency of aeolian saltation. Eur. Phys. ]. 2014, 37, 126. [CrossRef]

He, Q.; Zhao, ].E; Nagashima, H. The distribution of sandstorms in the Taklimakan Desert. J. Arid. Land Study 1996, 1, 185-193.
Yang, X.H. Observation and Parameterization on Dust Emission over the Taklimakan Desert. Ph.D. Thesis, Nanjing University of
Information Science and Technology, Nanjing, China, 2019.

Chen, W.N,; Dong, Z.B.; Yang, Z.T.; Han, Z.W.; Zhang, J.K.; Zhang, M.L. Threshold velocities of sand-driving wind in the
Taklimakan Desert. Acta Geogr. Sin. 1995, 50, 360-367.

Neuman, M.C. Effects of temperature and humidity upon the entrainment of sedimentary particles by wind. Bound.-Layer
Meteorol. 2003, 108, 61-89. [CrossRef]

Ravi, S.; Deoro, L.A. A field-scale analysis of the dependence of wind erosion threshold velocity on air humidity. Geophys. Res. Lett.
2005, 32, 1.21404. [CrossRef]

Sankey, ].B.; Germino, M.].; Glenn, N.F. Relationships of post-fire aeolian transport to soil and atmospheric conditions. Aeolian Res.
2009, 1, 75-85. [CrossRef]

Yang, X.H.; Yang, E; Zhou, C.L.; Mamtimin, A.; Huo, W.; He, Q. Improved parameterization for effect of soil moisture on
threshold friction velocity for saltation activity based on observations in the Taklimakan Desert. Geoderma 2020, 369, 114322.
[CrossRef]

Meng, L.; Zhao, T.L.; He, Q.; Yang, X.H.; Mamtimin, A.; Yang, E; Zhou, C.L.; Huo, W.; Wang, M.Z.; Pan, H.L,; et al. Climatic
characteristics of floating dust and persistent floating dust over the Tarim basin in the recent 30 years. Acta Meteorol. Sin. 2022, 80, 1-12.
Yuan, T.G.; Chen, S.Y.; Huang, J.P; Wu, D.Y,; Lu, H.; Zhang, G.L.; Ma, X.J.; Chen, Z.Q.; Luo, Y.; Ma, X.H. Influence of dynamic
and thermal forcing on the meridional transport of Taklimakan Desert dust in spring and summer. J. Clim. 2019, 32, 749-767.
[CrossRef]


http://doi.org/10.1007/s40333-021-0104-3
http://doi.org/10.1140/epje/i2014-14126-x
http://doi.org/10.1023/A:1023035201953
http://doi.org/10.1029/2005GL023675
http://doi.org/10.1016/j.aeolia.2009.07.002
http://doi.org/10.1016/j.geoderma.2020.114322
http://doi.org/10.1175/JCLI-D-18-0361.1

	Introduction 
	Materials and Methods 
	Experimental Site and Data 
	Threshold Velocity for Saltation Activity 

	Results 
	Daily Examples 
	Atmospheric and Soil Conditions on Non-Dust Days 
	Threshold Velocity for Saltation Activity on Non-Dust Days 
	Saltation Time during Non-Dust Days 
	Saltation Count on Non-Dust Days 

	Discussions 
	Atmospheric/Soil Conditions and Threshold Velocities on Non-Dust Days 
	Wind Speed Conditions and Saltation Activity on Non-Dust Days 
	Saltation Activity and Dust Aerosols on Non-Dust Days 

	Conclusions 
	References

