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Abstract: Airborne sediment fluxes were measured in southern Tunisia on two experimental plots
tilled with a moldboard and a tiller plough, respectively, during five wind erosion events of different
intensities. The sediment fluxes were sampled on both plots using a mast equipped with seven
sand traps positioned between ≈10 and 120 cm height. The windblown sediment fluxes in the
0–100 cm layer were about eight times higher on the plot tilled using the tiller plough compared to
the plot tilled using the moldboard plough due to different efficiencies in the trapping of the saltating
particles in the furrow, depending on the ridges characteristics. On both plots, sediment fluxes of
larger particles were depleted in the sediment samplers compared to the proportions measured in
the soil from which they were derived. When examining the sediment flux in the 30–100 cm layer,
we observed that the efficiency of the vertical transfer was about twice higher on the moldboard plot
than on the tiller one. This implies that a higher fraction of the sediment mobilized by wind can
be transported over long distances in the case of a surface ploughed with a moldboard. This result
could reduce in part the benefit of using the moldboard instead of the tiller plough regarding soil
loss by wind erosion.

Keywords: wind erosion; sediment flux; ploughed surfaces; vertical transfer; size distribution

1. Introduction

Wind erosion is a common cause of land degradation in the arid and semi-arid regions
of the Earth, e.g., [1]. Significant wind erosion events occur when wind of high intensity
blows over low covered light-textured soils, e.g., [2,3]. Over agricultural soils of drylands,
wind erosion is a major process affecting soil fertility by loss of the fine soil grains that
are rich in nutrients and organic matter, e.g., [4–6], and that can be transported over long
distances, e.g., [7]. This phenomenon can lead to a significant decrease in crop yield,
e.g., [8–11] and in lowering the water-holding capacity of the soil in regions where wind
erosion is a recurring problem [12].

Wind erosion control is an important issue, especially for cultivated soils, and it has
been widely studied for many decades, e.g., [9,13–15]. Principles for controlling wind
erosion include: stabilizing surface with various materials, producing a rough cloddy
surface, reducing field width or the distance wind travels across an unprotected field with
barriers and strip crops, and establishing and maintaining sufficient vegetative cover [16].
Following these principles, the techniques developed to control wind erosion are frequently
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classified into three categories [14]: (a) crop management practices (such as cropping sys-
tem, e.g., [17], mulching, e.g., [18], or crop residues management, e.g., [19]), (b) mechanical
tillage operations, e.g., [20], and (c) vegetative barriers (such as windbreaks, e.g., [21]).
All of these methods aim to decrease wind speed at the soil surface by increasing surface
roughness and/or increasing the threshold wind speed that is required to initiate soil
aggregate movement by wind [14].

Among these techniques, it has been clearly shown that for loose soils, tillage, which
is an essential part of farming, efficiently decreases soil erosion by wind compared to the
same loose and flat surface, e.g., [22–24]. Indeed, tilled surfaces present ridges that allow
the trapping of a part of the saltating particles into the furrow of the ridges, which reduces
the saltation of soil grains and consequently decreases the sediment flux blowing over tilled
surfaces. Thus, this decrease of the wind erosion efficiency over different tilled surfaces
is dependent on the geometric characteristics of the tillage ridges, i.e., ridge height (RH)
and ridge spacing (RS), e.g., [24–28]. As an example, Armbrust et al. [25] showed that any
size ridge up to 20.3 cm height on a cultivated soil is more effective in controlling wind
erosion than is a smooth surface. Kardous et al. [24] measured wind erosion fluxes in a
wind tunnel over eight different ridged surfaces constituted by sandy soils of southern
Tunisia. These authors showed that the intensity of the sediment flux mainly depended
on the ridge height to ridge spacing ratio. This strongly suggests that the way by which
an agricultural surface is tilled has a significant impact on the sediment flux mobilized by
wind erosion. In the field, this was for instance confirmed by López et al. [26]: during the
experiment they conducted in Central Aragón (NE Spain), these authors showed that soil
surface conditions after tillage could indicate a lower susceptibility of soil to wind erosion
following chisel ploughing than moldboard ploughing. In the same way, Labiadh et al. [27]
showed that the difference in the sediment flux was about a factor 4 between agricultural
surfaces tilled with a disc plough and a tiller plough and was of an order of magnitude
between surfaces tilled with a disc plough and a moldboard plough. More recently, the
impact of tillage practices on dust emission was also evidenced by Çarman et al. [28] using
a portable wind erosion tunnel in an experimental field in Turkey. Eight different tillage
applications were tested: conventional tillage, six different reduced tillages, and direct
seeding. Their results showed that wind erosion rate was lower in direct seeding than in
conventional and reduced tillage applications with the rate measured using the horizontal
shaft rototiller (L-typefoot)-float being the highest as this technique induced an excess
fragmentation of soil.

However, wind erosion is very selective in terms of grain size, carrying the finest
particles—particularly organic matter, clay, and silt—many kilometers away while most
of the larger particles are deposited close to the sediment source [29,30]. Thus, it is of
the highest interest to examine not only how the different types of tillage ridges can limit
wind erosion but also how the different size fractions constituting the sediment material
mobilized by wind are vertically distributed. Earlier investigations showed that the mean
grain size of suspended sediment decreased with height [12,31–33]. Nickling [32] described
the Particle-Size Distribution (PSD) of the soil, creep, saltation, and suspended fractions to
show how both the mean grain size and mass of sediment decrease as a power function
with height. However, based on wind tunnel measurements, Dong and Qian [34] showed
that this decay with height differed for different size populations and wind speeds, the flux
decreasing more rapidly as the grain size and the wind speed decreased.

As mentioned by Sharratt et al. [35], few studies have measured the windblown
loss of top soil or flux of dust from agricultural lands managed under different tillage
systems. Hagen et al. [36] mentioned that if tillage ridges on soils are effective at trapping
saltation aggregates, they may not reduce erosion rates on soils composed mainly of
suspension-size aggregates during high winds. This suggests that the fractions of the mass
of windblown sediment in saltation, in short-term suspension or in suspension, could
change depending on the type of tillage ridges. In this paper, we propose to examine, from
an experiment performed in southern Tunisia, how the vertical transfer of windblown
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sediment of different size classes is affected by the type of tillage applied to an erodible
surface and the implications for wind erosion.

2. Materials and Methods

2.1. Experimental Site

During the spring season 2008, a field experiment was conducted inside the Dar
Dhaoui Experimental Range (DDER) (Figure 1), which is located in the arid region of
Medenine/Zarzis in South Tunisia where annual precipitation is low (≈200 mm/y) and
irregular in space and time, with most precipitation falling in autumn and winter, e.g., [37].
This DDER is an area of 54 ha protected for many years from grazing and other disturbances.
Thus, the surface in its natural state is crusted and well protected from wind erosion by a
relatively dense vegetation cover.
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Figure 1. (a,b) Localization of the Dar Dhaoui Experimental Range (DDER) at the scale of Tunisia DDER (©Google Earth).
(c) Localization of the two experimental plots in the DDER (©Google Earth). The letters T and M refer to the plot tilled
with the tiller (Plot 1) and the moldboard (Plot 2), respectively. The red dots locate the positions of the meteorological mast:
(33◦17′35.30” N; 10◦46′56.81” E) and (33◦17′52.56” N; 10◦46′54.49” E) for Plot 1 and Plot 2, respectively.
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Within this range, two rectangular (140 m × 110 m) plots, 400 m apart, were ploughed
using two different ploughing techniques: Plot 1 was tilled using a tiller plough while a
moldboard plough was used in Plot 2 (Figure 1c). The slope was 0.6% and 2% for Plot 1 and
Plot 2, respectively. Tillage was performed so that the tillage ridges were perpendicular to
the prevailing direction of the highest wind speed [38].

2.2. Soil Characteristics

In this region, soils are classified as isohumic subtropical truncated soil, which is poor
in soil organic matter according to the French soil classification system [39]. The parent
material is aeolian fine sand generally lying on a calcareous crust. They can be classified
as cambic Arenosol in the classification of the International Union for Soil Sciences (IUSS)
Working Group World Reference Base (WRB) for Soil Resources [40].

The soil size distribution relevant for wind erosion processes must be determined
with a minimum disturbance of the aggregates, e.g., [41]. This leads researchers to avoid
disruptive techniques (such as those involving wet samples) when measuring the size
distribution of soils erodible by wind. Dry sieving and dry dispersion laser particle size
analyzers remain the methods best suited for retrieving the size distribution of the soil
aggregates with a minimum of disturbance.

Twelve composite soil surface samples (eight samples on Plot 1 and 4 samples on
Plot 2) were collected. Each composite samples were composed of 10 soil samples ran-
domly collected in ten different places on each plot. The composite soil samples were
dried at 105 ◦C for 24 h before being passed slowly through a column of 13 sieves with
meshes ranging from <50 µm to >1000 µm. The duration and intensity of the sieving,
performed using a Retsch AS200 vibratory sieve shaker, were selected according to various
tests performed to identify the best compromise between maximizing the accuracy of the
grain size classification and minimizing the disruption of soil aggregates. Three sieving
intensities (40, 50, and 60) were tested as well as six sieving durations (5, 10, 15, 20, 25, and
30 min), i.e., 18 tests were performed in total. The analysis of the results showed that the
optimum conditions were obtained for 20 min of sieving with an intensity of 40 [42]. Then,
each fraction was weighed on an electronic weighing scale having a precision of 0.01 g.
Key statistical parameters (median diameter and standard deviation) were estimated by
fitting the mass of sediment collected in each size class (i.e., in each sieve) to log-normal
functions. As in Chatenet et al. [41] and Labiadh et al. [42], we assumed that the mass size
distribution of an erodible soil can be assessed by the sum of log-normal functions. The
computation was performed by integrating the log-normal functions over the size range
1–2500 µm using 1300 iso-logarithmic size bins. Then, these bins were summed over the
size interval corresponding to each of the 13 sieve classes. The adjustment of the log-normal
distributions was obtained using a least squares method, i.e., by minimizing the sum of
the differences between the measured masses for each sieve and those computed for the
same size classes by using the log-normal functions. For these samples, the adjustment
was made by using two modes (i.e., two log-normal functions). The number of modes was
selected using threshold values for the minimization test.

Table 1 shows that the soil samples exhibited two populations of similar importance:
(i) one, very well sorted, with a median diameter of about 100 µm, and (ii) one having
a median diameter of approximately 75 µm. This is in agreement with the numerous
measurements of soil size distributions performed in southern Tunisia by Labiadh et al. [42],
who showed that these soils are characterized by very fine sand populations.
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Table 1. Mean of the percentage Pi, standard deviation σi, and median diameter di (in µm) of each population i constituting
the mass size distribution of the 12 soil samples collected on the experimental plots.

Tiller Moldboard

n = 8 n = 4

Population 1 Population 2 Population 1 Population 2

Pi (Mi/M)
mean 43% 57% 48% 52%

standard deviation 13 13 12 12

σi mean 1.38 1.08 1.41 1.08

di (µm)
mean 73 102 76 101

standard deviation 2 4 3 2

2.3. Height and Spacing of Tillage Ridges

The two plots were tilled with two different ploughing tools: a moldboard and a tiller
(Figure 2). These tools are the traditional and “modern” ploughs used in southern Tunisia,
respectively. Tillage was made with methods, especially tractor speed, that are those used
by farmers in this region. The moldboard plough was composed of six elements (Figure 2a).
The plough has a working width of 2.3 m and a depth of cut of approximately 15 cm. It
slices the soil with its wedge-shaped body, lifts it with its moldboard (an inclined plane),
and inverts it gently, burying weeds and crop residues. The tiller plough is more suitable
in soils obstructed by stones and roots and for light and moderate soil conditions. It is used
for loosening and aerating soil to a depth of approximately 20 cm. The tiller was composed
of two lines of six and seven plow teeth respectively, leading to a working width of 3 m
(Figure 2c).
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The geometric characteristics of tillage ridges were determined using a 2-meter-long
pin roughness meter composed of 400 white pins placed in front of a black background
(Figure 3). Each pin measures 29 cm and is equipped with a circular cap in order to increase
the surface in contact with the soil, which prevents the pin sinking into the freshly tilled
soil. The spacing between pins is 5 mm. Ten 2-meter profiles were performed in each plot.
These profiles were imaged numerically and analyzed to determine the average height and
spacing of the ridges. Photos were analyzed manually: for each ridge, a minimum height
(Hmin) and a maximum height (Hmax) were determined. Then, the difference between
Hmax and Hmin was the Ridge Height (RH), while the distance between two consecutive
Hmax was the Ridge Spacing (RS). The average heights of the ridges were measured to be
7.7 (±1.5) cm and 8.5 (±1.3) cm while the average spacing between ridges was 53.7 (±6.5)
cm and 45.8 (±4.8) cm for the moldboard and the tiller, respectively [27]. This leads to
RH/RS ratios of 0.14 for the moldboard and 0.19 for the tiller.
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Figure 3. Example of the measurement of the geometric characteristics of the tillage ridges using the
2-meter long pin roughness meter in Plot 2.

2.4. Meteorological Data

Wind speed and air temperature profiles were measured using a 7 m-high mast
(Figure 4a). The mast was located at the extremity of one of the two parcels according
to the wind direction. During the field campaign, the meteorological mast was relocated
successively on plots 1 and 2 to acquire surface parameters (aerodynamic roughness length,
Z0, and wind friction velocity, u∗) on both plots using the methodology described by
Marticorena et al. [43] and based on the gradient theory [44].
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Wind speed was measured using cup anemometers (A100R Vector Instrument from
the Campbell Scientific© Company, Shepshed, Leicestershire, UK) installed on 1-meter
shaped brackets at 7 vertical levels ranging from 0.22 to 4.22 m. The highest anemometer
was placed at a height equal to less than 1/30 of the plot length as measured in the dominant
wind direction. Measurement heights were selected to approximate a logarithmic scale,
but out of practicality, the lowest measurement heights were determined by the height
of the instruments (>20 cm). The consistency of wind speed measurements among the
anemometers was tested in wind tunnel and in natural conditions prior to being placed in
the field.

Air temperature was simultaneously measured by thermocouples (type Chromel
Constantan) at three different heights (20, 95, 272 cm).

Wind direction was measured at only one level (2.5 m) using a W200P Vector Instru-
ment (Campbell Scientific© company).

Data acquisition was performed with a data logger (CR10X from the Campbell Sci-
entific© company), allowing the recording of all meteorological parameters averaged
over 2-minute intervals with a scanning time of 5 s. Details on wind meteorological mea-
surements and treatment can be found in Labiadh et al. [27]. The mean meteorological
conditions during the wind erosion events are reported in Table 2. The mean aerodynamic
roughness lengths derived from the wind profile measurements were 1.1 (±0.29) cm (with
252 observations) and 0.58 (±0.67) cm (with 673 observations) for Plot 1 (tiller) and Plot 2
(moldboard), respectively [27].
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Table 2. Main characteristics of the recorded wind erosion events. Event duration corresponds to the time during which wind speed is above the threshold velocity allowing wind erosion
(7.47 m s−1 at 422 cm). Mean wind speed was computed over the event duration as defined above. DUP stands for Dust Uplift Potential. Standard deviation for the wind direction are
reported in italics. PS stands for “Particle Sampler” and the associated number denotes the BSNE mast number (see Labiadh et al. [27] for details).

Date
Event

Duration
(min)

Wind Speed
at 422 cm (m s−1)

Normalized
DUP

(m3 s−3)

Wind
Direction (◦)

Fetch (m) Wind Erosion Flux (g cm−1 event−1)

Plot 1—Tiller Plot 2—Moldboard Plot 1—Tiller Plot 2—Moldboard

Mean Maximum PS1 PS3 PS4 PS6 PS1 PS3 PS4 PS6

23–24 March 2008 802 8.74 13.40 3.2 281 (±28) 113.7 144.3 67.6 153.2 67.6 33.4 7.5 8.6
27–28 March 2008 912 9.22 11.76 4.4 299 (±24) 140.3 140.3 140.8 140.8 127.4 31.9 8.7 10.9

7–8 April 2008 980 9.76 13.95 6.2 264 (±19) 53.4 160.2 41.9 125.8 434.9 295.5 18.3 62.2
20 April 2008 206 9.31 11.40 4.6 242 (±11) 34.4 103.3 30.9 92.6 52.7 72.0 4.3 6.3

17–19 May 2008 858 8.61 10.20 2.6 262 (±14) 50.5 151.5 40.3 121.0 59.3 56.5 6.9 9.0
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For each erosion event, we checked the wind direction with respect to the direction of
the plots. To do that, considering that winds having the highest speed contributed most
to the measured erosion fluxes, we computed the mean direction and standard deviation
of the highest wind speeds recorded during each erosive period. Then, all erosion events
occurred when wind directions were within ±45◦ of the direction of the plots [27].

2.5. Measurements of Wind Erosion Fluxes

Wind erosion fluxes were measured using Big Spring Number Eight (BSNE) sediment
samplers (Figure 4b), which are widely used and were described in detail by Fryrear [45].
Briefly, these collectors have openings always facing the wind thanks to a large wind vane.
This allows the particle-laden wind to flow into collection chambers; after soil particles
settle in the collection regions of the chambers, the wind passes through large areas of fine
steel mesh. Combining multiple sediment samplers allows sampling at different heights
above the soil surface.

Three poles supporting seven BSNE samplers (ranging from approximately 7 to 120 cm
above the soil surface) were installed at the boundary of each plot (Figure 4). For this study,
only data from two of the three poles were available, the windblown sediment collected
from the last one having been used for complementary chemical analyses.

Computing the vertically integrated fluxes from the sediment masses collected at
different heights requires precise measurements of the height of each BSNE sampler. In
the case of ridged surfaces, this measurement is not trivial. For example, a BSNE sampler
may be located above either the top or the bottom of a furrow depending on the wind
direction. To minimize this problem, the height of each BSNE sampler was first measured in
reference to the top of the pole. Then, a precise (±1 mm) determination of the height of the
top of the pole above ground level was performed using a theodolite (Zeiss-Ni 21©, Carl
Zeiss, Oberkochen, Germany), with the ground level determined as the average of twelve
measurements around the vertical position of the instruments. Additional measurements
of the relative distance between the instruments using the theodolite were performed as
a control. The BSNE samplers were collected immediately after a wind erosion event
occurred and reinstalled immediately in order to be able to collect the following event.
Measurements of the height of the BSNE samplers were repeated whenever the sediment
trapped in the BSNE samplers was collected. Collection of the sediment trapped in the
sand samplers, re-installation of the BSNE samplers, and height measurements were time-
consuming processes (at least 3 h). Therefore, these tasks could not be completed at night
or during windy conditions. Thus, as discussed later, in some cases, we treated erosion
events occurring on consecutive days as a single event, i.e., they were collected in the same
BSNE sampling run.

For each sampling period, at each sampling height, z, the average value of the horizon-
tal mass flux of windblown sediment, q (mass per area per sample period), was obtained by
dividing the mass of trapped soil by the inlet area of the BSNE sampler. Then, the sediment
fluxes obtained at the different heights were integrated to compute the integrated horizon-
tal mass flux of a column of windblown sediment moving in the direction of the wind, with
a width of one-centimeter perpendicular to the wind direction and a height equal to 100 cm.
Several empiric expressions exist to describe the vertical mass flux profile (power laws,
exponential, or logarithmic equations). Considering the results of the study conducted by
Panebianco et al. [46] who compared some of these experimental expressions, we used the
formula proposed by Fryrear and Saleh [47] to describe the evolution of the erosion flux
with height (Equation (1)) as this expression was shown to be the most robust one.

q(z) = a e−bz, (1)

with a and b regression coefficients for saltation flow with units of g cm−2 and cm−1, respectively.
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2.6. Size Distribution of the Sediment Fluxes

The sediment samples collected in BSNE at different heights were sieved in order
to retrieve the size distribution of the sediment fluxes with height. The procedure we
followed was the same as the one described for soil samples (see Section 2.2): the sediment
samples were passed slowly through a column of 13 sieves with <50 µm to >1000 µm
mesh. However, the masses of sediment that were trapped into BSNE were sometimes
low, especially for the highest BSNE, so that we used an electronic weighing scale having a
better precision (0.0001 g).

2.7. Determination of the Threshold Wind Velocity

In order to determine the Threshold Wind Velocity (TWV), we used fast response
Sensit© instruments [48] (The Sensit Company, Portland, USA). The Sensit© converts
particle impacts into electrical energy with a piezoelectric crystal. One Sensit© was installed
in each plot. The accumulated 20 s responses to impacting particles on the piezoelectric
crystal were recorded and then summed over a 2-minute time step. However, in the field,
we observed that our Sensits© began to count systematically after the beginning of an
erosion event. This suggests that the kinetic energy of the moving grains at the TWV was
insufficient to be registered by the sensor. This is likely due to the small size of the grains
and aggregates that constitute the erodible soils in southern Tunisia.

2.8. Dust Uplift Potential

Since the sampling duration covers the whole wind erosion event (i.e., many hours), it
is not easy to examine the possible link between wind speed (or wind friction velocity) and
the mean size (or the size distribution) of the windblown sediment. Indeed, during a wind
erosion event, wind speed significantly fluctuated (see Table 2).

Thus, to account for the possible role of wind speed on the size of the windblown
sediment, we decided to compute a Dust Uplift Potential (DUP; Marsham et al. [49]). DUP
allows providing an indication on the intensity of each wind erosion event. It is adapted
from a widely used parameterization of saltation proposed by White [50]. Then, DUP is
proportional to the horizontal mass flux:{

DUP = U3(1 + Ut/U)(1− U2
t /U2) when U ≥ Ut

DUP = 0 otherwise
, (2)

where U is the wind speed (in m s−1), and Ut the wind threshold velocity to initiate wind
erosion (in m s−1).

As shown by Equation (2), DUP weighs in a non-linear way the role of the wind
during a wind erosion event depending on its speed: thus, DUP constitutes an interesting
method to scale the intensity of a wind erosion event.

We computed the DUP in steps of 2 min by using the measured wind speed at 4.22 m
and assuming a TWV of 7.47 m s−1 at this height. As mentioned above, due to the low
sensitivity of the Sensit©, this is a rough estimate of the TWV based on a combination
between field observations and Sensit© counts. Moreover, as indicated in Table 2, the
durations of the five wind erosion events were very different, and thus, we normalized
the DUP computed for each wind erosion event by the duration of each event in order to
qualify the wind erosion events in terms of “relative intensity”.

3. Results and Discussion

3.1. Wind Erosion Events

Five erosion events that occurred under defined conditions (i.e., with respect to the
relevant wind direction) were sampled during the field campaign. The erosion event
occurring on 20 April was a single event of short duration, while those sampled on
23–24 March, 27–28 March, 7–8 April, and 17–19 May were longer in duration with wind
erosion occurring during the day, ceasing in the evening and starting again in the morning
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of the following day. The sediment flux varied over about one order of magnitude on each
parcel (from 7.2 to 95.2 g cm−1 event−1 for the plot ploughed with moldboard and from
55 to 446 g cm−1 event−1 for the plot ploughed with tiller). The highest wind erosion event
was recorded on 7–8 April for both plots, whereas the less intense one was collected on
19–20 May for Plot 1 (tiller) and on 20 April for Plot 2 (moldboard) (Table 2).

3.2. Size Distributions of the Soil and of Windblown Sediment

We first examined the links existing between the size of soil grains and the size
of windblown sediment depending on the height at which the sediment was collected.
Figure 5 illustrates the results obtained during the 7–8 April 2008 wind erosion event. We
observe that, as mentioned before, the soil size distributions were very similar. Indeed,
both on the tiller plot and on the moldboard plot, they are dominated by very fine sand:
the soil particles having a diameter less than 125 µm constitute about 97% of the soil mass.
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We also observe that the size class 100–125 µm is strongly depleted in the windblown
sediment compared to its abundance in soil whatever the plot or the height at which the
windblown sediment was collected. Conversely, the smallest size classes (50–75 µm and
<50 µm) are significantly enriched in the windblown sediment compared to the parent
soil whatever the plot. This result is in agreement with various experiments previously
performed on soils without ridges, e.g., [32,51–53]. Indeed, during wind erosion events, the
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size of the windblown sediment in the saltation/suspension layers decreases with height
as the effect of gravitational and drag forces limit the ascent of coarser particles into the
upper atmospheric layers.

The class 75–100 µm, which is the dominant size class on both plots, exhibits a different
behavior depending on the plough: on the tiller plot, the saltating sediment was enriched in
this size class compared to the parent soil whatever the height. For the moldboard plot, this
size class is depleted in the windblown sediment compared to the parent soil, at least above
9 cm in height. Thus, above this height, the dominant size class in the windblown sediment
is the size class 50–75 µm on the moldboard plot, while it is the size class 75–100 µm on
the tiller plot. This suggests that the vertical transfer of matter from the soil surface to
more than 1 m height is not identical for each size class of sediment, depending on the
characteristics of the surface.

3.3. Changes in Windblown Sediment Size with Wind Speed

Results are reported in Table 2 and show that the range of variation of the normalized
DUP is limited, since there is only a factor of 2.5 between the smallest and the highest
normalized DUP. This may be due to this low variability of the intensity of the wind erosion
events, and there is no clear trend between the size of the windblown sediment and the
DUP that was observed, with larger differences in the size distribution of the windblown
sediment being observed between the two types of tilled surfaces for the same event rather
than between events of different DUPs for the same tilled surface. This will be detailed in
the following sections.

3.4. Changes in Windblown Sediment Size with Height

Figure 6 allows discussing in detail the difference in the vertical relative abundance of
the different size classes depending on the plot. For each height, the relative abundance for
each size class averaged over the five wind erosion events is:

Mi/∑ Mi, (3)

i being the size class, and M its mass (in g).
Figure 6a shows that the size class 100–125 µm of the windblown sediment raised

from the moldboard and tiller plots is strongly depleted compared to the parent soils and
the greater the height, the higher the depletion. We can also observe that the depletion is
more pronounced for the moldboard plot than for the tiller one.

A similar depletion of the size class 75–100 µm with height compared to the parent
soil for the moldboard plot can be observed in Figure 6b. However, for the tiller plot, the
windblown sediment collected in the lower vertical levels (up to about 70 cm) is enriched
in this size class compared to the parent soil.

Concerning the finest size fractions, <50 µm and 50–75 µm (Figure 6c,d), the wind-
blown sediment is enriched compared to the parent soil for both the tiller and the mold-
board plots. The enrichment in the small size fraction of the windblown sediment is
increasing with height. However, for the tiller plot, the lowest vertical level (around 10 cm
height) is depleted in these two size classes. Note that the enrichment of the windblown
sediment in these size fractions is more pronounced for the moldboard plot than for the
tiller one.
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Labiadh et al. [27] showed that the sediment flux mobilized by wind is significantly
lower on the moldboard plot than on the tiller plot (see also Table 2). These authors
explained this difference in the intensity of the sediment fluxes measured over the two
parcels by differences in the efficiency in trapping the saltating particles for each type of
tillage ridges.

This is consistent with a higher depletion of the 75–100 µm and 100–125 µm wind-
blown sediment size classes on the moldboard plot. Indeed, these size classes contribute
for about 70% of the soil size distribution (Figure 5) and correspond to the soil grain sizes
for which the wind erosion threshold is the lowest, e.g., [54].

In order to examine the efficiency of the vertical transfer of the different sediment size
classes, we computed a vertical transfer efficiency which is equal to the ratio between the
abundance of each size class at a given height divided by the abundance of this size class
at a reference height arbitrarily selected to be 15.6 cm for the moldboard and 16.6 cm for
the tiller (Figure 7).
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Figure 7 shows that the efficiency of the vertical transfer is more important for the
smallest size classes than for the coarser ones whatever the plot. As an example, the
sediment flux of particles having a diameter less than 50 µm measured at 71.9 cm on the
moldboard plot is about 70% of that measured for the same size class at 15.6 cm. For the
particles ranging from 100 to 125 µm in diameter, at 71.9 cm, the sediment flux represents
only 22% of that measured at 15.6 cm.

More surprisingly, Figure 7 shows that the efficiency of the vertical transfer is much
better over the moldboard plot than on the tiller plot: as an example, the vertical transfer
at about 70 cm is about two times greater for the moldboard plot than for the tiller plot,
whatever the size class.

In order to provide a more general view of the difference in the vertical transfer of the
windblown sediment depending on the tilled surface, we first computed, for each wind
erosion event, the two different windblown sediment fluxes: one for the layer extending
from 0.1 to 100 cm height and another one for the windblown sediment above 30 cm height.
This latter height can be considered as a reasonable limit between saltation and short-term
suspension, e.g., [52]. The ratio of windblown sediment fluxes measured on the tiller plot to
the moldboard plot for the five wind erosion events is in average 8.5 when considering the
total (i.e., from 0.1 to 100 cm height) windblown sediment flux, while it is about two times
lower (4.6) when considering only the windblown flux between 30 and 100 cm (Figure 8).
Moreover, Figure 8 shows that this difference is observed for each of the wind erosion
events, suggesting that the vertical transfer of the windblown sediment to a height greater
than 30 cm is systematically much more efficient on the moldboard plot whatever the wind
erosion event.



Land 2021, 10, 511 15 of 18Land 2021, 10, x FOR PEER REVIEW  15 of 18 
 

 

Figure 8. Ratio between the windblown sediment fluxes measured on the tiller plot (QT and QT30) 

to the windblown sediment fluxes measured on the moldboard plot (QM and QM30) for each of the 

five wind erosion events. Left: total windblown sediment fluxes; right: windblown sediment fluxes 

above 30 cm height. Means (𝑀ഥ) over the five events and the corresponding standard deviations (σ) 
are indicated in both cases. 

One possible hypothesis for explaining this result could be, as mentioned by Gillette 

et al. [52], the longer scale of horizontal distance required by weakly suspended particles 

to reach equilibrium than that needed by saltating particles. In these conditions, it seems 

possible that the fraction the saltation flux represented in the total horizontal mass flux 

evolves with  distance  (even  if  the  saltation  flux  has  become  constant with  distance). 

However, Table 2 shows that the distances between the starting point for erosion and the 

sand catchers (i.e., the fetch) are not so different for the two parcels for most of the wind 

erosion events. It is especially the case for the 27–28 March and 20 April events for which 

the ratios between the total and above 30 cm windblown sediment fluxes are similar to 

those obtained for the other wind erosion events, suggesting that this hypothesis proba‐

bly does not explain our results. 

As mentioned  above,  Labiadh  et  al.  [27]  showed  that  for  identical wind  erosion 

events, the trapping of the saltating particles was much more efficient on the moldboard 

plot than on the tiller one. Our results suggest that this trapping is less efficient for the 

particles having  the  capacity  to be  extracted  from  the  saltation  layer,  i.e.,  the  smallest 

ones. 

These experimental results suggest that the large benefit of the moldboard vs. tiller 

ploughing in term of soil loss by wind erosion is significantly reduced when the vertical 

transfer of the fine fraction of the windblown material is accounted for: a larger fraction 

of the mobilized particles by wind can reach a higher elevation in the case of moldboard 

ploughing and then can be transported more efficiently over longer distances. 

   

Figure 8. Ratio between the windblown sediment fluxes measured on the tiller plot (QT and QT30)
to the windblown sediment fluxes measured on the moldboard plot (QM and QM30) for each of the
five wind erosion events. Left: total windblown sediment fluxes; right: windblown sediment fluxes
above 30 cm height. Means (M) over the five events and the corresponding standard deviations (σ)
are indicated in both cases.

One possible hypothesis for explaining this result could be, as mentioned by Gillette et al. [52],
the longer scale of horizontal distance required by weakly suspended particles to reach equilibrium
than that needed by saltating particles. In these conditions, it seems possible that the fraction
the saltation flux represented in the total horizontal mass flux evolves with distance (even if the
saltation flux has become constant with distance). However, Table 2 shows that the distances
between the starting point for erosion and the sand catchers (i.e., the fetch) are not so different for
the two parcels for most of the wind erosion events. It is especially the case for the 27–28 March and
20 April events for which the ratios between the total and above 30 cm windblown sediment fluxes
are similar to those obtained for the other wind erosion events, suggesting that this hypothesis
probably does not explain our results.

As mentioned above, Labiadh et al. [27] showed that for identical wind erosion events,
the trapping of the saltating particles was much more efficient on the moldboard plot than
on the tiller one. Our results suggest that this trapping is less efficient for the particles
having the capacity to be extracted from the saltation layer, i.e., the smallest ones.

These experimental results suggest that the large benefit of the moldboard vs. tiller
ploughing in term of soil loss by wind erosion is significantly reduced when the vertical
transfer of the fine fraction of the windblown material is accounted for: a larger fraction
of the mobilized particles by wind can reach a higher elevation in the case of moldboard
ploughing and then can be transported more efficiently over longer distances.

4. Conclusions

Measurements of windblown sediment fluxes on two parcels respectively tilled with
a tiller plough and a moldboard plough showed that windblown sediment fluxes were
significantly greater on the tiller plot than on the moldboard plot. Whatever the plot,
larger particles were depleted in the sediment samplers compared to the parent soil. The
enrichment in the small size fraction of the windblown sediment increased with height.
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The efficiency of the vertical transfer was greater over the moldboard plot than over
the tiller plot: as an example, the fraction of the windblown sediment that was transferred
up to 30 cm was about two times greater for the moldboard plot than for the tiller plot
whatever the size classes. This implies that a higher fraction of material compared to the
total sediment flux can be transported over long distances in the case of a surface ploughed
with a moldboard. This result could reduce in part the benefit regarding wind erosion
of using the moldboard plough instead of the tiller plough. This new result is important
because it highlights that the impact of tillage tool on wind erosion is different when
considering the horizontal or the vertical flux. As a consequence, for future studies dealing
with the impact of wind erosion on soil degradation, the impact of agricultural practices
must be investigated not only on the saltation flux but also on the vertical dust flux.
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