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A b s t r a c t. The movement of soil particles by the wind can 
be measured using wind tunnels and collectors, or dust traps. We 
tested both in Southeast Spain in order to compare movement 
in four types of soil. Our tests were carried out in a well-tilled 
orchard on an Anthrosol, an unploughed Leptosol and Arenosol, 
and finally on an olive-cropped Cambisol. We estimated soil loss 
using a wind tunnel with a built-in laser-scanner, and then com-
pared the results with records from nine vaned masts, each with 
four big spring number eight collectors at different heights, and 
the same for another nine masts but with a new type of dust trap 
known as the multidirectional. The collectors can differentiate 
between overall loss and particle deposition, which is not detect-
able on a larger scale in the tunnel. The results from the big spring 
number eight traps and our wind tunnel showed a high degree of 
correlation (R² = 0.933) and an even closer correlation with the 
multidirectional trap (R² = 0.978). Moreover, the new multidirec-
tional trap collectors are very efficient and easy to manufacture 
from thermoplastic filaments with an industrial 3D printer.

K e y w o r d s: dust collector, semi-arid environment, tilled 
soil, unploughed soil, wind tunnel

INTRODUCTION

The wind erosion of soil causes environmental, social 
and economic problems which have an adverse impact on 
human health, as well as increasing pollution, crop dam-
age and sand deposition in wells and streams (Novara et 
al. 2011; Sharifikia 2013). Some regions are more affected 
than others by wind erosion, this is mainly due to the local 

climate (Borrelli et al., 2016; Weber et al., 2017). A combi-
nation of the climate and soil surface conditions affect wind 
erosion, and thereby the loss of soil productivity. In arid 
and semiarid areas, where rainfall is scarce and winds are 
often strong (Burtiev et al., 2013), wind erosion repositions 
huge amounts of soil, which may cause serious agricultur-
al and environmental problems, such as pollution (Yildiz 
et al., 2017), a decline in soil water status (Kravchenko et 
al., 2016) and textural changes, or bury plants before or 
after emergence. Soil moisture is a very important fac-
tor in decreasing soil erodibility, as it raises the threshold 
wind velocity by increasing soil cohesion (Sharratt et al., 
2013). The high temporal and spatial variability in thresh-
old wind velocity has a significant impact on predicting 
which particles will be transported by the wind (de Oro and 
Buschiazzo, 2009). 

Lozano et al. (2013) and Giménez et al. (2019) anal-
ysed the relationships between wind speed, wind erosion, 
soil type and vegetation in semiarid regions. Wind erosion 
influences soil drying and nutrient loss (Molchanov et al, 
2015), both of which are conditioned by soil surface com-
paction. Vegetation protects the soil from wind erosion by 
reducing wind speed, it also reduces soil erodibility, and 
traps eroded material (Touré et al., 2011; Leenders et al., 
2011; Asensio et al., 2015b). Plant cover acts like a wind-
break, forcing air to flow through it more slowly and faster 
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over the top (Molina-Aiz et al., 2006). The intensity of 
wind erosion can change the inherent properties of soils 
and vegetation cover (Li et al., 2004; López et al., 2017).

The movement of blowing particles has been simulated 
in wind tunnels for many years. These simulation systems 
have undergone changes over time. There are many models 
derived from wind tunnel data, but few of them are suitable 
for use in the field. The prototype from the University of 
Almeria (Spain) has been patented and is not only applica-
ble to agriculture, but also adds some components specific 
to soil wind erosion field studies (Giménez et al., 2019), 
such as a laser-scanner.

Many samplers, collectors or dust traps have also been 
developed for measuring the material carried by the wind 
(Goossens et al., 2000), although the Big Spring Number 
Eight (BSNE; Fryrear, 1986) and the Modified Wilson and 
Cook (MWAC; Wilson and Cook, 1980) samplers are the 
most commonly used, according to Zobeck et al. (2003). 
The choice of collector depends on the type of study to 
be carried out, the accuracy required and the financial 
resources available. The models available vary according 
to size, shape, collection efficiency and type of material to 
be quantified. In a wind tunnel study, Feras et al. (2008) 
demonstrated that sediment trap efficiency depends mainly 
on particle size and wind speed. Collector entrapment effi-
ciency depends on particle size, because those moved by 
saltation are more easily captured than those in suspension 
(Shao et al., 1993). Previous studies have shown that the 
efficiency of BSNE and MWAC varies according to par-
ticle size and wind speed (Méndez et al., 2011). Goossens 
and Buck (2012) found that the BSNE efficiency decreased 
with particle diameter, as did MWAC efficiency (Feras et 
al., 2008). In a comparison between MWAC and BSNE 
efficiency in the field, Mendez et al. (2011) found that effi-

ciency increased as particle size decreased and wind speed 
increased. However, studies were carried out with particles 
over 10  µm in an environment where dry sedimentation 
was the main deposition mechanism. Vertical sediment 
flow can be measured by traps placed at different heights 
(Basaran et al., 2011). Deposition plays an important role 
in the nutrient cycle of natural ecosystems, as observed in 
the Sahel (Bielders et al., 2002), where windblown sedi-
ment was monitored using BSNE traps in a conventionally 
managed ploughed area.

Our objectives were to study the material lost due to 
wind erosion in representative soil types in SE Spain, using 
different methods and to show the differences between the 
dust collected as reported by traditional studies and a new 
technique through an evaluation of the results. 

MATERIALS AND METHODS

The study area is located in Almería Province, Spain 
(Fig. 1). The climate is semi-arid Mediterranean with 
a mean annual temperature of 18.5°C and rainfall of 
243 mm. The dominant geological material is a Miocene 
sedimentary series. The natural plant communities are iso-
lated native shrubs, but at present, there is also intensive 
horticultural and tree crop activity. According to the IUSS 
Working Group WRB (2015), the soils studied are hortic 
Anthrosol (AT), eutric Leptosol (LP), endosalic Arenosol 
(AR) and calcaric Cambisol (CM). 

Table 1 shows the locations, sampling date, average 
wind speed and direction, average temperature and relative 
air humidity at the studied sites. In all cases, there were 
wind gusts exceeding 14 m s1.

Weather records were taken from the automatic mete-
orological station network of the Institute of Agrarian and 
Fishing Research and Education of Andalusia (IFAPA) 

Fig. 1. Location of soils studied.
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(http://www.juntadeandalucia.es/agriculturaypesca/ifapa/
ria/servlet/FrontController), an institution belonging to the 
Andalusian Regional Government.

Soils were sampled from the upper 5  cm of the land 
and four replicates of each sample were assayed. Textural 
data were found through the use of the Robinson pipette 
method. Organic carbon content was analysed using the 
Walkley-Black wet digestion method. Gas volumetry was 
used to determine the carbonate content. In order to deter-
mine bulk density, 100 cm3 cylinders were used so that the 
sample dry weight could be referred to by cylinder volume. 

Wind erosion was monitored in a wind tunnel with 
a telescopic structure (Fig. 2a). The centre section is 
equipped with a NextEngine Desktop 3D laser scanner to 
record changes in the microrelief and later, the volume of 
the eroded soil (Asensio et al., 2016 and 2019). According 
to the criteria of Fister and Ries (2009), the wind tunnel 

experiments lasted for ten minutes at 7.2 m s-1 wind speed 
monitored at a height of 70 cm. This wind speed value is the 
maximum daily average recorded over the last 20 years by 
agro-climatic stations in our area. The ground was scanned 
before and after the wind simulation, in each case. These 
scans provided two point clouds for each plot, from which 
two digital terrain models (DTMs) were generated. The 
eroded soil volume was estimated as the difference between 
DTMs. Thus, the estimate of soil volume lost could be used 
to estimate the amount of soil lost, by using the soil bulk 
density (Asensio et al., 2016). This experimental device is 
suitable for studying the effects of a steady-velocity-wind 
stream on soil surfaces. This setup is especially favourable 
for generating comparisons between plots and sites, since 
air stream speed is a reliably reproducible fixed parameter. 
Four different plots were chosen for every soil type, so that 
the data collected would reflect the natural variability of 
the test plots.

We also used BSNE collectors made from galvanized 
metal (Fryrear, 1986) in our study (Fig. 2b). These collectors 
have two parts, a lower tray where the sample is collected 
and another that is attached above it, but with the top and 
bottom made of 0.3 and 1mmdiameter mesh, respective-
ly, both trapezoidal in shape. The material enters through 
a rectangular 2 cm wide by 5cm high aperture below the top 
mesh. When the stream of air carrying the material enters 
the collector, the wind speed is reduced by the collector’s 
shape, and as it collides with the opposite surface, the dust 
falls through the bottom mesh to the collector tray, while 
the air escapes through the top mesh. The bottom 1mm 
mesh slows the movement of the material deposited, there-
fore the finest dust is not lost nor is there any additional 
disaggregation of the collected material. Each collector was 
placed on a mast with a wind vane attached to it.

Along with the BSNE collectors, we also used our own 
patented collectors (Asensio et al., 2015a) fabricated using 
an industrial 3D printer from a thermoplastic filament, 
ethylene polyterephthalate modified with glycol (PETg, 
Fig. 2c). PETg is a strong material, which is ideal for 
objects subjected to mechanical stress, it is hard, flexible 
and resistant. A diagram of this new collector design, which 

Ta b l e  1. Coordinates, altitude, sampling date and climatic characteristics of soils studied

Sample

Location
Date
2019

Averaged

Coordinates Altitude
(m) a.s.l.

Wind 
speed
(m s-1)

Direction
(º)

Temperature
(ºC)

Relative
humidity

(%)

AT 36°58’57.94”N 2°03’40.20”W 205 29/05 2.9 67.0 20.8 51.0

LP 36°55’43.78”N 2°11’19.68”W 174 13/05 2.7 61.5 20.6 53.7

AR 36°50’32.10”N 2°20’30.13”W 8 26/03 2.9 87.7 17.6 38.4

CM 37°06’48.43”N 2°18’19.67”W 579 01/02 5.4 239.4 12.3 52.9

Fig. 2. Wind tunnel on Cambisols (a), mast and wind vane with 
BSNE collectors on Arenosols (b), mast and vane with MDt col-
lectors on Anthrosols (c), schemes of MDt collectors (d).

http://www.juntadandalucia.es/agriculturaypesca/ifapa/ria/servlet/FrontController
http://www.juntadandalucia.es/agriculturaypesca/ifapa/ria/servlet/FrontController
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is referred to as a multidirectional trap (MDt), is shown in 
Fig. 2d. The air which carries the material enters the col-
lector through a 2 × 5 cm rectangular opening and a grill 
inside modifies its movement. The material is deposited in 
a removable toroidal-shaped structure at the base. Future 
studies will allow the direction of origin of the captured 
materials to be determined through the use of north-facing 
compartments located in the MDt ring-shaped base. Each 
of these collectors is also attached to a mast with a weath-
er vane (Fig. 2c). BSNE collector efficiency (η), which 
Fryrear et al. (1994) and Goossens et al. (2018) estimated 
to be 65%, was particularly good for collecting the very 
fine material. According to Asensio et al. (2015a), MDt col-
lector efficiency (74%) is highest for fine grain sizes. Each 
collector experiment lasted for 24 h.

Nine wind vane masts with BSNE and MDt traps were 
mounted at 0.35, 070, 1.05 and 1.40 m heights, so that their 
inlets would face the main wind direction at each moment. 
The rotating masts were spaced 50 m apart to prevent inter-
ference (Fig. 3). Either for BSNE and MDt traps, the period 
of measurement was 24 h and later, the accumulated dust 
was collected and analysed.

As our collectors were placed at different heights on 

the mast starting at 0.35 m, the difference in soil loss rate 
with distance from the ground could be experimentally 
measured. This was achieved by a mathematical model pre-
dicting the amount of sediment modelled at the surface of 
the soil surface. The sediment flux (qz, kg m-2) at each trap 
height (z, m) was obtained using Eq. (1): 

(1)

where: m – sediment weight (kg) caught by each collector 
at a given height, A – inlet area (m2) of a collector.

Then, in Eq. (2), the sediment flux was predicted 
(qz.exp, kg m-2) by an exponential equation for every amount 
modelled:

qz.exp = q0 e-α z, (2)

where: q0 – amount of sediment modelled at z = 0 (kg m-2), 
α – slope factor of the exponential regression equation (m).

Next, the sediment transport rate (Qr, kg m-1) was deter-
mined by integrating qz.exp (kg m-1) predicted using Eq. (3): 

(3)

where: h – maximum particle transportation height (m) 
recorded.

The total mass transport (Qt, kg) was calculated by Eq. 
(4): 

(4)

where: η – trap efficiency, L – plot width.
The amount of material lost (or deposited) was cal-

culated as the difference in the sediment flux or sediment 
transport rate between the sampling points located wind-
ward and leeward of the prevailing wind direction. Thus, 
the positive differences indicated gains and the negative 
ones pointed to a loss of material. 

The non-parametric Wilcoxon signed-rank test was 
performed to determine whether the amount of material 
captured at the same heights by BSNE and MDt collectors 
differed. The results of the comparison between the BSNE 
and MDt collectors are shown in the form of boxplots which 
indicate the significant (p-value < 0.05) or insignificant 
(p-value > 0.05) differences between the pair of collectors. 
In all significant cases, the MDt collectors captures more 
than the BSNE versions.

RESULTS AND DISCUSSION

Wind erosion is actually an important cause of land 
degradation worldwide. Therefore, more studies concern-
ing this phenomenon are necessary in order to assist with 
setting policies and decision-making (Panagos et al., 2012; 
Borrelli et al., 2016).

Lozano et al. (2013) and Asensio et al. (2015b) sug-
gested that bulk density tends to be reduced by organic 
enrichment effects, and increased by the accumulation of 
fine materials, which can affect physical soil crusting. 

The mean soil characteristics recorded for Anthrosols, 
Leptosols, Arenosols and Cambisols in the study area are 
shown in Table 2. Four replicate samples were taken of 
each soil type. Surface stoniness is only high for LP and the 
average gravel content for the different soil types is 6.1% in 
AT, 37.3% in LP, 5.3% in AR and 47.7% in CM.

By using a wind tunnel, it was possible to focus on the 
losses and deposits that occur in a micro plot which the 
laser scanner is able to detect. The results for the four types 
of soil blown into the wind tunnel at the same artificially 
generated wind speed (7.2 m s1) are shown in Table 3.

Fig. 3. Example of masts distribution on Leptosols.
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The Anthrosols were sampled from a highly tilled 
orchard with a low silt and clay content. Measurements 
took place right after tilling. The Leptosols were sam-
pled from unploughed areas with little protection from the 

direct impact of wind. Arenosols sampled from along the 
coast had a low very fine sand, silt and clay content where 
vegetation had an important protective role. Finally, the 
Cambisols appeared to be crusted in an olive orchard. After 
tillage, Cambisols are highly erodible by wind, but accord-
ing to Asensio et al. (2016), with regard to Cambisols, 
the physical crust tends to recover within 10 to 12 days. 
For that particular wind tunnel study, the average soil loss 
was found to be over six times higher in recently tilled 
Cambisols than for crusted versions of the soil. 

The methodology adopted which made use of BSNE and 
MDt collectors made an in-depth wind erosion study pos-
sible. The sediment fluxes on nine masts had both collector 
types to determine each soil typology at different heights. 
Figure 4 shows the results of a comparison between the two 
collector types. The boxplots in red indicate no significant 
differences (p-value > 0.05) between the pair of collectors. 

Ta b l e  2. Soils characteristics

Sample
Very C. 

Sand
Coarse 
Sand

Medium 
Sand

Fine 
Sand

Very F. 
Sand

Coarse
Silt

Fine
 Silt Clay O.C. CO3

=

(%)

AT 5.8 ± 0.4 11.1 ± 0.9 22.6 ± 2.4 31.2 ± 2.6 20.0 ± 1.9 0.4 ± 0.2 2.2 ± 0.7 6.7 ± 0.9 1.70 ± 0.21 23 ± 3

LP 15.1 ± 1.5 14.9 ± 1.2 22.4 ± 2.7 24.7 ± 1.7 5.2 ± 0.3 6.4 ± 0.7 2.6 ± 0.5 8.7 ± 1.2 3.54 ± 0.47 19 ± 4

AR 0.3 ± 0.2 6.1 ± 0.4 48.8 ± 3.6 38.2 ± 2.9 2.9 ± 0.3 0.5 ± 0.3 0.2 ± 0.2 3.0 ± 0.7 1.25 ± 0.09 0 ± 0

CM 0.0 ± 0.2 8.2 ± 0.6 7.6 ± 0.5 8.9 ± 0.7 20.2 ± 2.3 28.4 ± 1.8 7.9 ± 1.1 18.8 ± 2.0 1.82 ± 0.18 20 ± 2

Data are means ± standard deviation (n = 4).

Ta b l e  3. Wind erosion found in the wind tunnel, after four replicates (A to D)

Sample
Lost (Laser scanner) (mm) Bulk density

(t m-3)

Wind erosion 
(Tunnel)
(t ha-1)A B C D Average

AT 0.87 0.96 0.82 1.02 0.92 1.24 11.41

LP 0.78 0.73 0.67 0.87 0.76 1.36 10.34

AR 0.22 0.21 0.23 0.22 0.22 1.28 2.82

CM 1.37 1.66 1.39 1.78 1.55 1.35 20.93

Fig. 4. Comparison of differences in qz between BSNE and MDt 
collectors.

Fig. 5. Masts locations with different kind of arrows showing 
main wind directions.
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In most cases, the differences in the amount captured are 
statistically significant, and in all significant cases, MDt 
captured more material than the BSNE collectors.

According to the data provided by the collectors, the 
freshly ploughed Cambisols produced the highest emission 
flux, which is in agreement with other experimental studies 
(Marzen et al., 2019). Tilling leads to a partial breakdown of 
crust and clods, thereby generating a comparably high pro-

portion of noncohesive substrate of fine fractions which are 
the most easily erodible by wind. An organic matter content 
which is not particularly high and the mechanical reduc-
tion of aggregate sizes through tilling decreases aggregate 
stability and further increases the amount of wind-erod-
ible sediment on the surface, particularly under dry soil 
conditions. This situation is aggravated by long droughts. 
Since wind erosion leads to a sorting of the soil material 
predominantly involving the gradual removal of the finest 
grain sizes, silt and clay, including a high proportion of soil 
nutrients (Katra et al., 2016), it is a severe threat to soil 
management.

As the main wind direction over each soil type was 
different (Fig. 5), a dataset composed of the differences 
between the sampling points located windward and lee-
ward relative to the prevailing wind direction (Table 4). 
Thus, positive differences indicated gains and negative 
ones pointed to a loss of material. 

As a result, the estimated sediment transport rate bal-
ance for the nine masts with both collector types for each 
soil typology are shown in Table 5. This clearly indicated 

Ta b l e  4. Mast numbers where values differed on each soil type

Sample Main wind
direction

Differences in sediment flux captured by masts
(windward – leeward)

AT, LP from NE M1-M4 M5-M2 M6-M9 M2-M3 M9-M8

AR from E M6-M5 M9-M2 M7-M8 M5-M1 M2-M4 M8-M3

CM from SW M4-M1 M3-M2 M2-M5 M8-M9 M9-M6

Ta b l e  5. Sediment transport rate balance

Sample
Qr balance (kg m-1)

BSNE MDt

AT -0.019 -0.017

LP -0.014 -0.001

AR 0.001 0.005

CM -0.011 -0.036

Ta b l e  6. Total mass transport (Qt)

Sample
Vaned mast

1 2 3 4 5 6 7 8 9 Average

Qt (BSNE) (kg)

AT 15.54 18.45 19.73 17.80 17.49 17.20 20.58 19.86 18.51 18.35

LP 20.83 24.82 26.85 24.26 28.62 23.24 27.73 26.81 20.49 24.8 5

AR 7.71 8.262 8.83 7.615 7.573 8.430 8.002 9.019 8.142 8.175

CM 49.43 43.59 39.14 55.02 46.57 52.93 42.43 50.72 51.90 47.97

Qt (MDt) (kg)

AT 21.47 20.02 22.77 22.75 19.94 18.30 23.41 19.97 17.99 20.74

LP 22.44 26.78 19.38 25.80 19.08 24.97 24.13 21.79 25.03 23.27

AR 7.404 7.109 6.195 7.437 7.746 8.247 6.5511 7.890 8.164 7.416

CM 44.86 40.88 37.59 53.24 49.19 51.25 38.98 42.33 50.36 45.41
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a deposition on Arenosols compared to a loss for the rest of 
the soils tested. Finally, the total mass transport results are 
shown in Table 6.

After evaluating sediment transport rates and deter-
mining their balance, the Arenosols data indicated that 
with regard to these soils, material was deposited rather 
than lost. Data from wind tunnel evaluation showed low 
Arenosols loss, as this device is a closed structure and can-
not detect windward deposition. However, in front of it, 
the wind tunnel rapidly provided accurate replicable data, 
mainly concerning soil wind erosion. In addition, a com-
parison of total mass transport for each soil type from the 
collectors and wind erosion as reported by the wind tunnel 
tests showed a high degree of linear correlation (R² = 0.933 
for BSNE-Tunnel data and R² = 0.978 for MDt-Tunnel 
data).

CONCLUSIONS

1. A wind tunnel is a closed device in which there is no 
entry of windward deposits. It is mainly used to evaluate 
the wind erodibility of the soil, more than overall erosion, 
although the results produced maintain a very close cor-
relation with the data from the particle collectors, showing 
a higher loss for Cambisols and a lower one for Arenosols.

2. The tunnel provides much faster results. However, 
with the collectors, the general loss or deposition of parti-
cles can be determined, and this is not detectable on a larger 
scale by the tunnel results. 

3. On the other hand, the new multidirectional trap col-
lectors are very efficient and easily manufactured by an 
industrial 3D printer from thermoplastic filaments, it is 
therefore a promising technology, which must be subjected 
to continued testing.
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