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Abstract A wind-tunnel experiment was carried out to measure saltation and PM10 (par-
ticulate matter with a mean aerodynamic diameter less than 10 µm) emission during three
successive wind-erosion events on three different surfaces: an unpaved road and two differ-
ent textured agricultural soils: a sandy loam and a loamy sand. The total horizontal mass
transport (Q) and the PM10 emissions (E), were measured at two friction velocities: 0.2
and 0.3 m s−1. Results indicated that Q decreased rapidly in time over all surfaces, as the
Q values were only 13–17 % of the amount registered during the first event. Similar trends
were detected at both wind speeds. However, E values showed a lower relative decrease in
the second wind-erosion event at the lower wind speed (25–51 % of the initial amounts) than
at the higher wind speed (19–28 % of the initial amounts) over all surfaces. After the second
wind-erosion event, both Q and E values remained constant except for the unpaved road,
where both values decreased by 50 % in relation to the second event. Emission from the
agricultural soils was sustained over successive wind-erosion events even when saltation was
low. The sandblasting efficiency for PM10 emission was found to be higher for agricultural
soils than for the unpaved road, and increased over wind-erosion events particularly in agri-
cultural soils, and this was also reflected in the PM10 vertical entrainment. Results suggest
that sandblasting efficiency and PM10 vertical distribution can change among wind-erosion
events even for the same surface. The saltation fraction to PM10 content ratio can be a sim-
ple indicator of the general behaviour of an emitting surface during successive wind-erosion
events.
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1 Introduction

PM10 is defined as particulate matter with a mean aerodynamic diameter less than 10 µm.
Wind erosion and fine particulate matter (PM10) emissions are linked processes that can
affect the Earth and atmosphere in numerous ways. The amount of PM10 emissions in the
atmosphere is particularly important for human health (Dockery and Pope 1994; Carva-
cho et al. 2006) and for processes related to the long range translocation of nutrients and
atmospheric radiation (Harrison et al. 2001; McTainsh and Strong 2007). Agricultural lands
(Kjelgaard et al. 2004; Zobeck and Van Pelt 2006) as well as unpaved roads (Goossens and
Buck 2011) are potential dust sources in arid and semi-arid regions of the world. In the centre
of Argentina, semi-arid conditions with poorly aggregated soils, high precipitation variability
and high wind speeds are frequent. Agricultural and human activity in these areas has pro-
duced accelerated wind erosion of soil (Buschiazzo et al. 1999), while unpaved roads extend
in total more than 17,000km in length, even considering only the area of La Pampa province
(143,440 km2). This region is affected by both the anticyclone of the Pacific Ocean and the
anticyclone of the Atlantic Ocean. Hence, dust and PM10 emissions from this area could be
transported to nearby agricultural regions and ecosystems as well as distant continental areas
and even to the Atlantic Ocean (Mahowald et al. 2005).

PM10 emission has been related to the clay content of the surface (Marticorena and
Bergametti 1995) and to clay and organic matter content (Aimar et al. 2012). But other
authors have also found that surfaces with poor silt content can be large emitters (Sweeney
et al. 2011). The suspension component can also be important in loessic soils (Sharratt et al.
2007), and it is known that the length of time under high wind conditions has an effect on the
PM10 emission rate on disturbed soils (Baddock et al. 2011). Dust emission from unpaved
roads has also been studied (Etyemezian et al. 2003; Goossens andBuck 2009), although road
studies are mainly focused on vehicle-generated dust and not on wind-induced processes.
Unpaved roads can be considered one of the most important dust sources in some regions,
especially roads that are oriented along the predominant wind direction.

A major challenge in understanding the link between dust production and wind erosion
is that many parameters vary independently in space and time (Alfaro and Gomes 2001;
Shao 2008). PM10 emissions have been estimated using wind tunnels over agricultural soils
(Aimar et al. 2012), playas (Roney and White 2006) and mine tailings (McKenna Neuman
et al. 2009). However, there are few measurements of the PM10 to total sediment flux pro-
portion, and even less is known about the behaviour of these in successive storms, or during
continuous wind-blowing conditions. It is known that time-integrated processes involving
the soil mass flux and related issues are complex, especially at the field scale (Kjelgaard
et al. 2004). McKenna Neuman et al. (2009) identified the difficulties of working with a
time-changing process under wind-tunnel conditions. Houser and Nickling (2001a) con-
cluded that time-dependant processes can affect the relationship between PM10 emission
and velocity shear. Liu et al. (2003) studied the short-term dynamics of soil wind erosion
and determined that the diameter of the eroded soil particle became smaller with increasing
wind duration. López (1998) determined that estimations obtained from dust-emission mod-
els deviate from measurements because of the changes in the erosion emission process with
time. Alfaro et al. (1998) discussed the importance of the ratio of the PM10 emission flux to
the saltating particle flux (called sandblasting efficiency) for dust-production modelling, but
did not consider the possible changes of this parameter in successive wind-erosion events.
In a very recent study, the length of the measurement period was also mentioned as a source
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Fig. 1 The wind-tunnel facility. Dimensions are provided in the text

of uncertainty in the relation between the horizontal mass flux and the PM10 flux (Whicker
et al. 2014).

The objective of the present work is to determine how wind speeds and successive wind-
erosion events affect wind erosion, PM10 emission and the sandblasting efficiency of three
different sandy surfaces.

2 Materials and Methods

2.1 The Wind Tunnel

The wind tunnel has an overall length of 9 m and the working section is 6 m long, 1 m high
and 0.5 m wide, see Fig. 1. Air is blown into the wind tunnel by means of a 1-m diameter
propeller attached to a Honda GX 670 engine that is located on top of a portable chassis,
and has a power of 15.3 kW. The air moved by the propeller is driven towards a descending
curved section (not shown in Fig. 1), leading to a horizontal movement at ground level.
Before entering the working section the air flows through a 0.5-m long honeycomb section
(196 holes of 58 × 35 mm each), and the flow then enters a conditioning section, which is 2
m long, and that allows the installing of optional and replaceable elements. The floor of this
section is completely covered by galvanized metal and it has eight 0.2-m wide horizontal
deflectors that can be adjusted for modifying the airflow, and roughness elements in the form
of pebbles can be distributed optionally. Additionally, an abrader hopper can be used for
introducing saltating particles. Flow conditioning sections are necessary before the testing
or working section of every boundary-layer wind tunnel (Van Pelt et al. 2010). Finally, the
section of the wind tunnel where the wind stress over the surface is simulated is 4 m long
and has a bare floor on which to place the soil samples.

2.2 Soil Characteristics

Surface samples were taken from the first 0.025 m of two agricultural soils: a loamy sand
(LS), a sandy loam (SL), and from a sandy unpaved road (UR) from near Santa Rosa in
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338 J. E. Panebianco et al.

the central semi-arid Pampas of Argentina (36◦46′′S latitude, 64◦16′′W longitude and 210
m.a.s.l.). Soil samples were placed in plastic bags to carry the soil from the field to the
laboratory.

Particle-size distribution analysis was made by means of a Malvern Mastersizer 2000
laser analyzer. Table 1 shows the results classified according to the expected wind-transport
mechanism for each particle size. For dispersing the particles to some extent, samples were
analyzed by removing the organic matter; this removal is part of the traditional particle-size
analysis used in soil classification (Gee and Bauder 986) and is useful in determining the
proportion of grains present in the soil. We call this the high dispersion analysis. The analysis
without eliminating the organic matter is more related to the proportions of the aggregates
that are naturally present in the soil and that are available to be transported by the wind. We
call this the low dispersion analysis. The last row in Table 1 indicates the ratio of the saltation
fraction to PM10 concentration, which quantifies the amount of PM10 available within the
saltation fraction.

Experimental conditions of the soil samples are shown in Table 2. Organic matter content
was determined by wet combustion (Walkley and Black 1934), and the erodible fraction of
the dry aggregate stability, as well as the aggregate size distribution of each sample, were
determined by means of a rotary sieve (Fyrear Fryrear (1985), Fig. 2).

Agricultural soils were tilled with a double disk, 15 days before the sampling, and further
sample alteration occurred during sampling and transport. Hence, the soil samples were
very disturbed. The unpaved road was very loose, and had no signs of compaction. In the
laboratory, the soil samples were passively dried outdoors in 0.3 m × 0.4 m × 0.1 m white
plastic containers until reaching 3 %moisture content before being placed in the wind tunnel.

2.3 Wind-Tunnel Simulation Conditions

When simulating dust-emission processes, the shear stress produced by the airflow in the
wind-tunnel boundary layer should be similar to that produced under field conditions, accord-
ing to the objectives of the study (Van Pelt et al. 2010). Average threshold wind speed for soil
wind erosion at 10 m is 8 m s−1 (Hagen et al. 1999). The wind tunnel was run at two speeds,
and as calculated by extrapolation of the average logarithmic wind profiles measured in the
wind-tunnel working section (Fig. 3) these wind speeds produce shear stresses similar to the
shear stress exerted on bare soils by wind speeds of 9.6 and 11.7 m s−1 at the standard 10-m
height. These wind speeds are similar to average wind speeds observed frequently in agricul-
tural regions during dust storms. The wind tunnel was adjusted to obtain the corresponding
friction velocities (u∗) of 0.2 and 0.3m s−1 respectively, similar to friction velocities reported
by Kjelgaard et al. (2004) for PM10 emission under field conditions during high wind events.
Friction velocities of about 0.2 m s−1 can entrain particles of diameter about 75 µm into the
saltation layer (Grini et al. 2002).

2.4 Sample Arrangement

The soil samples were transferred by hand from the plastic containers to a 0.2-m wide, 4-m
long and 0.05-m deep metal tray located along the centre of the wind-tunnel working section
(the soil bed). Once placed in the tray, the sample was leveled up by hand, sweeping it with a
rod, to exactly match the level of the tunnel floor. The rest of the working section surface was
lined with coarse emery cloth to imitate the surface roughness of the soil sample (Fig. 4a, b).
Excess sample was removed from the sides of the soil bed using a brush.
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Table 2 Organic matter content
(OM), erodible fraction (EF), and
dry structural stability (DSS) of
the analyzed surfaces

Surface

Loamy-sand soil Sandy-loam soil Unpaved road

OM (%) 1.3 2 0.7

EF (%) 62.5 82.6 94.0

DSS (%) 84.5 71.8 83.6

Fig. 2 Aggregate size cumulative distribution of the analyzed surfaces (percentage mass) obtained with the
rotary sieve method. LS loamy-sand soil, SL sandy-loam soil, UR unpaved road

Fig. 3 Average logarithmic wind profiles observed during consecutive wind events. Presented values were
obtained averaging the three repetitions
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Fig. 4 Condition of the soil bed of the sandy loam (left) soil and the unpaved road (right) after a 30-min wind
simulation. The scheme shows the location of the sample tray and measurement zone

Natural limestone pebbles of 30–50 mm in diameter were randomly arranged but evenly
spaced over a 1-m section on the floor of the clean section directly before the soil bed. This
allowed the simulation of natural airflow turbulence before the soil bed. A scheme of the
wind-tunnel set-up is shown in Fig. 4.

2.5 PM10 Emission and Horizontal Mass Transport

The Kanomax digital dust monitor measures the concentration of particles of diameter
between 0.1 and 10 µm; the Kanomax 3442 model has a flow rate of 1 l min−1 and a
measurement range from 0.001 to 10 mg m−3. PM10 concentrations were measured with
a Kanomax 3442 digital dust monitor at ten different heights: 0.005; 0.01; 0.03; 0.06; 0.1;
0.15; 0.2; 0.25; 0.35 and 0.6 m at the exit of the wind tunnel. A metal probe 1.2-m long and
7-mm inside diameterwas connected to the digital dustmonitor, strapped alongside a pressure
anemometer. This set was inserted vertically at the end of thewind tunnel andmoved upwards
at 1-min intervals from the beginning of the simulation, according to the above-mentioned
heights. Measurements of PM10 concentrations and wind speeds were taken simultaneously
during a 1-min period at each of the 10 heights. The digital dust monitor was programmed
to take 10 samples of the PM10 concentration, one every 6 s, these ten concentration values
were averaged for obtaining one value for each height. Hence one vertical profile for both
wind speed and PM10 concentration was obtained for each 10-min simulation, along with
one total sediment flux value. Three 10-min simulations were made consecutively, with each
10-min period considered as a consecutive wind-erosion event. The entire 30-min simula-
tion was replicated three times for each wind speed and surface studied; fresh material was
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reloaded into the trays prior to every 30-min simulation and measurements started after a
30-s stabilization period. Although the first moments of the emission process may produce
data of interest, stabilization periods from 10 s on were also used in similar studies (Roney
and White 2006; Burri et al. 2011) because they are necessary for avoiding the saturation of
the measurement equipment and the great variability that is produced by the initial blow-off
over some surfaces.

The simulation volume was located inside the wind-tunnel testing section, and defined as
Wb × Lb × Ht , where Wb and Lb are the width (0.2 m) and the length (4 m) of the soil bed,
and Ht is the height (1 m) of the wind tunnel. The emission rate was defined as the mass
emitted per unit area per unit time.

Since the aerosol sampler measures concentration, the downwind mass fluxes through the
end of the working section were calculated from concentration and wind speed. The PM10
mass-flux rate per unit of vertical area (mg m2 s−1) at each sampling point at the exit of the
simulation area (PM10f ) was defined as,

PM10f = cu, (1)

where c is the PM10 concentration in mg m−3 and u is the wind speed in m s−1. For an
estimation of the material exiting the wind tunnel, the vertical mass-flux profile must be
described. Power functions are the most prevalent for describing the vertical distribution of
the dust mass flux (Hagen et al. 2010), and so the mass flux rate per unit of vertical area was
calculated by fitting each PM10 f value to a simple power function of the form

PM10f (z) = azb, (2)

where z is the height above the soil bed, and a and b are regression parameters (b is negative).
This function was then integrated to obtain the mass transport rate from the wind tunnel M
per unit width,

M =
Ht∫

zmin

c(z)u(z)dz, (3)

where zmin = 0.005 m is the lower integration limit and corresponds to the lowest measuring
point over the soil surface, Ht is the height of the wind tunnel. Integrating power functions
towards zero height can produce overestimation of measured values because of function
discontinuity near zero (Panebianco et al. 2010), hence measurements were taken as close as
possible to the soil bed surface and this value was used as the lower limit of integration.

The emission rate E(kg m−2s−1) per unit of area of the soil bed was then calculated as

E = 1

Lb

Ht∫

zmin

c(z)u(z)dz. (4)

As the mass fluxes at different heights through each sampling period are not entirely constant
due to material depletion, a bias occurs in the vertical profile. But this disadvantage can only
be avoided by using multiple measurement devices at different heights at the same time,
provided they are perfectly calibrated with each other. The procedure used here is simpler,
but PM10 vertical profiles are still scarce. This procedure was first introduced by Kim et al.
(2000) and also used by Roney and White (2006). Although not perfect, the procedure used
herein was also considered a good approach for describing the evolution of concentration
profiles over time by McKenna Neuman et al. (2009). Moreover, similar approaches were
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conducted more recently by Singh et al. (2012). Measurement periods are long enough to
collect information at each height, but short enough to measure the entire profile during a
relatively steady-state period. Furthermore, successive measurements are always made in the
same way, so they remain comparable with one another. In the case that the PM10 flux is
also registered at the entrance of the wind tunnel, a convenient mass balance can also be
applied to this scheme (Roney and White 2006). As the measurements were made during
clear atmosphere, low-wind-speed days, the background PM10 concentration values were
very low. Hence PM10 concentrations at the entrance of the wind tunnel were negligible for
the calculation procedures.

The total amount of material that is emitted per unit area of the soil bed s−1, from hereafter
the horizontal mass transport per unit area of the soil bed (Q), was measured at the end of the
wind tunnel bymeans of four big spring number eight (Fryrear 1986) samplers placed at 0.06,
0.2, 0.35 and 0.6 m height measured to the centre of the sampler inlet. These samplers are
extensively used in wind-erosion and dust-emission studies, especially for saltating, coarser
material. However, their efficiency for catching particles of different sizes varies according
to wind speed but they are considered to be effective for almost any size of particle (Goosens
and Buck 2012) and their efficiency can also be compared to other type of samplers (Mendez
et al. 2011). The amount of material trapped in the samplers was weighed after each 10-min
simulation interval. Extra saltation material was not supplied to the soil bed. Sediment mass
values collected in the samplers at each height were divided by the entrance area of each
sampler for obtaining the mass fluxes q per unit of vertical area in kg m−2 s−1 as follows,

q = mi

AcT
, (5)

where mi is the mass collected, Ac is the area of the opening of the collector and T is the
duration of the sampling period. Exponential functions are widely used for describing the
vertical profile of saltation mass flux (Panebianco et al. 2010), so the obtained mass fluxes
at different heights were fitted to an exponential equation of the form,

q = ae−bz, (6)

where q is the mass flux at height z, a is the mass flux at height zero, and b is a coefficient
indicating the slope of the profile. Numerically integrating Eq. 6, the total sediment loss per
unit time per unit width Q is obtained. Analogous to the calculation of PM10 emission, the
length of the soil bed (Lb) was used for finally obtaining Q per unit bed area,

Q = 1

Lb

Ht∫

0

q(z)dz, (7)

where the height of the lower sampler inlet is zero, and Ht is the height of the wind tunnel.
This method of integrating the mass flux over the height has been widely used (Zobeck et al.
2003) and it is thoroughly reviewed in Panebianco et al. (2010).

The soil bed used was relatively narrow compared to the total area of the wind-tunnel
floor and the measurements were made at the centre of the wind tunnel, where the main wind
energy and mass flux occur. This may have resulted in a decreased particle concentration due
to lateral diffusion. However, this issue is present in most of the wind-tunnel studies done
to date using this methodology, and due to the uncertainties underlying every wind-tunnel
study it is generally not considered a significant problem. The limited volume and the high
erodibility of the tested surface can still produce an average particle concentration that can
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be considered similar to that produced in the field under the same surface, fetch and wind
conditions.

2.6 PM10 Emission Efficiency and Decay Rate

Vertical fluxes are generally estimated based on the concentration valuesmeasured at different
heights (Gillette et al. 1997; Houser and Nickling 2001a; Whicker et al. 2014). Since the
vertical dust flux is obtained through measurements made parallel to the airflow and to the
soil surface, vertical fluxes, especially in a wind-tunnel environment, are very similar to
horizontal fluxes (McKenna Neuman et al. 2009). This is because the flux inside the wind
tunnel is predominantly horizontal due to the presence of walls and roof, so the estimates
made about the vertical flux are in fact based on the horizontal flux. For this reason, we
consider that the vertical flux (per unit bed area) of PM10 and the horizontal flux of PM10
(per unit bed area) at the end of the bed are the same because mass is conserved and PM10
re-deposits very slowly. Therefore, from now onwe just refer to PM10 emission (E), without
using the vertical or horizontal directions so as to avoid confusion.

The sandblasting efficiency was defined by Gillette (1978) for estimating the capacity of
a surface to produce vertical dust flux,

Fd = αQ, (8)

where Fd is the vertical dust flux, α is the sandblasting efficiency, and Q is the horizontal
mass transport of particles (mainly saltation) per unit area of the soil bed (not per unit width).
In a very similar way, here α represents the ratio of PM10 emission (E) and the total soil
loss (Q) that is mainly composed of saltating particles from the wind tunnel,

α = E

Q
. (9)

According to Shao (2008) the supply of particles for the saltation process is often limited,
and for these cases we have

Qslm = σ Q (10)

where Qslm is the mass transport in a supply limited environment, and Q is the mass transport
under unlimited supply of particles, the potential saltation. The parameter σ is dimensionless,
and the evolution of σ over time indicates the decay rate; note that Qis the mass transport
value for the first wind-erosion events, considered as the potential saltation. As for each Q
value there is a corresponding E value, and σ was calculated as follows for both Q and E ,

Qslm

Q
= σQ, (11a)

Eslm

E
= σE , (11b)

allowing us to obtain a measure of the decay rate of both the PM10 emission E and the total
soil loss rate Q over the simulation time.

3 Results and Discussion

Table 1 shows the percentage of particles that are transportable by different mechanisms,
and also shows the high dispersion to low dispersion ratio for each size fraction. If the
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high dispersion to low dispersion ratio is >1 then particles in larger size ranges have a
significant fraction of aggregates that, when broken up, increase the fraction of mass in the
range in question. However if the high dispersion to low dispersion ratio is <1 then the
size range in question has many aggregates that, when broken up, move to smaller size
ranges. Of course only one of these mechanisms is possible for the extreme size ranges.
The proportion of particles transportable by suspension was: loamy sand > sandy loam >

unpaved road (as shown in Table 1). The ratio shows that the aggregation of the aggregates
transportable by saltation was: loamy sand > sandy loam and unpaved road. The unpaved
road had the highest proportion of particles transportable by saltation and these were mainly
grains (high dispersion/low dispersion ratio close to 1, Table 1). The proportion of particles
transportable by saltation was higher in the loamy sand than in the sandy loam (Table 1). The
ratio between the high dispersion and the low dispersion treatments shows that a significant
portion of the PM10 grains were located in aggregates coarser than 10µm (because the mass
of PM10 increases on break-up). The greater aggregation of the particles in the agricultural
soils (sandy loam and loamy sand) compared to the unpaved road can be explained by
differences in the organic matter content, which was: sandy loam > loamy sand > unpaved
road (Table 2). Numerous studies have shown the positive effect of organic matter on soil
aggregation (Mendez et al. 2006).

In the following sections the effects of the composition of the transported fraction con-
cerning horizontal and vertical flows will be described.

3.1 PM10 Emission and Total Mass Transport

PM10 emission values (E) found varied between 12×10−5 and 51×10−4 kgm−2 h−1. E val-
ues found in the literature are variable, e. g. Singh et al. (2012) found values between 1×10−5

and 12× 10−3 kgm−2 h−1, while values ranged within 3× 10−5 and 89× 10−3kgm−2 h−1

at Owens lake (Roney and White 2006), and between 7 × 10−3 and 50 × 10−3 kgm−2 h−1

at the Mojave desert (Sweeney et al. 2011). In the sand plains of Iceland measurements
averaged 35 × 10−3 kgm−2 h−1(Thorsteinsson et al. 2011), and values around 36 ×10−2

to 360 × 10−3 kgm−2 h−1 were reported by Kim et al. (2000). These results were obtained
under very different surface conditions and wind speeds, but they are useful in showing that
the results found herein are within the range of PM10 emission values found in other regions
of the world, though E values expressed per unit of area of soil surface are not very frequent
in the literature.

The unpaved road produced the highest horizontal mass transport (Q) and vertical flux
(E), as shown in Fig. 5. Similar results were found by Feng et al. (2011) and Sweeney et al.
(2011), who demonstrated that surfaces with low silt contents, such as sand dunes and sandy
surfaces, can also be high PM10 emitters. Houser and Nickling (2001b) also found that
absolute PM10 emission is linearly proportional to the horizontal mass transport; Kjelgaard
et al. (2004) reported similar findings for field conditions.

Figure 5 shows changes for Q and E over successive wind-erosion events in the studied
surfaces. The unpaved road produced high Q and E values but the amounts decreased rapidly
in the second event. McKenna Neuman et al. (2009) also found a strong temporal variation
of PM10 emission with particle supply limitation. Table 3 shows the coefficients of variation
(CV) for each successive event (n = 3).

For a better comprehension of the Q and E changes in successive wind-erosion events,
the values of the parameter σ described by Shao (2008) are presented in Table 4. The σ

values for E and Q are indices of the fractional decrease of both variables as a function of
the successive wind-erosion events that, according to Shao (2008), indicates the exhaustion
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Fig. 5 Changes in Q (a) and E (b) rates during three successive wind events at three surfaces and two different
friction velocities. Values are given in scientific notation

Table 3 Coefficients of variation (CV) calculated for each consecutive 10-min run during the measurement
of Q and E (n = 3) from each studied surface (LS, SL and UR)

Treatment/surface LS SL UR

Run (10 min) u∗(ms−1) Q E Q E Q E

1 0.2 0.25 0.21 0.25 0.62 0.41 1.00

2 0.2 0.33 0.47 0.32 0.65 0.37 0.37

3 0.2 0.21 0.02 0.20 0.46 0.16 0.05

1 0.3 0.16 0.35 0.04 0.16 0.84 0.53

2 0.3 0.11 0.29 0.10 0.64 0.61 0.74

3 0.3 0.10 0.52 0.41 0.55 0.71 0.67

of the particles that can be mobilized. The parameter σ indicates that Q values decreased
rapidly in the second successive wind-erosion event on all surfaces, being only 13–17 %
of the amount registered during the first simulated wind-erosion event. Similar trends were
detected at both wind speeds. However, E values showed lower relative decreases than Q
values in the second wind-erosion event, and lower decreases for the lowest wind speed (25–
51 % of the initial amounts) than for the highest wind speed (19–28 % of initial amounts),
as shown in Table 4.
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Table 4 Values of the parameter σ (Shao 2008) of Q and E , as a function of the duration of the wind erosion
event in three different surfaces

Friction velocity
(m s−1)

Wind erosion
event (×10 min)

Q E

LS SL UR LS SL UR

0.2 1 1.00 1.00 1.00 1.00 1.00 1.00

2 0.17 0.15 0.17 0.25 0.51 0.30

3 0.13 0.09 0.09 0.29 0.40 0.14

0.3 1 1.00 1.00 1.00 1.00 1.00 1.00

2 0.15 0.14 0.13 0.28 0.19 0.24

3 0.08 0.11 0.07 0.16 0.17 0.09

The Q values in the third successive wind-erosion event were between 7 and 13 % of the
amount registered during the first simulated event, with similar trends at both wind speeds. E
values showed lower relative decreases than Q values in the third wind-erosion event, with
values between 14 and 40 % at the lower wind speed and between 9 and 17 % of the initial
amounts at the higher wind speed (Table 4).

The values of the parameter σ showed that E was more sustained in successive wind-
erosion events than Q. On the other hand, Q showed similar trends in all the analyzed
surfaces at both wind speeds while E values showed a different behaviour at different wind
speeds. Emission from agricultural soils was sustained in successive wind-erosion events
due to the higher content of PM10 in particles of different sizes and densities, which are
available for entrainment during longer time periods because they are depleted in successive
erosion phases (Grini et al. 2002). In the coarser, non-aggregated, and more uniform unpaved
road, PM10 particles are loose or slightly bonded to sand grains, and hence are rapidly
depleted in direct relation to the saltation process. These differences in PM10 content and
availability for aeolian entrainment can also produce changes over successive wind-erosion
events concerning the sandblasting efficiency.

3.2 Sandblasting Efficiency (α)

Values of α varied between 7 × 10−5 and 67 × 10−4 for the first event on the unpaved road
at 0.2 m s−1 and for the third event on the sandy loam at 0.2 m s−1 respectively (Fig. 6).
According to several studies, sandblasting efficiency values are around 10−5 to 10−2(Kok
et al. 2012), while α values were higher in both agricultural soils than in the unpaved road.
These results can be explained by the ratios between the saltation fraction content and the
fine particulate matter (PM10) content of each surface (Table 1): these values were ordered
in the sequence sandy loam < loamy sand << unpaved road. Agricultural soils, with lower
saltation fraction to PM10 content ratios, presented higher α values due to the higher amount
of PM10 available for entrainment per saltating particle. According to Alfaro and Gomes
(2001), the saltation efficiency increases with the amount of PM20 (particulate matter with a
mean aerodynamic diameter less than 20 µm) particles that are aggregated to form saltation
particles. The same statement can be made analogous to the PM10 content. However, despite
the loamy sand having a higher PM10 content, loamy sand has a lower saltation efficiency
than sandy loam. This can be explained by the higher dry structural stability of the aggregates
present in the loamy sand (Table 2).
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Fig. 6 Sandblasting efficiency variation (α) at two friction velocities as a function of wind blowing time in
three different surfaces: loamy-sand soil (LS), sandy-loam soil (SL), and unpaved road (UR)

Figure 6 shows that, on the less aggregated surface such as the unpaved road, the saltation
efficiency remains relatively constant during subsequent wind-erosion events as compared
to the agricultural soils, which showed an increase of the efficiency in the successive events,
especially for low friction velocity. These differences in the emission efficiencies between
surfaces in successive events may help explain why some studies have found that saltation
efficiency remains constant over time at different wind speeds, while other studies have found
that efficiency changes with time and wind speed (Kok et al. 2012).

The saltation efficiency, generally symbolized by α, has been controversial because of
divergent results (Kok et al. 2012). Some authors have considered this parameter as being
relatively constant (Gillette et al. 1997) for similar surfaces. Houser andNickling (2001a) also
found that vertical PM10 emission is not a function of the friction velocity in supply-limited
environments and considered that supply limitation was the cause of the low correlation
between wind speed and PM10 emission. Our results also suggested changes in the sand-
blasting efficiency for the same soil in successive wind-erosion events.

Agricultural soils (sandy loam and loamy sand) showed a tendency to increase their
emission efficiency in successive wind-erosion events, as saltation diminished. Kjelgaard
et al. (2004) reported that PM10 emission occurred even under very low saltation activity
over agricultural soils under field conditions. Over the agricultural soils, a lower saltation
fraction to PM10 content ratio, a higher content of PM10 and a higher aggregation of these
PM10 particles (see high/low dispersion ratio for PM10 particles in Table 1) made it possible
for the sandblasting efficiency to be sustained over a longer period of time than in the surface
with low PM10 content and lower aggregation of PM10 particles (unpaved road). Over
sandy surfaces, as with the unpaved road, intensive saltation activity is needed to produce
proportional amounts of PM10. This apparent dependency of the sandblasting efficiency on
the saltation fraction to PM10 content ratio and the aggregation condition of PM10 particles
could help explain variations or oscillations in sandblasting efficiency found in previous
studies, both in wind-tunnel and field conditions (Kok et al. 2014).

Results found here suggest that the condition of the PM10 particles in the soil affects
the changes in the sandblasting efficiencies in successive wind-erosion events. Soils with
PM10 particles contained within the aggregates, such as agricultural soils, showed important
changes in the sandblasting efficiencies in successive wind-erosion events, while soils with
loose PM10 particles, such as the unpaved road, showed less changes in the sandblasting effi-
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ciencies over successive wind-erosion events. In the latter case, there is reasonable evidence
to consider that the saltation efficiency remains relatively constant. However, in agricultural
soils that are better structured and that contain PM10 particles forming aggregates, assum-
ing a constant saltation efficiency in successive wind-erosion events or even during a single
event can be misleading. The emission of PM10 during successive wind-erosion events can
be underestimated when considering the saltation efficiency to be constant, as it is usually
done when calculating the PM10 flow as a direct outcome from saltation.

Results suggest that the fragmentation produced during saltation or even creep of the
particles can produce significant quantities of PM10 in sandy agricultural soils, but this is
not likely to occur in sandier surfaces such as sand deserts or unpaved roads, where saltation
at higher wind speeds should be necessary to produce significant entrainment of the PM10
particles attached to the sand grains.More studies are needed to better understand this process,
but several insights are provided in the following section.

3.3 PM10 Vertical Entrainment

The PM10 concentration across the height range found here was described by a power-law
function (Fig. 7), and is consistent with the vertical mass-distribution profiles described by
other authors for the dust fraction (Sterk and Raats 1996). Exponential curves have also been
reported for PM10 under field conditions and at higher sampling heights (McGowan and
Clark 2008). The PM10 concentration under similar wind-tunnel conditions and calculation
methods was previously evaluated by Kim et al. (2000) and Roney and White (2006), but
changes in successive wind-erosion events were never considered. Figure 7 shows changes

Fig. 7 Double logarithmic plots showing the vertical distribution of the PM10 concentration during the
simulation of the first (a and c) and the last (b and d) wind-erosion events
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observed in the vertical distribution of PM10 concentration between the first and the last
wind-erosion events.

According to Shao (2008), suspension depends on the relation between the terminal veloc-
ities of the particles and the airflow characteristics. Hence, suspension must differ between
surfaces, and should also exhibit changes during successive wind-erosion events according
to material availability on the eroded surface. An interesting point was that concentration
values at 0.6 m were higher for agricultural soils than for the unpaved road, especially in
the third wind-erosion event. This was due to the higher efficiency of the soils for producing
fine particles that are easily entrained into the boundary layer of the wind tunnel; this is
consistent with the saltation fraction to PM10 content ratios presented above. Greater verti-
cal entrainment over agricultural soils was present at simulated higher wind speeds. On the
sandier unpaved road, most of the PM10 particles were concentrated near the surface because
of the low PM10 available for entrainment at the end of the wind tunnel. The fetch of the
wind tunnel was 4 m; if the tested surface is a high efficiency PM10 emitter, the vertical
profile will be developed earlier (at a shorter distance from the beginning of the soil bed).
But on a sandier surface, a greater distance is needed to produce enough saltation activity
to release the PM10 and produce a more developed vertical profile (or dust plume). This
effect was even more evident after the second successive wind-erosion event because of the
higher dependency of the PM10 emission on the saltation process on the sandier surface, as
discussed previously (Fig. 7).

No evidence of significant alteration of wind-speed profiles was observed (Fig. 3). There-
fore, these results show that changes in the composition of the surface erodible layer during
a high wind event can also produce important changes in the entrainment patterns. This
effect, along with the heating of the soil surface (Butler et al. 2005), could help to explain the
variable concentration profiles observed under field conditions (Kjelgaard et al. 2004). The
question of how this dynamical process affects the theoretical schemes or predictions made
with emission models needs further investigation.

4 Conclusions

PM10 emissions were measured on material from two typical agricultural soils and a typical
dirt road from central Argentina. A wind tunnel was used for testing the surfaces under high
wind speeds and high emissivity conditions during three consecutive 10-min intervals. High
saltation rates (horizontal mass transport, Q) produced high PM10 emissions, independent of
the PM10 bulk content or the emission efficiency of the surface. Unpaved roads showed the
highest saltation rates. Considering that they are permanently bare (an absence of vegetation
cover), and they have long upwind fetches, unpaved roads can be sources of atmospheric dust
and PM10 emission in rural areas during high wind events, especially those aligned with the
prevailing wind direction.

Horizontal mass transport decreased at similar rates in successive wind-erosion events on
all analyzed surfaces; nevertheless, the decrease in PM10 emission was more rapid in the
unpaved road than in the agricultural soils. Sandblasting efficiency increased in successive
wind-erosion events in the agricultural soils. Sandblasting efficiency for PM10 emissions
was higher for the agricultural soils than for the unpaved road, particularly at lower wind
speeds, because of the higher PM10 content of soil aggregates.

Vertical concentration profiles were different over different surfaces and also evolved
in different ways during the wind event. On the unpaved road, PM10 concentrations at
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a fetch of 4 m rapidly decreased with height while agricultural soils showed higher PM10
vertical entrainment, especially at highwind speeds and after successivewind-erosion events.
These results suggest that the sandblasting efficiency for PM10 emission and vertical PM10
concentration profiles is influenced by the duration of the wind-erosion event, and that the
ratio of saltation fraction to PM10 content of the surface material can be a simple indicator
of this trend. Temporal dynamics help explain some of the variability found under field
conditions and improve theoretical schemes and model prediction, but further studies are
needed.
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