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Abstract: Measurements of dust emissions and the modeling of dissipation dynamics and total
values are related to great uncertainties. Agricultural activity, especially soil cultivation, may be an
essential component to calculate and model local and regional dust dynamics and even connect to the
global dust cycle. To budget total dust and to assess the impact of tillage, measurement of mobilized
and transported dust is an essential but rare basis. In this study, a simple measurement concept
with Modified Wilson and Cook samplers was applied for dust measurements on a small temporal
and spatial scale on steep-slope vineyards in the Moselle area. Without mechanical impact, a mean
horizontal flux of 0.01 g m2 min−1 was measured, while row tillage produced a mean horizontal
flux of 5.92 g m2 min−1 of mobilized material and 4.18 g m2 min−1 emitted dust from site (=soil
loss). Compared on this singular-event basis, emissions during tillage operations generated 99.89%
of total emitted dust from the site under low mean wind velocities. The results also indicate a
differing impact of specific cultivation operations, mulching, and tillage tools as well as the additional
influence of environmental conditions, with highest emissions on dry soil and with additional wind
impact. The dust source function is strongly associated with cultivation operations, implying highly
dynamic but also regular and thus predictable and projectable emission peaks of total suspended
particles. Detailed knowledge of the effects of mechanical impulses and reliable quantification of
the local dust emission inventory are a basis for analysis of risk potential and choice of adequate
management options.
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Wind erosion and emission of mineral dust are traditionally associated with the global
drylands [1], with the highest percentage originating from hot deserts [2]. The related dynamics have been related to climatic drivers of aridity, soil moisture, and substrate, but also
to anthropogenic impacts such as agriculture and livestock management, e.g., in Israel [3],
the US Midwest [4], Australia [5], and China [6]. In Europe, severe wind erosion events
have been associated with singular strong wind events and periods of increased wind
energy [7] or studied under semi-arid conditions such as in Spain [8]. The anthropogenic
impact has been considered the main trigger for wind erosion and dust emissions [9].
Climate change and land use change may severely increase the threat of wind erosion and
dust emissions on a global scale [10]. Prolonged drought periods and intensified food
production for a growing population under increasingly unfavorable soil and climate conditions are likely to expand vulnerable areas also in humid and sub-humid regions [11,12].
On a global scale, 25% of total dust emissions are estimated to originate from anthropogenic
sources, predominantly agricultural areas [13], and 1000–3000 million tons per year of dust
emissions are estimated to originate from global soils [14] including 6–30 million tons of
fine dust with an aerodynamic diameter <10 µm PM10 [15]. The great variations in estimations of mineral dust emissions to the global atmosphere are largely attributed to a lack of

Agriculture 2022, 12, 100. https://doi.org/10.3390/agriculture12010100

https://www.mdpi.com/journal/agriculture

Agriculture 2022, 12, 100

2 of 15

agreement between models [16]. Land use change and inappropriate agricultural practices
have expanded areas prone to wind erosion worldwide in recent decades [17]. Deflation
induces the loss of fertile topsoil and release of mineral dust, implying yet unassessed
ecological and socio-economic impacts such as the mobilization and redistribution of soil
organic carbon, nutrients and also pollutants [18–20], human health issues particularly
concerning fine dust [21], impacts on global climate [22] and extreme costs [23] also in
Europe [24]. On a global scale, the dust cycle is known to be connected to continental and
marine biogeochemical transport systems such as the carbon-, silica- and iron cycle [25],
but local and regional emission paths and interactions are widely unknown. Nearby settlements may be under threat of dust emissions from arable land, especially concerning
infrastructure [26] and human health: coarse dusts interfere with breathing and irritate the
eyes, and fine dusts are subject to global [27] and European [28] standards.
1.1. Processes of Wind Erosion and Dust Emission with and without Mechanical Impact
The indirect impacts of mechanical disturbances of land surfaces from agriculture [29]
and also grazing animals [30] have been acknowledged to increase wind erosion and total
suspended particle (TSP) emissions, but very few individual studies have investigated the
direct impact that may be a powerful trigger for an increase in TSP from arable land [31,32].
Wind erosion from arable land is of particular importance since chemical residues from
fertilizers and pesticides as well as pathogens can be transported beyond fields along with
the mineral components [33] and soil organic carbon [34].
In the specific context of mechanical impacts such as tillage operations, there are clear
differences in the origin of airborne particles due to (i) processes of wind erosion and
(ii) particle entrainment by external mechanical impacts such as tilling or driving. While
wind erosion is an important cause of dust emissions from arable land, it may not be the
most effective mechanism particularly in regions that are not arid or semi-arid.
(i) Detachment and transport of soil surface material is initiated if a threshold wind
velocity dependent on particle characteristics is exceeded [35]. The impact of colliding
particles (impact/dynamic threshold) equals the rate of impacting particles and momentum dissipation at the surface [36], mobilizes more material than drag and lift forces alone
(fluid/static threshold) and may increase with distance downwind (fetch effect, e.g., [37,38]).
The release of finer particles and dust is considered mostly associated with bombardment
(sandblasting) [39], since aerodynamic forces alone are not powerful enough to overcome
the strong cohesive forces of the fine dust particles [40,41]. (ii) Processes of particle detachment by impact of external triggers differ in so far as the threshold velocity is not the
limiting factor for particle entrainment and total particle flux. The external trigger lifts
the particles into the air where they float for a duration according to their size, shape and
density. Much lower wind velocity is sufficient for transport compared to detachment, thus
larger and more particles may be potentially released into suspension by this externally
triggered mechanism than by sole wind erosion without mechanical impact.
The impact of (i) and (ii) are both key parameters for reliable assessment of dust emissions, but only (i) has been researched in more detail. Field observations are the basis for
developing and testing dust modeling approaches [42], but to date most measurements do
not provide enough information to determine the mechanisms that lead to dust emissions
and often focus on a small variety of soil and atmospheric conditions [43].
1.2. Tillage Induced Airborne Dust and Dust Emissions from Vineyards
Viticulture is a traditional management system in many European regions, including
(steep) slope terrain in southwestern Germany. As a crop adapted to specific climatic
conditions, it is particularly common in southern European regions where it may exceed 8%
of the total agricultural area, and reaches as far north as northern Germany and southern
Scandinavia [44]. In vineyards and especially in steep slope vineyards, climate changeinduced extended periods of drought and heat waves may lead to dry substrates and
strong thermal winds, increasing the likelihood for wind erosion events with and without
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Figure 2. Study sites (a) Zeltingen and (b) Kues in the Moselle area.
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For a first assessment of dust emission potential particularly associated with soil
cultivation, a simple first approach was implemented with the installation of Modified
Wilson and Cook (MWAC) samplers. The study design included control samples without
tillage impact and measurement of mobilized and transported dust during tillage processes.

2.2. Data Collection and Processing
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Three sets of tests were conducted under differing environmental conditions at different sites with slightly differing geomorphological characteristics such as slope and substrate
structure, soil moisture and wind velocity. The factors soil moisture and wind velocity
depended on time of soil cultivation (July, September, November), and the test design
changed slightly during the test phase, resulting in a different number of tests for each set
for statistical processing. Table 1 shows all repetitions for each test type conducted during
cultivation for each sampler location.
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3. Results

3.1. Dust Flux with and without Simultaneous Tillage
In a first assessment during dry weather conditions, three tillage tools and a mulcher
were tested on the device and compared with the control (Figure 6).
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g mlevel
min
for very moist and moist, respectively) (Table 4).
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These two parameters are shown as boxplots for both tested tool combinations in
Figure 7a,b. Relative categories for moisture and wind velocity were established from the
available data set. Concerning both tools analyzed together, a comparison of tests according to the relative category of moisture (very dry < 5%, dry < 10%, moist < 15%, very moist
8 of
ca. 20%) revealed for both the highest fluxes related to the dry categories (20.9 and 23.3
g 15
m2 min−1 for very dry and dry, respectively) and the lowest values related to the moist
categories (3.5 and 3.8 g m2 min−1 for very moist and moist, respectively) (Table 4). Concerning
relative
wind velocity
categories
(very (very
low <low
1 m<s−1
low
m s<−12, medium
ca. 3
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relative
wind velocity
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1,m
s−1<, 2low
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−
1
−1
2
−1
m s values
), lower
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to lower(8.1
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m2 min
m ca.
s ), 3lower
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low and
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the medium
very
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highest values
relatedvalues
to the related
medium
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−
1
−1) (Table
(17.9
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4). ) (Table 4).
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Table 4. Mean dust flux for categories soil moisture and wind velocity.

Category soil moisture

Category wind velocity

N

SD

g m2 min−1

Very moist
Moist
Dry
Very dry

11
16
15
4

1.42
2.76
28.33
21.69

3.47
3.76
23.35
20.86

Total

46

13.55

12.86

Very low
Low
Medium

15
20
11

12.87
20.35
24.63

8.11
10.65
17.95

Total

46

19.26

12.24

3.3. Horizontal and Vertical Dust Flux
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To assess the distance relation of horizontal transport, the material collected at the
tillage devices (Figure 5 (1)) was compared with that collected at the masts at the end of
each row (Figure 5 (2)) during tillage (same day and same heights of 0.4 and 1.0 m). 9 of 15
The mean values of measured material for both tool combinations together were 5.92
g m2 min−1 measured at the caterpillar and 4.18 g m2 min−1 collected at the rows’ ends
(mast),
showingand
a decrease
in mean
3.3. Horizontal
Vertical Dust
Fluxcollected material with distance from spot of mobilization.ToThe
median
showed
no
difference
in collected
materialthe
(Figure
8). collected at the
assess the distance relation of horizontal
transport,
material
Thedevices
mean collected
dustwas
at the
masts in
five
heights
decreased
with at
height
andof
tillage
(Figure 5 (1))
compared
with
that
collected
at the masts
the end
2 of 0.77 for
showed
an
approximate
power
function
for
both
tool
combinations
with
an
r
each row (Figure 5 (2)) during tillage (same day and same heights of 0.4 and 1.0 m).
both tools
(7 n). The
results
indicate a material
pattern offor
vertical
dustcombinations
transport withtogether
a decline
in
The mean
values
of measured
both tool
were
2
−
1
2
−
1
collected
dust
with
height
and
also
a
comparably
lower
value
than
expected
at
height
0.2
5.92 g m min measured at the caterpillar and 4.18 g m min collected at the rows’
mends
for both
tools
(Figurea9).decrease in mean collected material with distance from spot of
(mast),
showing
mobilization. The median showed no difference in collected material (Figure 8).
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Comparisonof
ofmeasurement
measurement spots
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and
measurement
Figure
spots on
on device
deviceand
andatatmast
mastfor
for
the
same
day
and
measureheight
(0.4
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ment height (0.4 m).

Measurement height (m)

The mean collected dust at the masts in five heights decreased with height and showed
an approximate power function for both tool combinations with an r2 of 0.77 for both tools
(7 n). The results indicate a pattern of vertical dust transport with a decline in collected
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dust with height and also a comparably lower value than expected at height 0.2 m for10both
tools (Figure 9).
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Figure 9. Vertical distribution of collected material from masts (mean).
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4. Discussion
4. Discussion
Hypotheses 1. The tested low-cost on-site test scheme including MWAC dust samplers is adequate
Hypotheses
1. The
tested low-cost
on-siteon
test
scheme
including
dust samplers is adeto quantify dust
emissions
from vineyards
a small
temporal
andMWAC
spatial scale.
quate to quantify dust emissions from vineyards on a small temporal and spatial scale.
A relatively simple and low cost method was tested to assess dust emissions from
vineyards with and without the impact of tillage over a very short duration and <100 m
A relatively simple and low cost method was tested to assess dust emissions from
transport distance. The passive sampler MWAC was chosen because of global application,
vineyards with and without the impact of tillage over a very short duration and <100 m
good sampling efficiency for larger particles [50] if only low efficiency for fine dusts [51],
transport distance. The passive sampler MWAC was chosen because of global application,
applicability without electricity and high derived numbers of samples, and a broad range of
good sampling efficiency for larger particles [50] if only low efficiency for fine dusts [51],
target particles. Active samplers are mainly applied for measurement of fine dust particles
applicability without electricity and high derived numbers of samples, and a broad range
< 30 µm, whereas the target dust particles in the context of tillage on arable land are
of target particles. Active samplers are mainly applied for measurement of fine dust parmuch larger. Particles < 0.84 mm are assumed to be wind erodible, but only particles with
ticles < 30 µm, whereas the target dust particles in the context of tillage on arable land are
aerodynamic diameter < 100 µm may be assumed to have a sink velocity that increases
much larger. Particles < 0.84 mm are assumed to be wind erodible, but only particles with
the likelihood of transport beyond field boundaries as well as over longer distances. TSP
aerodynamic diameter < 100 µm may be assumed to have a sink velocity that increases
from agricultural fields during wind erosion events are mainly <60 µm in aerodynamic
the
likelihood
diameter
[52].of transport beyond field boundaries as well as over longer distances. TSP
The tested steep slope vineyard sites were found to be relatively stable against processes of wind erosion without additional external impact. In the course of three test sets,
the measurement on the tillage device was complemented by measurements at a greater
distance and tests on very moist soil. The applied tools were changed due to considerations
of the vineyard management. To assess potential horizontal transport, the material collected
at the tillage device directly above the tools was compared with that collected at the same
heights (0.4 m) at the end of each row during tillage. The results show that more material
was collected at the tillage device directly above the tools (5.92 g m2 min−1 ) than at the
end of the row (4.17 g m2 min−1 ). The explanation is related to the travel characteristics of
airborne particles and the likelihood of entering the sampler. Part of the hurled material
was too heavy for floating and fell back down to the ground in the closest vicinity of mobilization with the possibility of entering the collector. The airborne material then dissipated
relative to particle characteristics and wind dynamics including turbulence in all directions,
thus reducing the amount of particles entering the collectors at the end of the row. The
decreasing concentration of TSP, which was higher at the site of mobilization (at device)
and decreased with distance from the device (in all directions), reduced the probability
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of catching the material at the end of the row. However, the moving device changed the
distance to sampler, thus reducing this effect and levelling the collected material.
All results appear plausible with respect to expected environmental conditions (moisture, wind velocity), the slight decrease in collected material with distance, as well as
vertical distribution of collected material. It follows that the test setup with MWACs was
restricted but suitable to measure dust flux from vineyards on a small temporal and spatial
scale. Possible limitations include (1) small sample sizes because of the short-term test
duration and related problems concerning reliability of measured data and (2) the choice of
measurement spots as well as the movement-induced change in distance from collection
spot at mast with yet unassessed impact on collected quantity. These uncertainties were
partly compensated by repetitions. Although dust collectors have the advantage of allowing further use of the collected material for qualitative analysis, the amounts collected here
were too low for further analysis.
To further increase the quality and validity of the test setup and the produced data,
different types of dust measuring devices, such as low- and high-volume dust samplers
and optical particle counters, should be used to complement the MWAC measurements.
Hypotheses 2. Vineyards are a potential dust source particularly during cultivation activities.
The results indicate that the tested vineyards were not prone to processes of wind
erosion but may be a source of considerable mineral dust triggered by mechanical operations such as tillage. The mean dust flux during control was 0.006 g m2 min−1 , indicating a
stable surface under low to medium wind velocities. As soon as the surface was disturbed
by tillage, values rose by several orders of magnitude. For the same measurement spot
(0.4 m height at the end of the row), and under environmental conditions least favorable for
dust emissions (wet soil, low wind speed), the mean collected dust was 5.92 g m2 min−1
on the tillage device and 4.18 g m2 min−1 at the end of the row. That means that a mean
of 4.18 g m2 min−1 was the minimal eroded soil material during a single tillage event,
accounting for 98.89% of total measured dust on a per-event basis. The highest flux levels
measured at the tillage device were a mean of 22.8 g m2 min−1 caused by mulching and
16.5 g m2 min−1 by tillage underneath the vines on very dry soil but even under wind
velocities <5 m s−1 .
The results show that mechanical external impact is the main factor for emission of TSP.
Dust emissions during cultivation are much higher compared to no-tillage measurements
under similar environmental parameters, supporting measurements on arable land that
found soil cultivation to dramatically increase total dust [31,32]. Another mechanical
impulse affecting emission of TSP was found to originate from animal trampling, where
the TSP increased with the increasing number of impacts and was found to be highest on
unpaved roads [53].
Mean vertical distribution measured at masts tended to decrease with height described
by a power function but showed some differences from case to case (r2 = 0.77). This
distribution is commonly attributed to saltation, which is the most important transport
mechanism by far and decreases with height up to ca. 1 m (e.g., [54]). Since the test
conditions presented here did not allow for saltation, the vertical transport pattern resulted
not from processes of wind erosion but was related to mechanical impact and dissipation
processes. A clue could be found by considering the peak in median collected material at
0.4 m collection height, which corresponded to the area of action related to the applied
tillage tool.
These findings are relevant for the calculation of dust emission inventory and a basis
for further dust dissipation studies. They also deepen the process of understanding in
so far as the anthropogenic impact on wind erosion needs to be considered not only in
an indirect way, e.g., by providing wind erodible surfaces, but also in a direct way by
actively transferring soil particles into the air, thus neglecting the otherwise key parameter
of threshold velocity. The values showed an extreme but temporally very limited rise
in annual dust emission potential, which supports the results from Chen et al. [6]. The
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total emissions of the lower air layer are strongly influenced by regular but singular high
emission events, whereby tillage is an important source that has to be carefully considered
for upscaling of results.
Hypotheses 3. The collected dust fluxes are related to environmental conditions and tillage tools.
Four different tools were tested for their impact on dust emissions, among them a
mulcher and three row-tillage tool combinations.
Mulching includes the mowing and cutting of vegetation and also a disturbance of
the soil surface, so that the collected dust contains a high percentage of organic matter
from cutting of the dry vegetation; the highest mean dust flux was measured during its
application. Among all tests, tests at noon (mulcher/thermals) showed significantly more
erosion due to the support of dust transport by comparably strong uphill thermal winds
compared to the two tests conducted in the morning hours (mulcher). This indicates that
wind may have a strong influence on the total emitted dust not in terms of detachment but
in terms of dissipation and transport of the already airborne particles.
Different dust fluxes were measured during the application of three under-row tillage
tools: a rotary-star tiller–finger hoe (RT-FH), a disc plough–finger hoe (DP-FH) and rotarystar tillers (RT). The highest mean TSP was collected during use of the disc-plough combination, which may be explained by the mechanical operation involving a rotating disc
working the soil surface underneath the vines during which material is hurled into the air.
Among the operations tested by Öttl and Funk [55], the disc plough was associated with the
second highest amount of airborne dust particles measured by means of an optical particle
counter. They could verify a strong impact from tillage as well as a strong interdependence
with soil moisture, which was also confirmed by Funk et al. [32].
Compared to tillage, soil moisture and wind velocity have a minor impact, but they
were found to be clearly related to the measured emission flux. The highest emission flux
was measured under conditions of low soil moisture and higher wind velocities. This
indicates that even in the case of impact-induced dust, where wind shear and soil water
are not the key factors determining detachment, they are still determining parameters for
the dissipation of airborne particles.
The specific externally triggered type of mineral dust production during tillage operations may be of highest importance for the case of humid or sub-humid agricultural
land, since these effects may account for a great proportion of total emissions from a site
during a year. As short-term suspended materials, they may influence surrounding habitats
through the transport of nutrients, pollutants and microorganisms as well as negatively
affect human health. The side effects include also contamination of settlements and damage
to infrastructure such as solar panels. A part of the measured mineral fine dusts may
connect to the global dust transport. Their parameters are then important input variables
for modeling the radiation properties of dust layers, cloud formation and air chemistry.
Mechanical impact may be a source of dust emissions accounting for a significant proportion of the total regional dust inventory, particularly in connection with several effects of
climate change altering key parameters for the agricultural sector.
5. Conclusions
Dust emissions from vineyards are not only important due to the sorting action of wind
erosion, which causes the on-site loss of the fine grain sizes including silts and clays. In
addition to their importance for structure formation and water balance, they bind nutrients,
but also pollutants such as pesticides and heavy metals, which may be relocated on a local
to regional scale.

•

The first quantifications of agricultural dust from vineyards with and without tillage
impact show a considerable impact of tillage on total dust, which may account for
singular but regular high emission events.
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•

•

•

•

•

Mechanical tillage operations are progressively applied to replace chemical treatments such as pesticides and herbicides. The disturbance of topsoil may enhance tillageinduced dust emissions and need to be considered for a comprehensive impact assessment.
Climate change induced dry spells increase the number of days inadequate for tillage
due to soil and climate conditions that enhance wind erosion and dust emissions. Thus,
the total potential for dust emissions from vineyards may rise in the medium term.
These high-emission events are not reflected by wind erosion models since they are
not determined by soil or climate-related parameters. Including the mechanical impact
into dust emission modeling is vital for a reliable risk assessment.
The test setup was adequate for measurement of agricultural tillage operations and
should be complemented by low- and high-volume sampling methods and optical
particle samplers.
Knowledge about the effects of specific management operations has great potential
to provide a valuable tool for climate change mitigation and adaption strategies to
support sustainable soil management.
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