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Abstract 
 

The global dust load showed a large increase during the last century due to climate change and the 
expansion of vulnerable land, both of which are caused by human modifications. The increase in 
vulnerable land, both in size as in intensity, is mainly attributed to the increase in agricultural areas 
and agricultural intensification. Dust emission has both an onsite effect due to the degradation of the 
emitting area, and an offsite effect on human health and climate. The degradation of land is especially 
relevant for agricultural areas where crop yield can strongly diminish due to the depletion of clay, 
silt, and nutrients from soils.  

The semi-arid Free State province has been identified as the largest emitter of dust in South Africa, 
which is caused by the large-scale agriculture, climate, and soil type. Dust storms have the potential to 
reach the densely populated Gauteng province causing negative consequences on human health and 
well-being. Dust events in the Free State show a strong seasonality that is attributed to the 
agricultural practices that leave soils bare and vulnerable to erosion after harvesting. However, the 
large differences in dust events per year indicate that additional surface characteristics control the 
emissions from these harvested croplands. One of the primary potential controls that farmers have on 
the emissivity of the land is the management of soil crusts, but, the role of soil crusts on sandy soils 
is often not considered. Therefore, this thesis will address the possible role of soil crusts on the dust 
emission from the Free State croplands. 

This thesis examines the formation of crusts by rainfall, the dust emissions from cropland soils, and 
the surface characteristics that control this erosion. The main instrument used to measure the 
erodibility of a surface is the Portable In-Situ Wind Erosion Laboratory (PI-SWERL). The 
comparability of this portable instrument was assessed by a cross-comparison with a traditional 
straight-line wind tunnel. The threshold friction velocity of sandy surfaces was similar for the two 
instruments, whereas the threshold friction velocity of loamy sand indicated that the PI-SWERL is a 
more precise instrument that is capable of detecting the initial, small PM10 emissions from a surface. 

To determine the potential for crusts to form on the sandy cropland soils, rainfall experiments 
combined with shear strength measurements were performed on Free State soils. The results 
showed that significant crusts develop within 15 mm of rainfall, and shear strengths similar to those 
measured in the laboratory were observed in the field. PI-SWERL measurements showed that these 
experimental crusts can limit the PM10 emission flux from 10.53 and 3.87 mg m-2 s-1 Luvisol and 
Arenosol soils, respectively, to below 0.03 mg m-2 s-1 for both. The addition of abraders increased the 
emission from a crust to 0.43 and 0.31 mg m-2 s-1 for Luvisol and Arenosol, respectively.  

The strong effect of crusts on emissions have been compared to field measurements, which showed 
a similar potential to minimize dust emissions, but also are complex interaction on the surface that 
defines this influence. The average emission of crusted surfaces was 0.476 mg m-2 s-1 (standard 
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deviation = 0.348, min = 0.004, max = 1.401 mg m-2 s-1) at a friction velocity of 0.59 m s-1, whereby 
the presence of abraders showed a power relationship to the emission from these surfaces. The 
emission from loose surfaces ranged between 1.646 mg m-2 s-1 (standard deviation 0.980, min = 
0.291, max = 5.974 mg m-2 s-1), with a linear relationship between the emission and the clay and silt 
content. 

The initial sensitivity of an agricultural field to wind erosion needs to be considered when assessing 
the surface conditions under which crusts could play a minimizing role in the emission of dust. This 
is controlled by the soil cover, such as vegetation or degrading crop straw and stubble that is left after 
harvesting. Four fields, with a range of soil cover and crust characteristics, have been measured in the 
field. The soil cover has been quantified using Unmanned Aerial Vehicle (UAV) image analyses. The 
erodibility of the soils was characterised by the horizontal sediment flux and the saltation threshold. 
The soil cover differed from 11% for a harvested groundnut to 66% for a harvested maize field, the 
latter being the most common crop type in the Free State. This data shows the high initial importance 
of soil cover on the wind erosion from a field, whereby the sediment flux from the maize field was 11 
and 187 times lower than that of fallow and groundnut fields. Considering the relatively high 
sediment flux from the fallow and low soil cover fields, crust and abrasion management should be 
considered on such surfaces 

Some surfaces showed a depletion of clay and silt, which is evidence of land degradation caused by 
dust emission. This depletion could eventually lead to a lower yield and the need for more fertilizers. 
Furthermore, an enrichment in certain allergens and pathogens has been found in the suspended 
dust from Free State croplands. This shows the relevance of minimizing dust, both for the emitting 
region and the offsite areas that dust eventually reaches.  

Future studies should investigate the relationship between the sediment flux and the PM10 flux 
since this relationship is not known and could differ per field and soil type. Furthermore, the 
influence of roughness needs to be assessed because roughness is generally known to decrease the 
emission from a surface. However, to create roughness, it is required to disturb existing crusts, 
making it uncertain if such activities could increase or decrease overall emissions. Lastly, the 
implications raised by this thesis are not only relevant for Free State but can also be considered for 
other cropland areas with strong seasonality in cover and moisture. 
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1.1 Global dust emission 

1.1.1 Current global dust emission 
Dust can be defined as small particles that are suspended in the air. These particles can originate 

from different sources, such as industry, volcanism, or fires, but the largest global dust load is linked 
with wind erosion (Ginoux et al., 2012; Tegen et al., 2004). Globally, 432.2 million ha of land is 
exposed to wind erosion (Middleton and Thomas, 1997), which is 2.9% of the global land surface. 
The global dust emission is estimated to range between 500 and 3320 Tg yr-1 (Shao et al., 2011). 
Generally, semi-arid to arid regions are identified as the main emitters of dust, with the Sahara being 
the most emissive area in the world (Figure 1-1).  

 

Figure 1-1. Figure from Ginoux et al. (2012) showing the natural and anthropogenic dust emission identified 
using MODIS data. 

1.1.2 Anthropogenic sources 
While most dust sources are natural sources, a significant amount of dust sources can be linked to 

human activities. Satellite observations suggest that the percentage of mineral dust with an 
anthropogenic origin could be 10% to 25% of the total dust load (Ginoux et al., 2012; Tegen et al., 
2004), (Figure 1-1). The majority of the identified anthropogenic sources can be characterised as 
originating from agricultural areas, even though fires, roads, and industry and mining areas can also 
emit dust (Bali et al., 2017; Brotons et al., 2010; Csavina et al., 2012; Jiang et al., 2020; Koch et al., 
2007; Li and Zhang, 2007; McKenna Neuman et al., 2009; Strode et al., 2009; Zielinski et al., 2016). 
Practices in agricultural areas that increase the vulnerability of a surface to erosion include 
overgrazing, wild fires, deforestation, tillage practices, sparse vegetation cover on agricultural land, 
and the removal of natural wind barriers (Geist and Lambin, 2004; Shepherd et al., 2016). The 
distribution of anthropogenic dust differs per region. Anthropogenic dust makes up 75% of the total 
dust emissions in Australia, whereas anthropogenic sources only account for 8% of total dust 
emissions in Northern Africa (Ginoux et al., 2012). The areas that are most sensitive to anthropogenic 
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dust emissions are, similar to natural emissions, semi-arid and arid drylands with sandy soils (Zobeck 
and Baddock, 2013).  

An important event that demonstrated the disastrous consequences of dust emissions and wind 
erosion on agricultural land was the Dust Bowl in the Southern Great Plains in the United States, from 
1931 to 1939. This was caused by a prolonged period of drought that corresponded with a high 
number of fallow fields due to the economic depression that followed a period of intense farming, 
intensive tillage and above-average precipitation (Lee and Gill, 2015). During the Dust Bowl, fertile 
soil was removed from 40 million hectares of land (Zobeck and Baddock, 2013) which led to the 
emission of between 4.1 to 5.5 billion tons of aerosols from the soil (Hansen and Libecap, 2004). This 
event also led to the formation of the Natural Resources Conservation Service (NRCS) in 1935, which 
sought to develop methods for wind erosion prevention and soil conservation (Zobeck and Baddock, 
2013). 

The use of water for agriculture or industry can also have a secondary effect on the emission of 
dust. The desiccation of lakes by diversion of water for croplands leaves dry lake beds that have 
highly erodible surfaces. Famous examples of such indirect anthropogenic dust sources are the Aral 
Sea in Central Asia and Owens Lake in California. Also, the decrease of surface-level water and 
groundwater can reduce the natural plant cover and increase the erodibility of land. 

The influence of human activity on dust emissions can also be defined by the anthropogenic 
influence on climate (Zender et al., 2004). The change in climate can lead to stronger wind events 
(Pryor and Barthelmie, 2010; Seneviratne et al., 2012) which causes more wind erosion and higher 
emissions of dust. Furthermore, climate change can cause more droughts and an expansion of drier 
regions, which leads to larger areas that become more sensitive to wind erosion. The human influence 
on climate can impact both natural and anthropogenic dust sources.  

1.1.3 Temporal change in anthropogenic dust 
Over longer timescales, the global dust load has fluctuated with the ice ages, which can be linked to 

a decrease in plant cover and an increase in aridity (Mahowald et al., 1999). However, global 
agriculture has seen profound changes over the last few centuries and it is generally accepted that 
the emission of dust has increased over time due to human activities. The anthropogenic influences 
on climate and dust emissions can be tracked back to at least 5000 years ago (Neff et al., 2008; 
Ruddiman, 2003), but the largest increase in global dust load has been observed in the 20th century 
when the suspended dust load has doubled (Mahowald et al., 2010; McConnell et al., 2007). This can 
be partially linked to a change in climate and an increase in population and demand for food, which 
led to an intensification of agriculture and the expansion of croplands (Moulin and Chiapello, 2006; 
Mulitza et al., 2010; Stanelle et al., 2014; Zobeck and Baddock, 2013). Stanelle et al. (2014) estimate 
that 56% of the dust increase since the 19th century is caused by climate change and 44% by the 
anthropogenic influence on land cover. However, to what extent the increase in dust emission during 
the last century was precisely caused by human impact and to what extent by an increase in wind 
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erosivity or change in surface conditions such as sediment supply, roughness, and surface 
disturbance, is still debated (Cowie et al., 2013; Ridley et al., 2014). The precise increase or decrease 
of emissions during the last century differs for each region and depends on the level of desertification 
and the rate at which agricultural intensification increased, and the climate change, which can include 
a change in wind strength, precipitation, humidity, and temperature (Webb and Pierre, 2018).  

Despite the current trend showing an increase in dust load, Mahowald and Luo (2003) demonstrate 
that the future dust load could decrease, assuming that the current anthropogenic land cover will 
remain static, an assumption that has also been more recently proposed by (Hurtt et al., 2011). 
Furthermore, the expected increase in atmospheric CO2 could increase the plant cover in semi-arid 
and arid regions and could therefore minimize the erodibility of these surfaces (Stanelle et al., 2014). 
Exact predictions on the change in the global dust load are difficult since it depends on many 
variables, both on climate and change in land use. However, the tendency for a decrease in dust 
emissions should be considered for predictions of the impacts of the global dust load.  

1.2 The on- and offsite effects of dust 

1.2.1 Onsite effects of dust emission 
In the IPCC 2019 report, dust emission is mentioned as a land degradation process with a global 

extent. However, dust emission is especially seen as the major process of soil degradation in semi-
arid- and arid regions (Ravi et al., 2011). Despite the fact that saltation can result in the largest 
transport of particles (Sterk et al., 1996), this redistribution is only local, whereas suspended 
sediment can cause the removal of clay and silt from an area. Due to the removal of clay and silt from 
the soil, the emitting surface could become deficient in fines. Clay and silt often also carry significantly 
more nutrients due to their electrochemical nature, which causes dust emission also to result in a 
disproportionate removal of carbon (C) and nutrients such as phosphorus (P), nitrogen (N), 
potassium (K), iron (Fe), magnesium (Mg) (Van Pelt and Zobeck, 2007). The depletion of N, P, C, and 
other elements by wind erosion has been described for arid soils (Lawrence and Neff, 2009; Neff et 
al., 2005), agricultural soils (Sterk et al., 1996), and grazed grasslands (Neff et al., 2005). Visser and 
Sterk (2007) described the loss for N and P as up to 73% and 100%, respectively, of what is needed 
for crop production within one wind event. The recovery of degraded soil can be slow, especially in 
semi-arid to arid climates (Fernandez et al., 2008). This depletion of fines and nutrients from 
agricultural soils can have negative effects on crop yield. Zobeck and Bilbro (1999) described a 
decrease of 42% in grain yield from wind-eroded fields. Wind erosion can even change the soil type 
of an area due to the removal of the surface horizon and depletion of fines and organics (Buschiazzo 
et al., 1999). Furthermore, the removal of fines can also influence the infiltration and holding capacity 
of a soil (Lyles and Tatarko, 1986). Besides the removal of fines, wind erosion can also have a direct 
effect on the production and yield from agricultural fields. The abrasion from saltating crops can 
result in significant damage to plants (Sterk et al., 2001). Also, the covering of seeded fields by 
deposited sand can obstruct the growth of seedlings (Farmer, 1993). 
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1.2.2 Offsite effects of dust emission 

1.2.2.1 Chemical flux 
Dust particles have the potential to be transported around the globe within two weeks (Uno et al., 

2009) which makes dust emission, transport, and deposition a significant process in the global 
chemical flux as described by, among others, Csavina et al. (2012), Derry and Chadwick (2007), 
Grantz et al. (2003), Jickells (1995), Lawrence and Neff (2009), and Mahowald et al. (2009). As 
discussed before, suspended particles are generally nutrient-rich due to the high content in clay, silt, 
and organic carbon (Ted M Zobeck and Fryrear, 1986). However, the exact chemical content of 
depositional dust shows great variance since it is also based on the surface texture and chemistry of 
the source material, the dust particle sizes, and the distance from the source (Dansie et al., 2017; 
Grantz et al., 2003; Lawrence and Neff, 2009; Visser and Sterk, 2007; Ted M Zobeck and Fryrear, 
1986). Lawrence and Neff (2009) summarized the chemical content of depositional dust and showed 
especially a strong enrichment in N, lead (Pb), Ni, and Co, and a depletion in Na, Si, and Al compared 
to the composition of the upper continental crust.  

One of the most important areas of dust deposition is the ocean. The Fe, N, and P in dust particles 
are one of the most important nutrients for ocean biochemistry since the storage of carbon by algae 
is dependent on the deposition of these elements (Falkowski et al., 1998; Mahowald et al., 2010; 
Moore et al., 2013; Okin et al., 2011). The deposition of Fe by aerosols can be responsible for 50% of 
the carbon uptake in the ocean, depending on the nutrient concentration and chlorophyll activity, 
which is generally the highest in higher latitudes (Okin et al., 2011). The effect of Fe deposits is also 
great in areas with coastal upwelling regimes, such as the coast of Namibia (Capone and Hutchins, 
2013). Mahowald et al. (2010) described that the last century’s trends in dust deposition increased 
ocean productivity by 6%, which represents a carbon uptake of roughly 4 ppm from the atmosphere.  

Besides in the oceans, phosphorus is also often a limiting factor in forests and other ecological 
systems (Cleveland et al., 2002; Okin et al., 2011; Peterson et al., 1993; Wu et al., 2000). Swap et al. 
(1992) described the high quantity of Saharan dust that is being deposited in the Amazon and the 
increase in trace elements that this deposition brings to this nutrient-poor region (Swap et al., 1992). 
Also in South Africa, the deposition of dust brings nutrients such as K, Ca, and Zn to the nutrient-poor 
region of the fynbos ecosystems in the southwest of the country (Soderberg and Compton, 2007).  

1.2.2.2 Regional and global climate 
Dust suspension is one of the most important phenomena that generally has a cooling effect on 

earth’s climate (Boucher et al., 2013). The influence of dust on climate can be split into the influence 
of directly emitted aerosols such as mineral dust, black carbon (BC), organic carbon (OC), and sea 
salt, and aerosols that form in the atmosphere due to the chemical reactions such as secondary 
organic aerosols (SOA) and sulphate (Myhre et al., 2013). Aerosols can have positive and negative 
radiative forcing (RF) and the effect on the RF can be divided into direct and indirect aerosol effects 
(Boucher et al., 2013). The direct aerosol effect consists of the interaction between aerosols and 
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radiation, which generally has a negative RF, and the impact that aerosols have on a surface albedo 
after deposition, which generally has a positive RF. The indirect effect represents the aerosol-cloud 
interaction since aerosols function as droplet nuclei that encourage cloud formation, which then has 
a cooling effect on the earth’s climate (Forster et al., 2007). The effect of dust on climate introduces 
large uncertainties since it depends on the composition, size, altitude, and geographical location of 
the particle (Grantz et al., 2003; Mahowald et al., 2014). The RF values of aerosols, together with that 
of gases and other processes, are shown in Figure 1-2. This figure also shows the development of the 
total RF from aerosols over the last century, which shows an overall decrease in RF over time due to 
the increase in suspended aerosols. Mahowald et al. (2010) estimated that the increase in suspended 
dust between 1955 and 1989 could have resulted in a global temperature decrease of 0.11 °C. The 
removal of all current anthropogenic aerosols from the atmosphere could result in a global 
temperature increase of 0.5 °C (Samset et al., 2018). 

 

Figure 1-2. Figures from Myhre et al. (2013) showing the total RF from aerosols (left), and the increase in the RF 
of the different aerosols over the last 150 years (right). 

1.2.2.3 Human health 
According to the World Health Organisation (WHO), air pollution by aerosols has severe effects on 

human health. It is estimated that 2 million people are killed by air pollution each year (WHO, 2005). 
The severity of respiratory problems is often linked with the PM10 concentration since particles 
below 10 micrometres are small enough to reach the bronchioles, the deepest part of the lung (WHO, 
2005). The World Health Organization describes a PM10 concentration of up to 20 µg m-3 as an 
acceptable annual mean, and 50 micrometres as an acceptable mean for a period of 24 hours. 
Particles at 2.5 micrometres can even pass through the lungs and affect other internal organs and 
cause cardiovascular problems, for example (Martinelli et al., 2013). Other risks that dust storms 
pose to human health depend on the presence the pesticides, heavy metals, fungi, bacteria, pathogens, 
pollen, and spores that dust can contain (Goudie, 2013). Little is known about the influence of the 
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origin of dust on the microbial communities in the dust, but it has been suggested that agricultural 
practices create a more significant content of allergens and pathogens in the dust than natural 
conditions (Corden et al., 2003; Friesen et al., 2001). 

1.3 Physical processes and methods in wind erosion 

1.3.1 Wind erosion controls 
The intensity of wind erosion is controlled by a range of factors, as described in many wind erosion 

models such as the Wind Erosion Equation (WEQ) (Woodruff and Siddoway, 1965), the Revised Wind 
Erosion Equation (RWEQ) (Fryrear et al., 1998), the Wind Erosion Prediction System (WEPS) (Hagen, 
1991), the Dust Production Model (DPM) (Marticorena and Bergametti, 1995), and the Wind Erosion 
Assessment Model (WEAM) (Shao et al., 1996). This intensity depends on both the erodibility of a 
surface and the erosivity of the wind. The erodibility of soil depends on several factors that can 
roughly be defined as (1) the factors that influence the cohesion of a surface, (2) the factors that 
influence the quantity of erodible particles, and (3) the factors that influence the interaction with the 
wind. The cohesion can be influenced by, among others, moisture, aggregation, the presence of a 
crust, soil texture, chemistry, and mineralogy. The quantity of erodible particles is mainly defined by 
the particle size distribution and organic content. Characteristics such as the cover of soil from plants 
and stubble, and roughness, which can originate from tillage, cultivation, and aggregation, can 
influence the interaction of a surface with the wind and increase or decrease erosion. These controls 
are summarised in Figure 1-3, together with the interactions of these controls on different scales. The 
impact of land management on dust emission mainly regards the removal of vegetation cover and the 
disturbance of soil cohesion (Ginoux et al., 2012). 

 

Figure 1-3. Figure adapted from Webb and Strong (2011) showing the factors that can influence the erodibility of 
a surface on different scales. 

Soil cover, which originates from vegetation, plant residue or stubble, is generally seen as the initial 
main control of wind erosion since a high cover can almost completely prevent wind erosion (Chepil, 
1944; Tibke, 1988; Woodruff and Siddoway, 1965). The decrease in vegetation cover by human 
interference can come from grazing, crop production, or groundwater decrease. The effect that soil 
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cover has on wind erosion has been summarised by Funk and Engel (2015) as the reduction of the 
wind velocity near the surface, the increase in roughness, the decrease in threshold velocity, the 
direct protection of a surface by the overlying cover, and the reduction of the horizontal sediment 
mass. Only with a low vegetation cover, do other surface erodibility controls, as summarised in Figure 
1-3, become relevant. 

A high cohesion is often the result of the formation of a soil crust, which can either be a biological 
or physical crust. Biological crusts consist of algae, lichens, cyanobacteria, and/or mosses that create 
a cohesive surface due to the formation of filaments that bind soil grains together (Belnap et al., 2008; 
McKenna Neuman et al., 1996). They are relevant surface characteristics for the stabilisation of the 
soil and prevention of wind erosion in many semi-arid and arid areas (Belnap, 2006; Eldridge and 
Leys, 2003; McKenna Neuman et al., 1996; McKenna Neuman and Maxwell, 1999). However, the 
formation of a biological crust after disturbance takes many years (Belnap, 2006, 2001; Belnap and 
Gillette, 1998), which makes these crusts not common in agricultural areas. Physical crusts, however, 
can form on much shorter timescales. Physical crusts form due to the disintegration of aggregates by 
slaking and raindrop impact, and the dispersion and movement of fine, often clay, particles (Bryan, 
2000; Gal et al., 1984; Morin, 1993; Qiang-guo, 2001; Zejun et al., 2002). The formation of crusts 
depends on the clay, silt, and organic carbon content, the aggregate stability, and the rainfall 
characteristics, as summarised by Valentin and Bresson (1997). Crust formation is often regarded as 
a form of soil degradation due to its enhancement of interill erosion and the restraining effect on 
seedling emergence (Ries and Hirt, 2008; Valentin and Bresson, 1997, 1992; Zejun et al., 2002), but 
crusts can also minimize degradation by protecting the soil against wind erosion (Gillette et al., 2001, 
1982, 1980; Goossens, 2004; Klose et al., 2019; Rice et al., 1996; Rice and McEwan, 2001; Sharratt 
and Vaddella, 2014; Sterk et al., 1999; Yan et al., 2015; Zobeck, 1991a). Even after disturbance, the 
crust clods that remain can limit erosion due to their roughness and cohesion, as described by 
(Gillette, 1988). 

Besides the erodibility of a soil, wind erosivity, mainly defined by wind velocity and air density, 
determines the amount of wind erosion and dust emission. Wind erosion can happen by deflation, 
which is the process whereby wind lifts and transports loose, single particles. This can be combined 
with abrasion, whereby saltating sand particles hit a surface and launch other particles, after which 
finer particles can be picked up by the wind. Besides the big effect that abrading particles can have 
on dust emissions (Houser and Nickling, 2001a; Rice et al., 1996; Shao et al., 1993), abrasion is also 
one of the main processes that can degrade crusts and aggregates (Langston and McKenna Neuman, 
2005; McKenna Neuman et al., 1996; Rajot et al., 2003). Regarding the influence of the wind velocity, 
it is generally assumed as a rough estimate that dust emission is proportional to the cube of the 
velocity (Gillette, 1977; Nickling and Gillies, 1989; Shao et al., 1993; Sweeney et al., 2008). However, 
the exact relationship is determined by the many characteristics of a soil surface and is strongly 
dependent on whether a surface is supply limited or supply unlimited. 
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1.3.2 Field monitoring methods 
The most common way for measuring the emission of dust and wind erosion that is taking place in 

an area is by monitoring the process on a field scale. This most often relies on instruments that can 
quantify the eroding sediments in a point-scale measurement. The most commonly used instrument 
type is passive sediment samplers because of their low cost and long-term monitoring capabilities. 
Over time, different passive samplers have been developed that measure the horizontal sediment 
flux, such as the Big Spring Number Eight (BSNE, Fryrear, 1986), the Modified Wilson and Cook 
(MWAC, Wilson and Cooke, 1980), the Wedge Dust Flux Gauge (WDFG, Hall et al., 1993), the 
Suspended Sediment Trap (SUSTRA, Janssen and Tetzlaff, 1991), the Guelph-Trent Wedge trap (GTW, 
Nickling and McKenna Neuman, 1997), the International Centre for Eremology sampler (ICE, Cornelis 
and Gabriels, 2003), and the Basaran & Erpul Sediment Trap (BEST) (Basaran et al., 2011). The 
different efficiencies of these samplers and their dependency on wind velocity have been described 
by several studies (Basaran et al., 2011; Goossens and Offer, 2000; Mendez et al., 2011; Nickling and 
McKenna Neuman, 1997). Furthermore, passive samplers that measure vertical deposition such as 
the Marble Dust Collector (MDCO), dust deposition gauges (Hall et al., 1993), and other “frisbee-type” 
dust samplers (Wiggs and Holmes, 2011) are commonly used. More advanced field monitoring 
instruments include active dust samplers and saltation sensors. Saltation sensors, such as the Sensit 
(Stockton and Gillette, 1990), Saltation Flux Impact Responder (SAFIRE, Baas, 2004), and the 
saltiphone (Spaan and van den Abeele, 1991), are especially used to determine the saltation 
threshold velocity. 

Field monitoring on wind erosion and dust emission are measurements that are often accompanied 
by meteorological measurements, from which especially high temporal wind velocity measurements 
are important, and characterisation of the field characteristics. Field characteristics can include 
descriptions of roughness, vegetation, cohesion, and soil characteristics. The latter can be described 
by the grainsize distribution, aggregate stability, soil density, and soil content, such as the organic 
carbon content. The field and soil characteristics can be described by many more variables, but will 
generally all fit in one of the surface characteristics as described in paragraph 1.3.1. 

1.3.3 Experimental measurements 
To determine the erodibility of soil in an experimental way, a wind tunnel is the most commonly 

used method. The basic principle of a wind tunnel is using an artificial wind stream with a logarithmic 
wind profile to mimic natural wind conditions. This logarithmic wind profile is necessary to create 
turbulence that is responsible for the uplift of particles from the surface (Raupach and Leys, 1990). 
Even though a wind tunnel is one of the best ways to mimic wind erosion, the big disadvantage is that 
most wind tunnels cannot be used in the field, and even portable wind tunnels require big efforts to 
employ, which limits the amount of measurement that can be done. 

Another instrument that can be used for soil erodibility measurements is the in 2007 presented 
Portable In-Situ Wind Erosion Laboratory (PI-SWERL) (Etyemezian et al., 2007). The PI-SWERL uses 



Chapter 1 

10 
 

a circular blade to create shear stress on a surface, after which it measures the dust concentration 
that is emitted from the soil. The PI-SWERL is much smaller than a traditional wind tunnel, which 
makes it practical for field measurement, making a larger number of measurements and replicates 
possible. However, in contrast to most wind tunnels, the PI-SWERL does not create an artificial wind 
profile. The comparability between the emission from the PI-SWERL and the straight-line wind 
tunnel has been made by Sweeney et al. (2008), but whether the threshold friction velocity measured 
by the PI-SWERL is comparable to that of a wind tunnel has yet to be determined 

1.3.4 Satellite imagery 
The applicability of satellite data has given large insights into the global dust sources, from which 

the Total Ozone Mapping Spectrometer (TOMS), Meteosat Second generation - Spinning Enhanced 
Visible and Infrared Imager (MSG-SEVRI), Moderate Resolution Imaging Spectroradiometer 
(MODIS), and Landsat have been most widely used to assess dust source areas. The TOMS was the 
first method to identify the global dust distribution using the Aerosol Index (AI), which quantifies the 
absorption of UV, between 340 nm and 380 nm (Herman et al., 1997; Prospero et al., 2002). The 
TOMS has a daily data acquisition with a resolution of 13 by 24 km and is most suitable for detecting 
larger inland sources and is not suitable for detecting non-UV absorbing aerosols. The MSG-SEVIRI 
has a 15-minute sampling rate and a resolution of 4 by 4 km, from which the Infrared reflections (8.7, 
10.8 and 12.0 micrometres wavelengths) are used to detect temperature differences between 
aerosols and land (Schepanski et al., 2007; Vickery et al., 2013). The MODIS samples twice per day 
with a resolution of 250 by 250 metres and uses visual to far-infrared bands (between 0.4 and 14.4 
micrometres) (Miller, 2003; Vickery et al., 2013). Lastly, the Landsat has the highest spatial 
resolution (15 by 15 metres to 30 by 30 metres) but the lowest temporal resolution (16 days). The 
advantages of the different methods depend on the resolution, whereby higher resolutions can detect 
emissive landforms or even dust source points and lower resolutions can detect emissive regions. 
Furthermore, the sampling rate and the sensitivity to detect certain types of dust with different 
compositions, latitudes, and surface backgrounds are relevant for prioritizing satellite data. 

1.3.5 Wind erosion models 
To gain insight into the spatial and temporal variation of wind erosion and dust emission, and to 

enable predictions in these processes, wind erosion models have been developed. These models 
generally include one or multiple variables describing the influence of wind, climate (including 
precipitation and humidity), vegetation, roughness, soil texture and composition, and cohesion. 
These models are generally based on values that were empirically determined by field and 
experimental measurements (Zobeck et al. 2003). It should be noted that these wind erosion models 
describe the quantity of sediment eroded by wind, and are therefore not necessarily an indication of 
the amount of dust that is being suspended in the air. 

A summary of the seven most common wind erosion models has been given by Zobeck et al. (2003), 
from which three take the presence of a crust into account: the wind erosion equation (WEQ, 
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Woodruff & Siddoway, 1965), the wind erosion prediction system WEPS (Hagen, 1991), and RWEQ 
(Fryrear et al., 1998). The quantification of the influence of crusts differs per wind erosion model. For 
the WEQ the presence of a crust is a sixth of the erodibility of loose soil. However, it is assumed that 
crusts can disintegrate over time and the authors state that when an average erodibility is considered 
the crust factor can be disregarded. The WEPS uses a more complex expression of the influence of 
crusts, which entails the crust fraction, crust thickness, loose particles on the crust, crust density, and 
crust stability (Hagen, 1991; Zobeck et al., 2003). For the RWEQ, a soil crust factor (SCF) expresses 
the resistance of crusts against abrasion and is calculated as follows:  

𝑆𝑆𝑆𝑆𝑆𝑆 =
1

1 + 0.0066(𝑆𝑆𝐶𝐶)2 + 0.021(𝑂𝑂𝑂𝑂)2 (1) 

Whereby Cl represents the clay content (%) and OM the organic matter content (%), both values 
accounted for a range of 5% to 39.3% and 0.32% to 4.74%, respectively. The formation of a crust has 
been assumed after a rainfall of 12 mm. Hereby it is taken into account that any tillage activities 
destroy a crust completely. However, no external factors such as abraders have been taken into 
account in this wind erosion model. 

1.4 The Free State as a dust source 

1.4.1 Southern African dust emission 
The dust emission from Southern Africa is around 3.4% of the global dust emission (Tanaka and 

Chiba, 2006). Vickery et al. (2013) identified dust plume sources in Southern Africa from 2005 to 
2008 using a combination of MODIS and MSG-SERVI data. This study found that the largest number 
of dust plume sources originated from the Etosha Pan and the Namib Coast in Namibia, and the 
Makgadikgadi Basin in Botswana. In South Africa, the Western Kalahari and the Free State showed a 
small quantity of dust plume sources. A study from Eckardt et al. (2020) used the MSG-SERVI data to 
identify the dust sources from 2006 to 2016 in South Africa. Their data showed that 71% of the 
identified sources were located in the Free State province (Figure 1-4). As mentioned before, the dust 
emission from this region has been identified by Vickery et al. (2013) and Ginoux et al. (2012). 
Furthermore, wind erosion in the Free State has been described by Holmes et al. (2008; 2012) and 
Wiggs and Holmes (2011). However, the Free State has not yet been recognized in the literature as 
the major dust source region in South Africa. 
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Figure 1-4. Figure from Eckardt et al. (2020) showing their identified dust source points and the source point 
from Vickery et al. (2013) (A), the direction of the plume headings (B), and the tracked route from the identified 

dust plumes (C). 

The identified dust source points are mainly located in the centre to the northwestern part of the 
Free State, around the city of Bultfontein (Figure 1-5). The land cover of the 10 km buffer radius of 
the dust source points in the Free State accounts for 62% of natural land, and for 34% of agricultural 
land (Eckardt et al., 2020). Most of the dust source buffer areas are on Luvisols and Arenosols (30% 
and 21%, respectively), soils that are commonly under agricultural use in this region (Hensley et al., 
2006). Other prominent soils are Lixisol, Cambisols, and Calcisoil (15%, 14%, and 10%, 
respectively)1. The dust season is between August and December but can start as early as June and 
extend to January (Figure 1-6). This temporal pattern can be linked with the cropping activities in 
this region, which leaves the agricultural fields harvested and often disturbed by tillage during this 
period.  

                                                             

1 The classification used by this thesis and Eckardt et al. (2020) is from the World Reference Base (WRB). A national 
classification on the soil types and soil families in South Africa has been made by the Soil Classification Working Group 
(1991). 
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Figure 1-5. The soil map of the Free State showing the main soil types. The soil data comes from the Soil and 
Terrain Database (SOTER) for South Africa (FAO-ISRIC 2003).  

 

Figure 1-6. The dust event count per month from 2006 to 2016, and the number of Cold Fronts (CF) and 
Stationary Troughs (ST) that have been related to the dust events. The data comes from Eckardt et al. (2020). 

1.4.2 Free State climate and weather  
The Free State is located between the humid regions in the east, the arid Kalahari to the west, and 

the semi-arid Karoo in the south (Wiggs and Holmes, 2011). In general, the mean annual precipitation 
ranges from 400 mm in the southwestern part of the province to above 1000 mm in the outermost 
eastern part, (Figure 1-7). The Free State has a semi-arid climate, except for the arid climate in the 
southwest, with a precipitation /evaporation ratio (AI) of 0.2 to 0.5, (Hensley et al., 2006). The Free 
State has a summer rainy season, the onset of which starts in the east and moves to the west (Figure 
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1-7). However, the quantity and pattern of precipitation in this region are highly variable per year, as 
described by Moeletsi (2010) and shown in Figure 1-8.  

 

Figure 1-7. Figure adapted from Moeletsi (2010) showing the total annual precipitation pattern (left) and the 
onset of the rainy season with 80% non-exceeding probabilities (right). 

 

Figure 1-8. The yearly precipitation pattern in Bultfontein. The rainfall data comes from the weather station of 
the Agricultural Research Council (ARC) near Bultfontein. 

The Free State experiences strong winds that reach the highest velocities in November, with the 
main wind direction being in NNE or SSW direction, but the strongest winds having a predominantly 
NW direction (Figure 1-9). The strong winds in the Free State are caused by thunderstorms from 
stationary troughs and cold fronts (Kruger et al., 2010). Eckardt et al. (2020) described that cold 
fronts tend to be the main cause of dust events from June to August, and stationary troughs tend to 
be the main cause of dust events later in the dust season (Figure 1-6). Cold fronts can result in strong 
northern to western winds (South African Weather Bureau, SAWB, from Eckardt et al. 2020) and are 
the result of eastward-moving frontal systems that cause steep pressure gradients (Kruger and 
Service, 2004). Stationary troughs produce prevailing winds from both southern and northern 
directions (Eckardt et al., 2020). The wind patterns are also visible in the wind rose from Bultfontein 
(Figure 1-9). Dust events themselves appear to be almost solely day events, mostly taking place 
between 09:30 to 12:30, with a wind velocity of 10 to 11 m s-1 (Eckardt et al., 2020). 
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Figure 1-9. The wind rose (left) and daily maximum wind velocity per month from (right) from 2006 to 2018 in 
Bultfontein. The wind data comes from the weather station of the ARC near Bultfontein. 

1.4.3 Geological background 
The current geographical setting of the Free State is significantly influenced by its geology (Holmes 

and Barker, 2006). The Free State is partially located on the Highveld, an interior plateau in South 
Africa that has an elevation of between 1500 and 2100 metres above sea level (ASL). The geology of 
this region is mainly influenced by the tectonic activities during the time of the supercontinent 
Gondwana. The Free State geology is made up of the Karoo Supergroup, a stratigraphic unit that 
covers the largest part of South Africa (Figure 1-10), which was deposited between the Late 
Carboniferous and Jurassic periods. Below is a simplified description of the geological history of 
Southern Africa, which is based on descriptions from Catuneanu et al. (2005), Holmes and Barker, 
(2006), McCourt (2016), and Oriolo and Becker (2018).  
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Figure 1-10. Geological map from Hancox and Götz (2014) showing the location of stratigraphic groups from the 
Karoo Supergroup. The Adelaide and Tarkastad Subgroup are part of the Beaufort group, and the Molteno and 

Elliot Formation are part of the Stormberg group. 

The Archean-aged Kalahari Craton forms the base of the Southern African subcontinent. This craton 
is split into the Zimbabwe Craton to the north, and the Kaapvaal craton to the south by the Limpopo 
Belt, whereby the Kaapvaal craton is the continental base for the largest part of South Africa (Figure 
1-10). This was followed by the formation of the Namaqua Belt south of the Kaapvaal Craton between 
1400 and 1000 Ma during the assembly of the supercontinent Rodinia (Eglington, 2006). Around 600 
Ma, the Pan-African orogeny led to the formation of the supercontinent Gondwana (Siegesmund et 
al., 2018). Following, around 500 Ma, the divergent movement of the Falkland Plateau caused a rift 
in the Southern part of Gondwana, which led to the accumulation of sediments in the rift valley, which 
formed the Cape Supergroup. This divergent movement changed to a convergent one around 330 Ma, 
which resulted in the closing of this rift valley, the folding of the Cape Supergroup, and the formation 
of the Cape Fold Mountains, which are still a prominent feature of the South African landscapes. The 
weight of this mountain range caused the lowering of the continental crust, which results in the 
formation of the Karoo Ocean. This sea is the base for the formation of the Karoo Supergroup. 

At the end of the Carboniferous, around 300 Ma, the Karoo Ocean was located near the South Pole 
and was covered for large parts with thick ice sheets. When Gondwana moved in a northerly 
direction, these ice sheets melted and the deposits from this ice formed the Dwyka group. The 
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drainage towards the sea created deltas and vegetated regions. This became the sandstones and 
shales of the Ecca group. The vegetation resulted in the formation of coal which is mined in certain 
regions of the Highveld. Slowly the Karoo Sea was in-filled with sediments, and the region became a 
terrestrial environment dominated by rivers from the Cape Fold Mountains. These resulted in the 
deposition of the Beaufort Group which consisted of shale, mudstone, and sandstone and covers the 
central part of the Free State. During the late Triassic (around 237 Ma), the South African part of 
Gondwana became drier and more arid, and alluvial fans and rivers resulted in the deposition of 
sandstones from the Stormberg Group. These sandstones are found in the eastern part of the Free 
State, and also make up the famous yellow sand stone feature of the Golden Gates Highlands National 
Park. At the end of the Gondwana stage, rifting along the Pan-African welts preceded the break-up of 
Gondwana which started around 182 Ma. Rupture in the continental crust led to the outflow of 
basaltic lava which covered nearly the whole of Southern Africa and which forms the current 
Drakensberg group of rocks. Within 2 million years, 1600 metres of basaltic rocks were horizontally 
deposited. Also, the dolerite sills in the Karoo Supergroup formed. During this period, the continent 
also experienced uplift and the development of rift valleys along the current continental borders.  

After the break-up of Gondwana, around 180 Ma, the Highveld region was a high-laying region and 
changed from a depositional to an erosional environment. This alluvial erosion moved from the 
higher-lying regions of Lesotho to the Atlantic Ocean, similar to the current drainage of the Orange 
River and the Vaal River in the Free State. The whole of the Drakensberg group was eroded in the 
Free State, and parts of the Stromberg, Beaufort and Ecca groups have been eroded. Only some of the 
dolerite sills from the Drakensberg group remain, protecting the underlying sedimentary rocks, 
which results in dolerite hills in the landscape of the Free State and the Highveld.  

1.4.4 Geographical background 
Currently, the Free State is the highest-laying province in South Africa, with almost the entire area 

laying above a 1000-metre altitude ASL. The majority of the province has a slope gradient of < 5% 
(Holmes and Barker, 2006). The Free State is bordered by the Orange River in the south and the Vaal 
River in the north. The Orange River is thought to have changed its drainage several times (Partridge, 
1987). Several smaller rivers including the Modder River, Riet River, Vet River, Vlas River, and Wilge 
River drain westwards through the province. The Free State has almost completely a grassland 
biome, with some savannah and Nama Karoo areas in the west (Rutherford et al., 2006). 

Free State soils are mainly of a sandy texture, from which Luvisol soils are the most prominent 
(Figure 1-5). These sandy soils are thought to have an aeolian origin due to their contrast with the 
fine-grained shale substrates and their rounded grain properties, whereby the Kalahari desert is 
likely the origin of these grains (Barker, 2002). The soils in the northwestern part of the Free State 
can be linked with blown-out sediment from the Vaal River specifically. Most of the Free State soils 
overlay the Beaufort and Ecca shales. These shales serve as parent material, whose influence is 
expected to be fairly uniform (Hensley et al., 2006). However, the occurrence of calcium carbonate in 
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soils, like in the Calcisols, can be attributed to nearby, higher-laying dolerite. The climate has a large 
impact on soil formation: in the arid and semi-arid south-western part of the province, the soil has a 
predominant red B horizon, which is more yellow-brown in the northeast due to the higher rainfall 
in this region (Hensley et al., 2006). Also, the lack of clay-rich Vertisols, Acrisols, and Plinthosols in 
arid regions can be attributed to the lack of chemical weathering (Hensley et al., 2006).  

The Free State is characterised by a high concentration of pans which can be characterised as flat, 
closed depressions and are often associated with arid climates (Goudie, 1991; Holmes et al., 2008). 
There are roughly 8800 pans in the Free State, which cover 3% of the surface (Geldenhuys, 1982), 
whereby especially the northwestern region of the Free State holds a high concentration of pans 
(Roux and Le Roux, 1978). The presence of pans in the Free State has furthermore been linked with 
the Ecca shales (Goudie, 1991; Goudie and Wells, 1995). Pans are the result of drainage activities 
followed by wind erosion (Goudie, 1991). The often-observed crescent-shaped or lunette dunes 
downwind of pans confirm the relationship with wind erosion (Goudie and Thomas, 1986; Horowitz 
et al., 1978; Visser and Joubert, 1991). Pans are known for being major emitters of dust (Prospero et 
al., 2002; Vickery et al., 2013; von Holdt et al., 2017). Eckardt et al. (2020) described that the pans in 
the dust emission buffer area take up only 1% of the surface area, and are generally less than 2 ha. 
However, Eckardt et al. (2020) do call for a more extensive examination of smaller pans in the Free 
State due to the decrease in surface water (Pekel et al., 2016). 

1.4.5 Cropland system 
The Free State province is known for its large-scale commercial agriculture, which dates back to 

the 19th century. The following description of the agricultural history of the Free State is based on the 
information provided by Holmes et al. (2012). The grasslands of the Free State were used by the 
indigenous inhabitants for cattle grazing and hunting. The trekboers, which arrived in the Highveld 
at the end of the 18th century, performed similar practices of cattle grazing. The first European 
settlements likely occurred around 1850 (Nixon 1880), after the Great trek led to the mass migration 
of people into the interior of the country from the coastal Cape Colony. The settlers redistributed the 
land for private possession which was inherited within individual families and led to the birth of 
commercial agriculture. This was in contrast with the communal sharing of land by indigenous 
inhabitants (Holmes et al. 2012). Commercial farming was further stimulated by the building of the 
railway from Kimberley, a city in the Northern Cape on the border with the Free State, to Cape Town 
in 1985, as a consequence of the diamond mines located near Kimberley (Robert 1976). At present, 
more than 99% of arable land remains under commercial ownership (DAFF, 2018), and agriculture 
is practised on a large scale. 

At the moment, the highest proportion of land in the Free State remains under agricultural usage, 
which is either for cattle grazing or crop production. Figure 1-11 shows the distribution of land use 
in the Free State, and the relative proportions of crops produced. Agriculture in this semi-arid region 
is supported by sandy and loamy soils that have a high infiltration rate and can function as a storage 
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for water (Hensley et al., 2006). The main crop that is grown in the Free State is maize (Zea mays), 
followed by soybeans (Glycine max), sunflowers (Helianthus annuus), wheat (Triticum aestivum), dry 
bean (Phaseolus vulgaris), sorghum (Sorghum bicolor), groundnut (Arachis hypogaea), and barley 
(Hordeum vulgare). On average, the Free State produces 5.8 million tonnes of food per year (DAFF, 
2018). This high production is notable since 28% of the province has been identified as non-arable, 
with land currently under arable production having been classified as having a very low (6%), low 
(35%), or medium (31%) agricultural potential by Hensley et al. (2006). This classification has been 
based on the soil type and climate conditions. Precipitation above 450 mm has been regarded as 
necessary for any crop production, but higher precipitation increases the agricultural potential 
strongly (Hensley et al., 2006; Moeletsi, 2010). The land that has been identified as non-arable is 
located in the arid southwest and is used for cattle farming. Agriculture in the Free State is 
furthermore controlled by the onset of the rainy season, which starts on average in December and 
ends in April (Moeletsi and Walker, 2012). For the soil types, sandy loam or loamy sand soil is 
preferred since this offers easy infiltration and reduces incidences of run-off and soil erosion 
(Hensley et al., 2006; Tait and Zheng, 2003).  

 

Figure 1-11. The land use distribution in the Free State from 2006 to 2017 relative to the total size (ha) (left). The 
data comes from the DAFF (2018). 

Maize is the preferred crop for most farmers considering its high financial yield. However, farmers 
in the region of Bultfontein have stated that maize should be planted before the end of December to 
limit the risk of a failed harvest due to frost damage. This would only be possible, however, if 
sufficient rainfall has fallen, which again emphasizes the importance of the onset of the rainy season, 
as raised by Moeletsi (2010). The optimum planting window is later for sunflowers (personal 
communication). Winter wheat is the only crop that can be planted in winter due to its frost 
resistance (Tait and Zheng, 2003). However, the profit of wheat is low due to international 
competition and decreasing demand (Moeletsi, 2010). Lastly, on average 17% of the agricultural area 
consists of fallow land (Figure 1-11). This can be the result of a late onset of the rainy season, causing 
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farmers to miss the planting window. However, a fallow field can also be a purposeful decision to 
store more water in the soil for the planting season next year (Bennie and Hensley, 2001).  

1.4.6 Climate sensitivity of Free State agriculture 
Homes et al. (2012) identified the start of the mobilization of sediment in the Free State to be 

around the year 1880. However, as described by Eckardt et al. (2020), dust storms have been 
observed as early as 1861 (Widdicombe, 1891), which matches the beginning of commercial 
agriculture in this region. At the moment, almost all the arable land is utilised, with only 1.7% of the 
land area has been identified as uncultivated but potentially arable. This would indicate that the 
erodible area will not increase strongly and that any future changes in dust emission will likely be 
triggered by changes in agricultural practices or climate change. 

The emission of dust at the global scale is expected to be influenced by climate change. To 
determine whether this would also be the case for croplands in the Free State, the specifics of the 
climate change in this region and its possible effect on agriculture need to be considered. For the 
whole of South Africa the maximum and minimum temperatures are expected to increase and 
decrease, respectively, combined with a general increase in temperature (DEA, 2013). Generally, an 
increase in rainfall is expected during the rainy season in spring and summer, and a decrease in 
autumn (DEA, 2013). The yearly change in rainfall is uncertain and depends on the climate scenario. 
In recent years, a delay in the start of the rainy season has been observed, but it cannot be confirmed 
whether this is statistically significant (AgMIP). Lastly, the wind erosivity in Southern Africa is 
expected to increase (Thomas et al., 2005). A link between the dust emission in the Free State and 
the remobilisation of Kalahari sand dunes due to climate change (Thomas et al., 2005) has also been 
reported by Baker and Holmes (2006).  

Rainfall is the most important parameter controlling the crop yield in the Free State (Hensley et al. 
2006; Moeletsi 2010), and both the onset and quantity are of importance. However, due to 
uncertainties in the climate models, it is not possible to make certain statements on the influence of 
climate change on crop growth. The expected increase in rainfall in the summer season would be 
advantageous for maize growth. However, this would require no delay on the onset of the rainy 
season, since a delayed rainy season would increase the number of fallow fields or the risk of frost 
damage. A decrease in rainfall is mainly expected in the autumn and winter, which would be strongly 
disadvantageous for the growth of winter wheat since it relies on rainfall during this season and the 
remaining moisture in the soil after the rainy season has ended (personal communication). 
Considering the importance of this crop for cover and protection against erosion during the dust 
season, a decrease in winter wheat could enhance the emission of dust.  

An increase in temperature could have positive effects on crop yields since frost has been identified 
as one of the main risks for crop production in the Free State (Moeletsi 2010). However, the 
contrasting decrease in minimum temperatures might counterbalance the increase in temperature, 
or even exacerbate the effect of the frost damage. At the moment, temperature has not been raised 
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as a problematic phenomenon for crop yields. The development of heat-resistant crops has been 
suggested by Agricultural Model Intercomparison and Improvement Project (AgMIP), to prevent 
damage from high maximum temperatures. In conclusion, there are many insecurities regarding the 
influence of climate change on agricultural activities in the Free State, but the high-risk scenarios for 
farmers will likely increase. This could lead to more fallow fields or fields with low vegetation cover, 
which could, in combination with the excepted increase in wind velocities, increase dust emissions. 

1.5 Knowledge gap 
Free State has been identified as the most emissive region in South Africa (Eckardt et al., 2020). 

This emission can be linked to large-scale agriculture that is practised on the sandy and loamy soils 
in this region. Due to these agricultural practices, fields are left with little plant cover between harvest 
and the start of the next rainy season, which leaves soil vulnerable to wind erosion. Harvest takes 
place anytime between May and August, and the planting season between November and January, 
depending on the crop type and the weather conditions. This time frame corresponds with the dust 
period from August to December described by Eckardt et al. (2020). Despite the yearly patterns of 
the dust events, the count of events appears to vary greatly (Figure 1-12) with the lowest number 
being recorded in 2009 when no events were detected, and more than 40 events recorded in 2016. 
Dust events cannot solely be explained by variations in wind velocity (Figure 1-12), which begs the 
question which surface characteristics play a role in the emission of dust, and to what extent dust 
emissions could be reduced?  

Eckardt et al. (2020) already pointed out the increase in fallow fields during the dusty year of 
2015/2016. As discussed in Chapter 1.3, a low cover of vegetation has often been seen as the 
dominant amplifier in dust emission and is also given as a reason for the specific dust season in the 
Free State. When a significant cover from stubble or vegetation is missing, the remaining factors that 
could play a role in the emission of dust from the soil surface are soil texture, moisture content, 
surface roughness, and the presence of a soil crust, as discussed in Chapter 1.2.  

 

Figure 1-12. The monthly wind events count per year (left) and the wind event count (right) from 2006 to 2016. A 
wind event is defined as an event where the wind velocity exceeds 10 m s-1. The dust event data comes from 

Eckardt et al. (2020) and the wind data comes from the weather station of ARC near Bultfontein. 
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The difference in soil type throughout the Free State is expected to result in different soil textures 
(Hensley et al., 2006), but Eckardt et al. (2020) described all emissive surfaces to consist of mainly 
fine sand and coarse silt. Wiggs and Holmes (2011) described the influence of moisture to be a minor 
control in limiting dust emission, partially because months with higher rainfall are accompanied by 
higher wind velocities. Furthermore, due to the low rainfall and quick evaporation, the moisture 
content of the soil surface is expected to only be relevant for short periods. However, since moisture 
could still strongly decrease soil erodibility during these short periods after rain events, it is still a 
significant factor for short periods. The influence of soil roughness from a bare, disturbed surface has 
been described by Wiggs and Holmes (2011). They demonstrated a linear relationship between the 
aerodynamic roughness, a value that was influenced by the tillage ridges and clods, with the 
threshold velocity, and the influence these factors have on the collection of dust. However, this study 
lacks a comparison with different field conditions.  

In contrast to the moisture, roughness, soil texture, and soil cover from vegetation or crop residue, 
the presence of soil crusts on sandy soils and its relationship to dust emission has received little 
attention. Soil crusts on Free State croplands are expected to be exclusively physical since biological 
crusts develop over many years when a soil is not disturbed (Belnap, 2001). As described in Chapter 
1.3.1, the influence of soil crusts has been described in experimental and natural settings, but their 
influence on agricultural fields has received little attention (Nerger et al., 2017). Another question 
that remains is whether soil crusts are relevant on such sandy soils, since clay, silt, and total organic 
carbon (TOC) contents are considered to be the main soil characteristic that drive the formation of 
crusts (Zobeck, 1991b). This also indicates that the influence and variation of soil type, texture, and 
chemistry are indirectly also relevant for dust emissions from surface crusts. For this thesis, the focus 
will be on the influence of crusts on the emission from the Free State cropland soils. Hereby, the 
interaction with crusts and the aforementioned factors, texture, moisture, chemistry, and soil cover 
will be taken into account.  

The knowledge of the role of crusts on dust emission, and its interaction with other surface 
characteristics, is not only relevant in the framework of the Free State. As shown in Figure 1-1, 
regions with intensive land use are a significant dust source, with both on and off-site effects. 
Especially agricultural lands with sandy soils in semi-arid to arid regions are sensitive to wind 
erosion. Regions with conditions comparable to the Free State are, for example, Sahelian Africa 
(Sterk, 2003; Visser and Sterk, 2007), Northern China and Mongolia (Li et al., 2014; Liu et al., 2006; 
Xi and Sokolik, 2015; Zhou et al., 2015), Australia (McTainsh et al., 1990), Spain (López et al., 1998), 
India (Santra et al., 2017), the United States and Mexico (Hagen, 1991; Rivera Rivera et al., 2010; 
Sharratt and Collins, 2018), and Argentina (Buschiazzo et al., 1999). This makes the Free State a good 
analogue to study the emission from dry, sandy, croplands.  
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1.6 Research question, aims, and thesis structure 
The main research question of this thesis is: “What role do crusts play in the emission from Free State 

croplands?”. To address this question, a combination of experimental and field studies has been 
performed. The dust emission potential was measured with the PI-SWERL since it is a light and easily 
portable instrument. This required a cross-comparison between the PI-SWERL and a traditional 
straight-line wind tunnel. Furthermore, pathogens and allergens in the dust needed to be assessed to 
determine the possible offsite risks for human health. To address these points and the main research 
question, the following aims were posed: 

1. Create a cross-comparison between the PI-SWERL and a traditional wind tunnel; 
2. Determine how soil crusts develop under rainfall; 
3. Determine the difference in emissivity between crusts and loose surfaces and determine the 

surface characteristics that influence the emissivity of these surfaces; 
4. Describe the main pathogens and allergens that are present in the suspended dust and the 

fractionation that these microbial organisms show compared to the emitting soil; 
5. Determine under which conditions the soil cover is low enough for crusts to become a 

significant factor in dust emission. 

These aims are addressed in Chapters 2 to 6. Chapter 2 focuses on the first aim: the cross-
comparison between the PI-SWERL and a portable straight-line wind tunnel. Since the PI-SWERL is 
the main instrument for the measurement of dust emissions, this instrument requires verification 
and comparison with the more commonly used straight-line wind tunnel. The focus is on the 
threshold friction velocity of dust, which could be influenced by both deflation and saltation. This 
study has been published in 2021 in Aeolian Research, under the title “A cross-comparison of threshold 
friction velocities for PM10 emissions between a traditional portable straight-line wind tunnel and PI-
SWERL”. 

Chapter 3 investigates the formation and emissivity of soil crusts in an experimental setting. This 
addresses the second aim and partially the third aim of this thesis. Rainfall simulations on Free State 
cropland soil provide insight into the formation of physical soil crusts and the increase of cohesion 
with rainfall. Hereby the simulated rainfall represents natural rainfall conditions in the Free State. 
Secondly, the emissions of crusts are compared with the emission from loose surfaces using the PI-
SWERL. Hereby the possible influence of saltators is also taken into account since this has often been 
raised as an important factor in increasing the emission from crusts. This study has been published 
in 2020 in the journal, Land, under the title “Physical Crust Formation on Sandy Soils and Their 
Potential to Reduce Dust Emissions from Croplands”. 

The fourth chapter presents field measurements on emissions from loose and crusted surfaces and 
contributes to achieving the third aim. Furthermore, soil surfaces were characterised by their shear 
strength, texture, chemistry, moisture content, and the amount of saltating grains during the 
experiment. This gives insight into what other surface characteristics, besides the surface type, could 



Chapter 1 

24 
 

influence dust emissions from croplands. Besides the comparison between these crust and loose 
surfaces, these dust emission measurements enable a comparison to be drawn between experimental 
and field measurements. This study has been published in Aeolian Research in 2021, under the title 
“Assessing the emission potential of sandy, dryland soils in South Africa using the PI-SWERL”. 

Chapter 5 presents results from a microbial study using the PI-SWERL on the Free State croplands 
and addresses the fourth aim of this thesis. Considering the potential of the Free State dust to reach 
the densely populated Gauteng province, the negative health impact of this dust is of high relevance. 
The measurements focus on allergens and pathogens in the dust, which are suspected to be more 
significant in dust from agricultural areas than that from natural sources. It furthermore offers a 
comparison between the PI-SWERL and passive dust samplers for microbial research, which has 
relevance for future, high spatial resolution microbial dust research. This study has been published 
in Microbial Ecology in 2021 under the title “Gone with the Wind: Microbial Communities Associated 
with Dust from Emissive Farmlands”. 

The sixth chapter focuses on the fifth aim by presenting field monitoring measurements on four 
fields under different scenarios of crust and soil cover. Since the quantity of soil cover can differ 
greatly between fields during the dust season, partially by purposeful management and partially by 
weather conditions, it is important to understand the influence that soil cover has on the emission 
from a field. This study presents the sediment flux and saltation threshold of these fields, in 
combination with UAV analyses to quantify soil cover. This gives insight into the soil cover conditions 
which protect soil against wind erosion, and under which conditions crusts can play a significant role 
in preventing dust emission. This study has been published in Agronomy in 2022 under the title 
“Influence of Crop and Land Management on Wind Erosion from Sandy Soils in Dryland Agriculture” 

In the last chapter, the results of the previous chapters will be summarised and discussed, together 
with the implications that these results could have for dryland crop farming, and the points that 
should be addressed by future research. 

1.7 Study framework 
This thesis is part of a Swiss National Science Foundation (SNSF) and National Research Foundation 

(NRF) funded joint research project (grant number 170942) with the title “South African croplands 
dust emission risks: Physical thresholds, environmental and socio-economic impacts”. This research 
project is a collaboration between the University of Basel, the University of Cape Town, the 
Agricultural Research Council, and the University of Pretoria. The following two aims have been set 
for this project: 

1. “Improving the understanding of the environmental boundary conditions for dust emissions 
on South African cropland.” 

2. “Producing knowledge on land management best practices and sediment quality to mitigate 
the impact of dust emission on ecosystem services, climate and public health.” 
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To address these aims, five work packages were developed that have the following objectives: 

1. “To identify the spatial and temporal pattern of dust emissions from agricultural land in South 
Africa  

2. To determine the environmental boundary conditions for dust emission on South African 
cropland identified as dust sources in work package 1 

3. To identify the impact of land management practices on dust emission and ecosystem services 
losses 

4. To identify microbiomics air contamination due to dust 
5. To synthesize the above information and produce holistic knowledge on dispersal, impact of dust 

and thresholds to inform policy in farming systems” 

This thesis is part of the second and fourth work packages. 
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2.1 Abstract 
Experiments in large wind tunnels have made vital contributions to our knowledge of aeolian 

processes. However, the size of these instruments makes them impractical for field application. To 
facilitate field measurements on the dust emission potential of soils, the Portable In-Situ Wind 
Erosion Lab (PI-SWERL) was developed. Previous research shows that the PI-SWERL can be used to 
quantify dust emission potentials and (threshold) friction velocities. Studies that compare the PI-
SWERL to traditional wind tunnels mainly focus on the dust emission potential at various friction 
velocities. In the present study, we quantified the threshold friction velocity for PM10 emission using 
a PI-SWERL and compare it to results obtained with a straight-line wind tunnel: the Portable Wind 
and Rainfall Simulator of the University of Basel (PWRS). Tests were performed on two types of 
substrate: fine sand (NS1) and loamy sand (DS1). For NS1, a threshold friction velocity of 0.33 m s-1 
was identified from both the PI-SWERL and the PWRS data. For DS1, identified threshold friction 
velocities showed differences: 0.25 m s-1 by the PI-SWERL and 0.39 m s-1 by the PWRS. The position 
of the DustTrak II monitor’s inlet tube and variations of the fan’s speed by different operators could 
explain the difference in identified thresholds. Although different threshold friction velocities were 
obtained for one of the substrates, we believe that comparable results can be achieved by adjusting 
the experimental design in future research. Therefore, the PI-SWERL can be successfully used to 
quantify thresholds, facilitating dust emission studies in more remote regions. 

Keywords: Dust emission potential; threshold friction velocity; vertical PM10 flux; wind tunnel 
experiment; PI-SWERL 

2.2 Introduction 
Wind erosion occurs in a large variety of (semi-)arid areas around the globe, and is initiated when 

the wind exceeds the critical velocity for particle entrainment. This threshold friction velocity is 
influenced by multiple factors, such as vegetation cover, the presence of soil aggregates, and soil 
moisture (Fécan et al., 1999; Shao and Lu, 2000). Saltation fluxes and dust emission quantities in a 
specific region are dependent on the threshold friction velocity (Kok et al., 2014). Estimates of 
threshold values from various soil surfaces are required as input data in most dust emission models. 
To limit uncertainties in threshold friction velocity data, large quantities of local data are required 
(Li and Zhang, 2011). Generally, most of these data are collected using large field wind tunnels. 

Much of our understanding of aeolian processes, and the susceptibility of a soil to wind erosion, 
comes from the outcomes of wind tunnel experiments (Van Pelt and Zobeck, 2013). Traditionally, 
friction velocities and dust emissions have been quantified in experiments with different types of 
wind tunnels (e.g., Bagnold, 1941; Gillette, 1988; Roney and White, 2006; Shao et al., 1993). A 
distinction can be made between small wind tunnels with lengths up to 3.5 m, and large wind tunnels 
that are above 4 m long (Raupach and Leys, 1990). Large wind tunnels are often preferred for 
studying aeolian processes, as their properties enable simulation of a more realistic, natural 
atmospheric boundary layer (White and Mounla, 1991). However, the wind tunnel’s size results in 
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several practical disadvantages. Large wind tunnels are relatively heavy, making them less suitable 
for application in regions with low accessibility and thus limiting their overall benefits. In addition, 
the instrument’s size requires relatively large areas of flat terrain to collect accurate measurements 
(Sweeney et al., 2008). Furthermore, the average construction time in the field is long and multiple 
people are needed to set up, pack and transport the instrument (Fister and Ries, 2009). 

In order to reduce these disadvantages, the Portable In-Situ Wind Erosion Laboratory (PI-SWERL) 
was developed by the Desert Research Institute in Nevada, USA, to facilitate field measurements on 
the dust emission potential of soils. The main advantage of the PI-SWERL is its compact size, which 
requires a short set-up time and makes it easier to transport. In this research, we employed the PI-
SWERL model MPS-2b (version November 2018), which is described in detail in the Methods Section. 

Sweeney et al. (2008) acknowledge that the PI-SWERL violates most of the guidelines for large-field 
wind tunnel design, as listed by Raupach and Leys (1990). They mention that the PI-SWERL is not 
designed to simulate the natural atmospheric boundary layer, as large wind tunnels attempt to do. 
Instead, the device can provide a measure of soil erodibility, based on the relationship between 
friction velocity and dust emission. In their study, the PI-SWERL was compared with the straight-line, 
suction-type, field wind tunnel of the University of Guelph to test its reliability (Sweeney et al., 2008). 
A close to 1:1 correspondence was found between the dust emissions for most soil surfaces. However, 
the PI-SWERL systematically measured higher dust emissions for gravel-covered surfaces at all 
friction velocities. The size and distribution of non-erodible roughness elements, such as gravel, affect 
the boundary layer flow and thus, the amount of shear stress exerted on the surface. This different 
behaviour of the shear stress led to an underestimation of the threshold friction velocity for rough 
surfaces by the original relationship between RPM and friction velocity used for the PI-SWERL 
(Sweeney et al, 2008). To compensate for this underestimation, a surface roughness correction factor 
must be used for rough surfaces when calculating friction velocities based on the RPMs (Etyemezian 
et al., 2014). 

Most studies that used the PI-SWERL have been focused on studying the dust emission potential of 
different soil surfaces at various friction velocities in different regions in the world, e.g., the Namib 
Desert in Namibia (von Holdt et al., 2017), the Tengger and Mu Us Desert in Northern China (Cui et 
al., 2019b), coastal dunes in California, USA (Mejia et al., 2019), the Colorado Plateau in the USA (Fick 
et al., 2020), Yellow Lake Playa, USA (Sweeney et al., 2016), Athabasca Oil Sands Region in Canada 
(Wang et al., 2015), and the Mongolian steppe (Munkhtsetseg et al., 2016). Others aimed to compare 
the dust emission potential of the PI-SWERL to a wind tunnel, for similar friction velocities (Kavouras 
et al., 2009; King et al., 2011; Sweeney et al., 2008). The PI-SWERL was also successfully used to 
quantify threshold friction velocities for various substrates, for example on volcanic ashes 
(Etyemezian et al., 2019) and off-road trails (Goossens and Buck, 2009). In the current study, we 
aimed to determine if thresholds for PM10 emission are comparable between both instruments for 
two substrates. To accomplish this aim, experiments with a similar design were performed with both 
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the PI-SWERL and a wind tunnel: the Portable Wind and Rainfall Simulator (PWRS) of the University 
of Basel. 

2.3 Materials and methods 

2.3.1 Materials 
Two types of substrate with varying textures (Figure 2-1) were used to identify the effects of 

particle size and sorting on the threshold friction velocity of PM10 emission. The first substrate (NS1) 
originated from a silver sand mine in Limburg, The Netherlands, and was mined from a Miocene 
formation. The D50, or median particle diameter, of this first substrate was 212 μm, and 70% of its 
particles were categorized as very fine sand (range between 62.5 μm and 125 μm). The second 
substrate (DS1) is a loamy sand soil, which was collected from Central Jutland, near Foulum, 
Denmark, with a D50 of 246 μm. Both substrates have a similar D50, but differ substantially in their 
fraction with particles smaller than 100 μm. Approximately 25% of DS1′s mass consists of particles 
below 100 μm, while NS1 only has 7% of its particles in this fraction. 

 

Figure 2-1. The cumulative particle size distribution of NS1 and DS1. 

Both substrates were first oven-dried at 40 °C and then sieved through a 2 mm sieve. This sample 
preparation reduced the effect of various factors, such as the presence of aggregates and high soil 
moisture that were likely to affect dust entrainment. The particle size distribution of both substrates 
was analysed with the Mastersizer 2000, a laser diffraction particle size analyser, using wet 
dispersion. 
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2.3.2 Methods 

2.3.2.1 PI-SWERL 
In this research, we employed the PI-SWERL model MPS-2b (version November 2018) (Figure 2-

2). This model has a cylindrical chamber with a diameter of 30 cm and a height of 20 cm. The chamber 
is open at the bottom and can be placed over the soil of interest. A foam seal surrounding the edge of 
the chamber ensures a direct connection with the soil surface. A computer-controlled 24-volt DC 
motor is attached to the top of the chamber, which provides power to a flat annular blade (⌀25 cm, 6 
cm width). The blade is aligned in parallel to the soil surface while maintaining approximately 5 cm 
distance. As a result of the rotation of the blade, a velocity gradient is generated between the blade 
and the soil underneath, creating a shear stress on the soil surface (Sweeney et al., 2008). The 
magnitude of the shear stress depends on the revolutions per minute (RPM). A large enough shear 
stress leads to the entrainment of soil particles. During an experiment, the PM10 concentration inside 
the chamber of the PI-SWERL is monitored by a DustTrak II monitor (TSI Incorporated, 2018). A 
detailed description of the PI-SWERL system, based on a previous model version, is provided by 
Etyemezian (2018). 

 

Figure 2-2. PI-SWERL model MPS-2b – Chamber with mounted DustTrak II monitor. 
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The PI-SWERL was programmed with the SwerlView application, provided by the Desert Research 
Institute. The same pre-programmed hybrid test was used for all experiments and consisted of the 
following phases: i) starting phase: a 30-second period of 0 RPM and running ventilation (100 L min-
1) to clean the air in the chamber, ii) ramp phase: slow increase of RPM from zero to a target value of 
3175 RPM within a time span of 120 s, iii) constant phase: RPM were kept constant for 240 s and iv) 
ending phase: RPM were reduced to zero within 30 s. The total duration of the experiment was 420 
s. 

The RPM is converted to a friction velocity, using 

𝑢𝑢∗ =  𝑆𝑆1 𝛼𝛼4 𝑅𝑅𝑅𝑅𝑂𝑂𝐶𝐶2/𝛼𝛼 (1) 

Where u* is the friction velocity (m s-1), C1 refers to a constant of 0.000683, C2 is a constant of 0.832 
and α depends on the surface roughness (Etyemezian, 2018). Values of α are based on four roughness 
categories, where the lowest surface roughness is linked to category A, a silt–clay crusted playa with 
minimal cracking and sparse gravel, and the highest surface roughness refers to category D, a gravel 
covered surface. Furthermore categories B (sandy loam desert soil with <5% gravel cover) and C (a 
rippled dune surface with <10% gravel cover) are defined (Etyemezian et al., 2014). An α of 0.94, 
corresponding to roughness category B, was chosen to convert the set target value of 3175 RPM to a 
friction velocity of 0.67 m s-1 (Eq. (1)). This specific friction velocity was chosen for the experiment 
because previous research by Etyemezian et al. (2007) has shown that the corresponding friction 
velocity is sufficient to generate dust emission for most soil surfaces. 

In addition to running the PI-SWERL program, the SwerlView application was also used to keep 
track of PM10 concentrations and the number of saltating particles during each hybrid test, PM10 
concentrations in the chamber of the PI-SWERL were measured by a TSI DustTrak II monitor (model 
8530) by active sampling with 3 L min-1 at a one-second interval. The optical gate sensors (OGS) 
peak area provides an indication of larger particles moving in the chamber. In the present set-up with 
high amounts of loose sand, the OGS sensors seemed to detect relatively unreliable numbers, due to 
the sheer number of particles. Therefore, they were not used in this research. 

The hybrid test was repeated 10 times per test substrate (NS1 and DS1). A circular tray (⌀ 40.5 cm) 
was filled with 5 L of substrate before every test and an aluminium bar was used to flatten the surface. 
Left-over material from completed tests was recycled and mixed with new substrate before the start 
of each consecutive test run to guarantee a homogenous sample. During the experiment, the test 
surface was expected to become dust depleted, as dust was removed from the chamber via the 
exhaust pipe. To test this assumption, a surface sample was collected at the end of each test run. 
Additionally, to gain insight into the particle size distribution of the total emission, a Dyson V7 Trigger 
handheld vacuum cleaner was attached to the PI-SWERL (Figure 2-3a). A custom-made connector 
piece connected the Dyson with the exhaust pipe (Figure 2-3b). At both sides of the connector piece, 
two 2 cm holes were drilled to ensure an undisturbed air flow. The particles collected by the Dyson 
were sampled after every other test run and a corresponding sample was taken from the test surface. 
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The particle size distributions of the surface and Dyson samples were analysed with the Mastersizer 
2000, using wet dispersion. Subsequently, these results were compared to the original particle size 
distribution of the substrates (Figure 2-1) to determine the degree of mobilization of PM10-sized 
dust and larger particles during each test run. 

 

Figure 2-3. Modification to the PI-SWERL to collect emitted particles during the hybrid test. (a) Dyson V7 Trigger 
Handheld vacuum cleaner attached to the exhaust pipe, and (b) the custom-made connector piece. 

To prevent cross-contamination between experiments, the chamber of the PI-SWERL had to be kept 
clean. Therefore, the inside of the chamber was cleaned with a brush after each test run. In addition, 
a cleaning cycle was performed after five consecutive test runs and before changing the test 
substrate. The cleaning cycle was a ramp test on a clean test surface (i.e., empty sample tray) at 5000 
RPMs that lasted for 300 s. This procedure ensured that any dust that was left behind after simple 
cleaning with a brush was removed from the PI-SWERL’s chamber. In addition, the impactor plate of 
the DustTrak II monitor was cleaned regularly to ensure accurate measurements. 

2.3.2.2 Portable straight-line wind tunnel 
For the cross-comparison with the PI-SWERL, the Portable Wind and Rainfall Simulator (PWRS) of 

the University of Basel was used (Figure 2-4). This straight-line wind tunnel is based on the device 
from Trier University (Fister et al., 2012, 2011). The Basel PWRS consists of five components that 
together have a length of 11 m: the fan, the transition section, the converter section, the honeycomb 
air-straightener and the test section. Airflow, or wind, is generated by a push-type fan, which is driven 
by a 3.7 kW electro-mechanical system. The velocity of the fan can be set between 2 and 12 m s-1. The 
honeycomb consists of 448 PVC tubes, each 25 cm long and 4 cm in diameter and the adjacent test 
section that is 4 m long and has a 0.8 by 0.8 m cross-section. 
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Figure 2-4. The Portable Wind and Rainfall Simulator of the University of Basel stationed in the experimental 
rainfall laboratory at Witterswil. a) The push-type fan, b) a technical 3D drawing of the wind tunnel from (top 

view) and c) a schematic 2D overview (side view). Dimensions are shown in millimetres (Figure 2-4b and c from 
Fabbri, 2018). 

The test section has four detachable sections. The roof of the test section was lowered by wooden 
plates along its full length to reduce the tunnel height to 60 cm and thus increase wind velocities near 
the ground. The floor of the test section is covered with a 2 mm thick bitumen layer, which has a 
sanded top. At a 3.5 m distance from the start of the test section, a square tray (35 × 35 cm) with the 
substrate of interest was placed. The application of Irwin spires and roughness elements in the first 
metre of the test section creates an artificial boundary layer with a thickness of 26 cm. 

During the experiment, no abraders or saltators were added to the set-up, meaning that for both 
substrates particle entrainment was initiated solely by the fluid force, i.e., the wind. To measure PM10 
emissions from the test surfaces, a DustTrak II monitor was positioned at the end of the test section. 
This is the same instrument that was used to quantify PM10 concentrations during the PI-SWERL 
experiments. The inlet tube of the instrument was installed at 9 cm above the tunnel floor. 
Furthermore, sediment traps were installed over a height gradient at the end of the test section to 
provide information about the vertical distribution of emitted particles. Seven Modified Wilson and 
Cook (MWAC; Wilson and Cooke, 1980) samplers were positioned with their inlets at respectively 
0.5, 3, 9, 15, 22, 27 and 32.5 cm above the tunnel floor. 
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In the test section of the PWRS, a vane anemometer probe and a hot wire probe were installed at 
40 cm height at the end of the tunnel’s test section. They were used as reference measurements for 
the wind speed, humidity, and air-temperature, respectively. The observed wind velocities by the 
vane anemometer probe can be transformed into friction velocities, using the logarithmic law of 
Prandtl-Karman 

𝑢𝑢∗ =  
𝑢𝑢 ∗  𝐾𝐾

ln ( 𝑧𝑧𝑧𝑧0
)

 (2) 

Where u is the velocity at height z, u* is the friction velocity (m s-1), κ is the dimensionless von-
Kármán constant with a universal value of 0.40, z is the height (m) above the surface, and z0 is the 
surface aerodynamic roughness length in metres (Prandtl, 1935). The PWRS has a surface roughness 
length of 50 μm (Fabbri, 2018). Measurements from the vane anemometer and the hotwire probe 
were collected with a hand-held Testo 480 digital temperature, humidity and air flow meter (Testo 
SE & Co. KGaA, n.d.). 

The performed wind tunnel test was designed to mimic the pattern of the hybrid test of the PI-
SWERL. The speed of the fan was increased over the course of 120 s, with 1 V per 4 s, creating a ramp 
towards its maximum of 50 V. This top speed, translating to 15 m s-1, was maintained for 60 s before 
switching off the system. The rather short duration of 60 s was chosen, because otherwise, the 
depletion of the material in the sand tray would have been too big, causing further problems, such as 
scouring or sheltering of the surface by the rim of the tray. The test was repeated 10 times per 
substrate (NS1 and DS1). Before each test run, the square sample tray was refilled and the material 
was flattened with an aluminium bar to ensure low surface roughness. After every other test, surface 
samples were taken from the remaining substrate in the sample tray to verify if dust depletion 
occurred. The particle size distribution of the samples was analysed with the Mastersizer 2000 using 
wet dispersion. Unfortunately, due to human error, post-test surface samples were only collected for 
NS1. Therefore, no particle size distribution analysis was performed on DS1 post-test surface 
samples. Furthermore, the contents of the seven MWAC samplers were weighed. 

2.3.2.3 Cross-comparison between instruments 
To detect the start of PM10 emission, and thus the respective threshold friction velocity for the 

substrate, increasing trends were identified from the PI-SWERL and PWRS datasets. For the PI-
SWERL, all replicates showed relatively large variance at the start of the experiment, which made a 
precise determination of the threshold friction velocity difficult. Therefore, as soon as ten data points 
(1 Hz interval) with an increasing trend could be identified in the measurements, the start of PM10 
emission was defined, of which the first data point was marked as the threshold friction velocity. To 
quantify the threshold friction velocity in the PWRS data, the same method was applied. The 
reference wind velocities and the observed PM10 concentrations were plotted against time. Based on 
these data, an increasing trend in PM10 emissions was observed of which the first data point indicated 
the threshold friction velocity. To compare identified thresholds between the two experiments, a one-
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way analysis of variance (ANOVA) was performed to determine if the group mean of the PI-SWERL 
threshold friction velocities for each substrate differed from those derived from the PWRS 
experiments. The analysis was done using MATLAB R2018b software. 

Furthermore, the PM10 emission for both substrates was quantified. For the PI-SWERL experiments, 
the vertical dust flux (EF) was determined using Equation (3) (Etyemezian, 2018). 

𝐸𝐸𝑆𝑆(𝑡𝑡) =  
𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∗ 𝑆𝑆𝑅𝑅 ∗ 0.0000167

𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
 (3) 

Here, Cdust (mg m-3) is the average PM10 concentration in the PI-SWERL’s chamber, FR (L min-1) is 
the flow rate through the chamber and Aeff refers to the effective area of the instrument, which was 
estimated to be 0.035 m2 for this model (Etyemezian et al., 2014). Unfortunately, it was impossible 
to measure dust emissions over a vertical profile and calculate the vertical PM10 fluxes for the PWRS, 
because only a single DustTrak II monitor was installed in the wind tunnel. Alternatively, the 
cumulative PM10 concentration (mg m-3) was determined. Although not comparable to the vertical 
dust flux of the PI-SWERL measurements, the average PM10 concentration in the PWRS does show 
which substrate emitted more dust. These trends were expected to be similar to those in the PI-
SWERL data. 

2.4 Results 

2.4.1 Threshold friction velocities 
For both NS1 and DS1, the PI-SWERL data show a clear start of PM10 emission. The PM10 

concentration of all replicate measurements followed a similar pattern with increasing RPM (Figure 
2-5). The threshold friction velocity of NS1 was identified at 0.33 m s-1, on average. DS1 emitted PM10 
at a lower threshold friction velocity of 0.25 m s-1. As illustrated by Figure 2-5, the PWRS data did not 
show a rapid increase in PM10 emissions, as was observed during the PI-SWERL experiments. Instead, 
PM10 emissions increased slower and with more fluctuations. Therefore, it was not possible to 
identify ten subsequent increasing points in the data, as planned in the original methodology. For 
NS1, only seven subsequent points could be identified that marked the start of PM10 emission. For 
DS1, the number of subsequent increasing points was even limited to three or four. For the PWRS 
measurements, PM10 was emitted from NS1 after exceeding a friction velocity of 0.33 m s-1. This 
threshold friction velocity is the same as the threshold observed from the PI-SWERL experiment. In 
contrast, the PWRS did not yield comparable results for DS1. Here, a threshold friction velocity of 
0.39 m s-1 was observed, which is higher compared to the 0.25 m s-1 from the PI-SWERL 
measurements. The PI-SWERL and the PWRS results both showed some degree of variation in the 
threshold friction velocity between replicates. However, the standard deviation of the PWRS data 
was larger (σNS1 = 0.03 and σDS1 = 0.04) than the standard deviation of the PI-SWERL data (σNS1 = 0.01 
and σDS1 = 0.01). 

https://www.sciencedirect.com/science/article/pii/S1875963720301130#b0020
https://www.sciencedirect.com/science/article/pii/S1875963720301130#f0025
https://www.sciencedirect.com/science/article/pii/S1875963720301130#f0025
https://www.sciencedirect.com/science/article/pii/S1875963720301130#f0025
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Figure 2-5. Identified threshold friction velocities for the PI-SWERL (5a, 5b) and PWRS (5c, 5d). The average 
critical friction velocity for PM10 emission is marked by the blue square. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article). 

These findings suggest that the PI-SWERL and the PWRS yield similar results for NS1. The average 
threshold friction velocity of NS1 from the PI-SWERL was 0.9% higher than the threshold measured 
by the PWRS. In contrast, average threshold friction velocities for DS1 that were measured by the PI-
SWERL were 34.7% higher than those derived from PWRS tests. Because the ANOVA returned a p-
value of 0.716 for NS1, the null hypothesis could not be rejected. In other words, this finding suggests 
that the threshold friction velocities for NS1 are comparable. The group means of DS1, on the other 
hand, did differ significantly with a p-value of 1.5x10-8. 

2.4.2 Dust emission fluxes 
NS1 and DS1 emitted highly variable PM10 concentrations for both instruments (Figure 2-6). 

Emission patterns differ between the instruments. Dust emission during the PI-SWERL experiments 
is marked by a sharp increase in PM10 concentrations, while PM10 values during PWRS experiments 
increase more gradually. Variability in PM10 emissions was much higher during the PI-SWERL 
experiments, compared to the PWRS data. Despite the large variance for both instruments, the 
pattern of PM10 emission behaved similarly between replicates of both NS1 and DS1. An average 

https://www.sciencedirect.com/science/article/pii/S1875963720301130#f0030
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PM10 emission flux of 2.86 mg m-2 s-1 was observed for NS1, which was about two times less than the 
emission flux of DS1 (6.91 mg m-2 s-1). The standard deviations of the observed emission fluxes were 
0.53 mg m-2 s-1 for NS1 and 0.88 mg m-2 s-1 for DS1. Unfortunately, the set-up of the DustTrak II 
monitor in the wind tunnel did not allow for the calculation of the PM10 emission flux. Alternatively, 
we determined the cumulative PM10 concentration during a wind tunnel test. Calculations show that 
an average of 10.12 mg m-3 was measured by the DustTrak II monitor for NS1, while DS1 emitted 
10.91 mg m-3 on average. The total PM10 emission data had a standard deviation of 3.08 mg m-3 NS1 
and 3.81 mg m-3 for DS1. 

 

Figure 2-6. PM10 concentrations and corresponding friction velocities (u*), measured by the PI-SWERL (6a, 6b) 
and the PWRS (6c, 6d). Star represents the identified threshold friction velocity. Note that the scale of the 

PM10 axis is different for the PI-SWERL and PWRS runs. 

During the PWRS experiment, passive samplers 1 to 4 showed that more material was captured for 
NS1 than for DS1 (Table 2-1; Figure 2-7). MWAC 1 to 4 collected in sum 10.35 and 3.31 g for NS1 and 
DS1, respectively. For both test substrates, most material was trapped by MWACs 1 and 2. On 
average, 6.35 g in MWAC 1 and 3.85 g in MWAC 2 were trapped for NS1, while weights of DS1 were 
significantly lower with only 1.98 g in MWAC 1 and 1.19 g MWAC 2. MWACs 5, 6 and 7 did not collect 
any (measurable) material during the wind tunnel experiments, because they were located above the 
artificial boundary layer. 

 

https://www.sciencedirect.com/science/article/pii/S1875963720301130#t0005
https://www.sciencedirect.com/science/article/pii/S1875963720301130#f0035
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Table 2-1. Mass trapped by the MWAC passive samplers. 

 Mass trapped 
MWAC nr. Height (cm) NS1 – mean (g) NS1 – std (g) DS1 – mean (g) DS1 – std (g) 
1 0.5 6.35 0.72 1.98 0.43 
2 3 3.85 0.50 1.19 0.24 
3 9 0.13 0.05 0.13 0.04 
4 15 0.02 0.02 0.01 0.01 
Total mass trapped (g) 10.35 3.31 

 

 

Figure 2-7. Average weights of trapped NS1 and DS1 in MWAC sampler 1 to 4. 

Particle size analysis of NS1 showed that after the PWRS experiments, the cumulative mass 
percentages of the sample’s surface were comparable to the original distribution of the substrate 
(Figure 2-8). This lack of depletion of fines could have been caused by either too short exposure times 
or a non-selectivity of the erosion process due to high shear stresses applied. Similarly, the PI-
SWERL’s post-experiment particle size distribution did not change much for NS1. On the contrary, 
for DS1, depletion of the finer fractions (<100 μm) was observed when comparing the surface 
samples to the particle size distribution of the original sample. Furthermore, for both substrates, the 
samples from the Dyson attachment showed that only smaller particles (<100 μm) were emitted 
from the PI-SWERL. 

https://www.sciencedirect.com/science/article/pii/S1875963720301130#f0040
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Figure 2-8. The average cumulative particle size distribution of the original substrates (NS1 and DS1), surface 
samples after the PI-SWERL and PWRS experiments, and the Dyson samples. 

2.5 Discussion 
In this research, we aimed to explore the ability of the PI-SWERL to quantify the threshold friction 

velocities for PM10 emissions. We hypothesised that the threshold friction velocities measured by the 
PI-SWERL and the PWRS would be comparable. For NS1, the threshold was identified at 0.33 m s-

1 from the PI-SWERL data, which corresponds to a wind speed of 6.35 m s-1 at 2 m above the surface. 
The same threshold friction velocity was derived from the PWRS data, which indicates comparability 
of the two methods. However, for DS1 the threshold friction velocities differed significantly between 
instruments. The PI-SWERL obtained a critical value of 0.25 m s-1, whereas a threshold of 0.39 m s-

1 was identified from the PWRS data. For reference, these threshold friction velocities correspond to 
4.79 and 7.33 m s-1 at 2 m above the surface for NS1 and DS1, respectively. 

Another factor that might have caused the deviation of thresholds between devices for DS1 is that 
the PWRS experiments were performed on different days (NS1 on day 1, DS1 on day 2). 
Environmental conditions differed between the test days, with an average temperature of 16.5 °C and 
relative humidity of 58.8% on the first day. On the second day of the PWRS experiments, the average 
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temperature was 9.3 °C and the relative humidity decreased to 46.0%. Temperature and relative 
humidity during the PI-SWERL experiment were similar to the environmental conditions of the first 
PWRS test day. Humidity directly influences the threshold friction velocity of a soil, as it strengthens 
the interparticle forces (McKenna Neuman, 2004). Temperature has an indirect effect on the critical 
value for particle entrainment. The drag force is proportional to air density, meaning that with low 
temperature the drag force on a soil particle increases, therefore reducing the threshold friction 
velocity (Kok et al., 2012). Also, with low temperature, the matric potential is low, weakening the 
interparticle cohesive forces, thus reducing the threshold friction velocity (McKenna Neuman, 2004). 
Because of these deviating environmental conditions, we would expect that the threshold friction 
velocity of DS1 would be lower during the PWRS experiments, compared to the PI-SWERL tests. 
However, the opposite was observed. Therefore, the differences in environmental conditions do not 
explain the deviating threshold friction velocities for DS1. On the second day, DS1 was tested by a 
different operator, who might have manually controlled the fan slightly different, leading to 
variations in wind velocities and thus different threshold friction velocity during the experiment. This 
explanation is supported by the larger variation in observed PM10 emission patterns for DS1 
replicates. Based on these assumptions, it is likely that the actual PWRS measurements on both 
substrates are valid. However, the increased variability between DS1 replicates, due to operator 
change, could have also resulted in inaccurate identification of the threshold friction velocity for DS1. 

Lastly, some alterations should be made to the test set-up of the PWRS experiments to make it as 
similar as possible to the experimental design of the PI-SWERL. The PWRS tests lasted 190 s, while 
the PI-SWERL tests were much longer with 420 s. However, maintaining the PWRS test for 420 s was 
not possible because the sample tray in the tunnel floor would have been highly depleted in material 
before the end of the test. Increasing the size of the sample tray does not solve this problem. As soon 
as the material is below the rim of the tray, aerodynamic conditions change and material is emitted 
differently. This change in procedure would improve the comparability of the total dust flux between 
the instruments but not the issues with detecting the certain threshold friction velocities. 

Based on the observed experimental issues, it is important for future research to focus on reducing 
these factors from the PWRS experiments. Most importantly, the regulation of the fan’s speed must 
be done by a single observer or automatically. Ideally, both substrates should be tested on the same 
day to ensure repeatable environmental conditions between measurements. Furthermore, multiple 
DustTrak II monitors should be added to the PWRS’ experimental set-up. In the current design, it was 
not possible to measure dust emissions over a vertical profile and calculate vertical PM10 emission 
fluxes. In comparison, the study by Sweeney et al. (2008) used four DustTrak II monitors at 0.05, 0.10, 
0.17 and 0.25 m above the tunnel floor. 

When more DustTrak II monitors are added to the PWRS set-up, comparison of measured dust 
fluxes by both instruments would be possible. When comparing such results, underestimation of dust 
emission by the PI-SWERL should be considered. Due to the rotating movement of the blade, the PI-
SWERL behaves like a cyclone separator (Etyemezian et al., 2019). Particles will be separated based 

https://www.sciencedirect.com/science/article/pii/S1875963720301130#b0135
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on their particle size, and smaller particles are likely to follow the airflow and will be removed from 
the chamber by the exhaust pipe. However, larger particles remain in the chamber due to the cyclonic 
movement of the airflow. Etyemezian et al. (2019) suggest that this is the case for particles larger 
than 5 μm and that the effect strengthens with increasing particle size. In other words, PM10 dust 
emissions are likely to be underestimated. However, this potential underestimation needs further 
clarification and explanation because Sweeney et al. (2008) did not find such systematic variations. 
For NS1, 2.7% of its mass consists of particles with a diameter up to 10 μm (PM10), while for DS1 this 
is 8.6%. In addition, 0.7% of the particles of NS1 have diameters between 5 and 10 μm, while for DS1 
3.9% of the particles are within this size category. According to Etyemezian et al. (2019), we would 
expect slight underrepresentation, especially for DS1, of the PM10 emission during the PI-SWERL 
experiments. As a result, it is likely that the dust flux measurements of the PI-SWERL will 
systematically differ from the PWRS findings. 

2.6 Conclusion 
In previous research, the PI-SWERL has been successfully used to study the dust emission potential 

of various surfaces. In this research, we aimed to explore if the PI-SWERL can be used to quantify 
threshold friction velocities for PM10 emission by comparing its findings to those of a wind tunnel: 
the PWRS of the University of Basel. Two substrates were used during the experiments: NS1 and DS1. 
For NS1, threshold friction velocities of 0.33 m s-1 were found by both instruments. In contrast, the 
observed thresholds for DS1 were different. A threshold friction velocity of 0.25 m s-1 was quantified 
by the PI-SWERL, while the PWRS experiments yielded a different speed of 0.39 m s-1. The good 
comparability of thresholds for NS1 indicate that the PI-SWERL can be used to assess threshold 
friction velocities for PM10 dust emission. However, the rather large difference for DS1 shows that 
experimental issues need to be improved, before reliable results and a definite answer to the 
hypotheses can be formulated. 

The different threshold friction velocities can possibly be explained by the experimental design of 
the PWRS tests and also by the instrument’s operation by different persons. Lowering the inlet tube 
of the DustTrak II monitor should result in higher observed PM10 concentrations, making the 
identification of threshold friction velocities easier. The lack of a rapid increase of PM10 and highly 
variable emission patterns make precise quantification of the threshold velocities difficult. 
Furthermore, operation of the PWRS by different persons could explain the difference in 
PM10 emission patterns between substrates. The mechanical regulation of the push-type fan made 
precise control of the wind velocity between operators difficult. 

Furthermore, to improve quality and reliability of results, multiple DustTrak II monitors should be 
included in the experimental set-up and the duration of the PI-SWERL experiments should be 
shortened to increase similarity between experiments. Although our research did not yield a 1:1 
correspondence in threshold friction velocities for both substrates, we believe that with an improved 
and more comparable test set-up, the comparison of thresholds between the two methods can be 

https://www.sciencedirect.com/science/article/pii/S1875963720301130#b0030
https://www.sciencedirect.com/science/article/pii/S1875963720301130#b0135
https://www.sciencedirect.com/science/article/pii/S1875963720301130#b0030
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achieved. This would indicate that the PI-SWERL could be used in future research to supplement and 
even substitute threshold friction velocity datasets based on wind tunnel experiments, in the 
laboratory and, most importantly, in the field. 
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3.1 Abstract 
The sandy croplands in the Free State have been identified as one of the main dust sources in South 

Africa. The aim of this study was to investigate the occurrence and strength of physical soil crusts on 
cropland soils in the Free State, to identify the rainfall required to form a stable crust, and to test their 
impact on dust emissions. Crust strength was measured using a fall cone penetrometer and a torvane, 
while laboratory rainfall simulations were used to form experimental crusts. Dust emissions were 
measured with a Portable In-Situ Wind Erosion Laboratory (PI-SWERL). The laboratory rainfall 
simulations showed that stable crusts could be formed by 15 mm of rainfall. The PI-SWERL 
experiments illustrated that the PM10 emission flux of such crusts is between 0.14% and 0.26% of 
that of a non-crusted Luvisol and Arenosol, respectively. The presence of abraders on the crust can 
increase the emissions up to 4% and 8 % of the non-crusted dust flux. Overall, our study shows that 
crusts in the field are potentially strong enough to protect the soil surfaces against wind erosion 
during a phase of the cropping cycle when the soil surface in not protected by plants. 

Keywords: Wind erosion; soil crusts; PI-SWERL; rainfall experiment; crust strength 

3.2 Introduction 
The emission of dust can have offsite effects on the regional and global climate (Boucher et al., 2013; 

Shao et al., 2011; Tegen et al., 1997), global geochemical fluxes (Lawrence and Neff, 2009; Mahowald 
et al., 2009), and human health (Goudie, 2013; Sprigg, 2016). For the emitting surface, dust emissions 
can lead to land degradation due to the removal of fine soil particles and organic material, especially 
in semi-arid and arid environments (Bridges and Oldeman, 1999; Chappell et al., 2019; Oldeman, 
1992; Sterk et al., 1996; Visser and Sterk, 2007). Due to these impacts, many studies have focused on 
assessing the sources of dust and the factors controlling dust emission (Ginoux et al., 2012; 
Middleton, 2017; Prospero et al., 2002; Tegen et al., 2004). Dust is assumed to be largely emitted from 
natural surfaces, in particular deserts, but dust emissions from croplands are receiving increasing 
attention (Colazo and Buschiazzo, 2015; Funk et al., 2008; Prospero et al., 2002; Ries et al., 2009; 
Stout and Zobeck, 1996; Tegen et al., 2004; Zobeck et al., 2003; Zobeck and Van Pelt, 2006). 

The central and western parts of the Free State province in South Africa experience elevated dust 
emissions from croplands (Tegen et al., 2004; Vickery et al., 2013). Eckardt et al. (2020) showed that 
70% of the Meteosat Second Generation (MSG) identified dust source points of South Africa from 
2006 to 2016 are located in this province. The fine, suspended particles could have a serious impact 
on public health in this region. The emissions from the Free State can be attributed to commercial, 
rain fed croplands with sandy soils in a semi-arid climate, which renders them very vulnerable to 
wind erosion (Webb et al., 2013). It should be noted that the frequency of dust events identified for 
the Free State is relatively low in comparison to nearby desert regions, such as the Kalahari or the 
Namib desert (Ginoux et al., 2012; Vickery et al., 2013). However, the close proximity of these dust 
sources to urban centres and rural populations in the Free State and beyond may have an effect on 
human health and contribute to the loss of fertile soil in the source areas (Goudie, 2013). 
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Wind erosion in the Free State has already been identified as both a current and a historical 
phenomenon (Holmes et al., 2008, 2012). Holmes et al. (2012) emphasize that the increase in 
agricultural activities during the 20th century is responsible for an increase in wind erosion due to 
the removal of vegetation. However, only one study from Wiggs and Holmes (2011) focused in detail 
on the interaction between wind and surface properties of agricultural fields in the Free State. Their 
results show that erosion of ridges and filling of furrows on bare agricultural fields without soil crusts 
reduce the aerodynamic roughness and, consequently, reduce threshold wind velocities. Eckardt et 
al. (2020) showed that 85% of the 75 dust event days between 2006 and 2016 took place between 
August and November. However, the annual variability of dust events is dependent on drought and 
field cover. Without sufficient cover, soil properties and surface conditions remain the only control 
to dust emission in the Free State. Besides the influence of roughness and cover, the main factors that 
can control the emissivity are the soil texture and cohesion, which in turn is mainly controlled by the 
moisture content, and the presence of a physical or biological crust. Due to the regular disturbance 
of the surface, we only expect the formation of physical soil crusts and no presence of biological crust. 
In this study, we focus therefore on the possible influence of physical soil crusts as a boundary 
condition for dust emissions, and on how crust formation is influenced by agricultural practices.  

Soil crusts are commonly considered as enhancing water erosion (Belnap, 2001; Hu et al., 2013; Le 
Bissonnais et al., 1995). However, the positive influence of physical soil crusts on reducing wind 
erosion and dust emissions has been shown by experimental studies (Houser and Nickling, 2001b; 
Rice et al., 1996; Rice and McEwan, 2001; Zobeck, 1991a) as well as field measurements (Gillette, 
1988; Gillette et al., 2001, 1982, 1980; Goossens, 2004; Klose et al., 2019; Sharratt and Vaddella, 2014; 
Sterk et al., 1999; Yan et al., 2015). However, some studies also described the abrading effect of 
saltating particles on crusted surfaces, which results in the degradation of a crust and the emission 
of fine particles (Houser and Nickling, 2001b; Klose et al., 2019; Rajot et al., 2003; Rice et al., 1999, 
1996; Rice and McEwan, 2001). Especially for weaker crusts with a low content of fine particles, the 
ability of abraders to disrupt the crust appears to be very high.  

This study identifies the potential significance of physical soil crusts on dust emissions from 
Arenosols and Luvisols, which are widespread in the semi-arid rangelands of the world (Sanchez et 
al., 2009). We hypothesise that crusts potentially play a critical role in increasing soil cohesion and 
thus reducing dust emissions in the Free State. Hereby we must take the soil texture, the crust 
strength, the presence or absence of abraders, and the rainfall into account. To test this hypothesis, 
the specific aims of this study are to: 

1. Document the occurrence, structure, and properties of crusts on cropland during the 
emission season. 

2. Identify the constraining rainfall conditions that lead to formation of crusts on sandy 
cropland soils. 

3. Assess the potential impact of crusts and their abrasion on dust emissions using a Portable 
In-Situ Wind Erosion Laboratory (PI-SWERL).  
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The outcome of this study has implications beyond land degradation in the Free State and the air 
quality and human health in South Africa, because croplands on sandy soils are wide spread across 
the globe (Hartemink and Huting, 2008; Houyou et al., 2016; McTainsh et al., 1990; Sanchez et al., 
2009) and often subject to wind erosion (Colazo and Buschiazzo, 2015; Guo et al., 2014; Harper and 
Gilkes, 1994; Nan et al., 2018). Findings could also have a positive impact on the potential of 
implementing practices that protect crusts or even enhance their formation to reduce dust emissions 
from sandy soils. 

3.3 Materials and methods  

3.3.1 Introduction  
This study consists of three parts: (1) the field measurements of crust strength and soil sampling, 

(2) simulation of crust formation using laboratory rainfall, and (3) the dust emission measurements 
on crusts formed in the laboratory with the PI-SWERL. For both the field measurements and the 
laboratory rainfall experiments, the crust strength was analysed as an indication of its resistance 
against wind erosion (Goossens, 2004; Goossens and Buck, 2009; Houser and Nickling, 2001a; Rice 
et al., 1999; Rice and McEwan, 2001; von Holdt et al., 2019). 

3.3.2 Site description and field measurements 
The research area is located in the north-western part of the Free State province, north of 

Bultfontein (Figure 3-1). This area was selected because it is in the centre of the region with the 
greatest number of dust emission events identified by Eckardt et al. (2020). Furthermore, two soil 
types most commonly associated with these emissions and which are commonly used for crop 
farming are predominant in this area. Luvisols are characterised by a clay enrichment in the B 
horizon, whereas Arenosols are generally more homogenous in soil texture with depth. A climate 
station from the Agricultural Research Council (ARC) on the farm Arbeidskroon situated 10 km north 
of Bultfontein provided data on the recent climate of this area (Figure 3-2 and Figure 3-3). The rainy 
season is in summer (November - April), whereas during the winter months (May – October) dry 
periods are very common. The rainfall in this region can be characterized by high inter-annual and 
seasonal variability. Between 2006 and 2018, the average annual rainfall was 477 mm (representing 
the growing season), with a minimum rainfall of 294 mm in 2015/2016 and a maximum of 813 mm 
in 2010/2011. The mean annual air temperature in the aforementioned period was 17.1 °C with daily 
maximum values in summer that can exceed 35°C, but lowers in winter to below 0 °C. After the 
Köppen-Geiger classification, the climate is categorised as BSk (semi-arid, steppe climate). The 
predominant wind directions are NNE and SSW with the greatest velocities for winds coming from 
NW directions. The study area is prone to wind erosion due to the supply of fine silt associated with 
sandy soils, farming practices which make these available for entrainment, and frequent winds with 
high wind velocities, especially during the dry winter months which generate a high transport 
potential (Figure 3-2).  
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Figure 3-1. South Africa with the Free State province marked in dark orange (a) and the soil map of the research 

area with the location of the studied fields, see also Table 3-1 (b). Province borders come from the GADM 
database (www.gadm.org), version 2.5, July 2015. The soil map data was extracted from the Soil and Terrain 

Database (SOTER) for South Africa (FAO-ISRIC 2003). 

 
(a) (b) 

Figure 3-2. Wind rose from the study area north of Bultfontein. (a) Shows the annual data from 2006 to 2016 and 
(b) shows the winds during the dust season, from August until November. This data was obtained from the ARC 

weather station. 
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Figure 3-3. The average rainfall (blue bars), the minimum (grey) and maximum (red) temperature per month, 
and the general periods of agricultural activity (bottom). Note that these periods are generalized to present an 

overview and can differ depending on the weather, crop, and farmer’s preference.  

Roughly 31% of the land in the Free State is utilised as arable land. These croplands produce around 
one third of all the food in South Africa (DAFF, 2018). Maize is the main crop (81% of the total Free 
State crop production), but other annual crops include sunflower, groundnuts, soybeans, and a small 
number of cool season crops (wheat, barley) being cultivated for livestock fodder (DAFF, 2018). 
Maize is planted at the beginning of the rainy season, which usually starts in November or December, 
and is harvested between May and the beginning of August (Figure 3-3). As a result, most fields have 
a low amount of plant cover between August and November, which leaves soils vulnerable to wind 
erosion and dust emission. Cultivation practices, such as ploughing, deep ripping or burial of mineral 
fertiliser that take place between harvest and renewed crop cover, can break-up soil crust, thus 
loosening the soil and enhancing wind erosion. Wind erosion protection measures are not routinely 
practised. 

The fields under investigation are shown in Figure 3-1 and Figure 3-4 and are further described in 
Table 3-1. They were chosen because of the presence of a physical soil crust (Figure 3-5) and the 
diversity in cropland management, such as a difference in crop and cultivation techniques. 
Unfortunately, the Luvisol fields were ploughed just prior to the field experiments and therefore 
lacked a crust. The strength of the field crusts was measured with a fall cone penetrometer and a 
torvane (paragraph 2.4). 

Table 3-1. Field test sites in the study area and the soil chemistry from the observed fields. 

Field Soil Description Crust 
presence 

TOC 
% pH Silt/Sand 

Field 1 Luvisol Ploughed and bare field No  0.25 6.06 0.19 
Field 2 Arenosol Unharvested maize field Yes 0.47 6.32 0.23 
Field 3 Arenosol Groundnut field, harvested Yes 0.19 6.30 0.09 
Field 4 Arenosol Maize field, harvested and deep ripped Yes 0.18 6.32 0.12 
Field 5 Arenosol Sunflower field, harvested Yes 0.18 6.08 0.10 
Field 6 Arenosol Maize field, unharvested Yes 0.32 6.81 0.19 
Field 7 Arenosol Harvested maize field, grazed by cattle Yes 0.16 6.30 0.13 
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Figure 3-4. Overview of fields from which the crust strength was measured. 

 
Figure 3-5. Intact crust on Arenosol in field 2. 

The top 2 cm of soil the in these fields were sampled to measure soil properties. The grainsize 
distribution of the soils was obtained using the wet dispersion unit of the Malvern Mastersizer 2000. 
Before the measurements, the samples were dispersed at 60 J ml-1 using the Branson 250 Sonifier, 
which is in accordance to methods from Hu et al. (2016). Also the pH value (SevenExcellens pH meter, 
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Mettler Toledo) and the carbon content (RC612, Leco) was analysed, as described in Caviezel et al. 
(2017). The soil shows a texture ranging between sand and loamy sand with low organic carbon 
contents and silt/sand ratio (Table 3-1 and Figure 3-6). The pH is slightly acidic, except for the almost 
neutral pH of field 6 (Table 3-1). Both soils show a poor structure, with an aggregate stability of 8% 
and 13% for field 1 and field 4, respectively, as determined using the Eijkelkamp wet sieving 
apparatus. 

  
Figure 3-6. Close-up of the soil triangle with the measured soil points. The red point represent Arenosol and the 
blue one Luvisol according to the SOTER database. The marked points of field 1 and field 4 were used for further 

rainfall and wind erosion experiments. 

3.3.3 Rainfall simulation and crust formation 
A large sample (approximately 10 dm3) of a Luvisol (from field 1) and an Arenosol (from field 4) 

were collected in 2018, transported back to the laboratory in Basel, and used to gain insight into the 
formation of physical crusts through artificial rainfall experiments. Prior to the rainfall simulation, 
the soils were dried at 40 ⁰C and sieved through a 2 mm sieve to remove larger particles, such as 
stones, roots, and straw from the soil. For the rainfall experiments, containers of 10 x 10 x 12.5 cm 
(w x h x d) were used. The bottom 10 cm of these containers were filled with air-dried sand and the 
top 2.5 cm of the boxes were filled with the soil sample. The crusts for the PI-SWERL experiments 
were prepared on perforated round plates with a diameter of 50 cm and a depth of 5 cm, whereby 
again the top 2.5 cm was filled with soil sample and the bottom was filled with sand as filling material, 
see Figure 3-7. The sand has a similar texture to the cropland soils and was used to minimize the 
amount of soil required for each experiment. 
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Figure 3-7. Schematic overview of the tray set-up for the rainfall experiments. 

The rainfall experiments were performed using a high precision rainfall simulator from the Physical 
Geography and Environmental Change Research Group of the University of Basel in Switzerland, 
described by Fister et al. (2019). The rainfall experiments aimed at creating a crust with a rainfall 
amount that could occur realistically in the study area. A maximum of 20 mm of rainfall was chosen, 
because only 5% of the rainfall events deliver this amount or more (See supplementary material). 
Experiments were done at 100 mm h-1 with a drop fall height of 5.8 m and a drop diameter of 2.6 mm, 
which corresponds to a kinetic energy (kE) of 24.1 J mm-1 m-2. The kinetic energy (kE) of the rainfall 
was determined by a Joss Waldvogel Distrometer. The high rainfall intensity was chosen to match the 
kinetic energy of natural rainfall (van Dijk et al., 2002). The soils were exposed to an increasing 
amount of rainfall up to the maximum of 20 mm. This would allow for identifying a change of crust 
strength with an increase in rainfall amount and kE. Besides this variation, two types of rainfall were 
tested: single event rainfall and a sequence event rainfall. For the single event rainfall, 12 rainfall 
quantities were tested, from 1.67 mm to 20 mm in steps of 1.67 mm. The sequenced rainfall was 
measured in steps of 5 mm, whereby a crust was dried before exposed again to rainfall. This approach 
gives an insight into whether crust strength is determined by the cumulative rainfall alone or if it is 
also affected by drying in between, as shown by Kuhn et al. (2004). 

After the experiments, the crusts were dried for seven days in a Binder climate chamber (Model 
MK-240) at 30 °C and a humidity of 56%. The moisture content is of importance since moisture can 
influence both the surface strength (Zimbone et al., 1996) and, more notably, the resistance to 
erosion of a surface (Chen et al., 1996; Funk et al., 2008; Ishizuka et al., 2008; Munkhtsetseg et al., 
2016). Measurements showed that the soil humidity of the top 2 mm did not decrease significantly 
after seven days of drying, and the moisture content was always below 1%. 

Thin sections of the experimental crusts were made with an epoxy resin of laromin® C 260 and 
araldit® in a 40% - 60% ratio. Images of the thin sections were taken using a Nikon Super Coolscan 
5000 ED.  
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3.3.4 Crust strength measurements 
Crust strength is an indicator for the resistance of the surface to wind erosion (Feng et al., 2013; 

Goossens, 2004; Rice et al., 1996; Sharratt and Vaddella, 2014). For this study, crust strength was 
measured with two instruments, commonly used to describe soil resistance to erosion: a fall cone 
penetrometer for both field- as experimental crusts, and a torvane for only the field crusts. Fall cone 
penetrometer measurements have been used by several studies (Borselli et al., 1996; Bradford and 
Grossman, 1982; Campbell, 1976; Ghadiri, 2004; Han et al., 2016). The major advantages of using a 
fall cone penetrometer is the small scale of the measurement, both in surface as in depth. This makes 
the measurement more comparable to the impact of an abrading particle or single raindrop, in 
contrast to larger scale measurements with a torvane or a pocket penetrometer, as also discussed by 
Rice et al. (1997). Furthermore, the fall cone penetrometer delivers high precision measurements, 
and the instrument is easy to transfer and operate. The disadvantage of the fall cone penetrometer is 
that despite the high precision, the crust strength that is calculated is a relative value; see also Eq. 1. 
It is also slower to use and less common than the torvane. A torvane determines the torsional shear 
stress before failure, and is a very common instrument for wind erosion studies (Gillette et al., 2001; 
Goossens, 2004; Li et al., 2010; Sweeney and Mason, 2013; von Holdt et al., 2019; Zimbone et al., 
1996) since it is physically closest to the shear stress that wind and abraders apply to a surface. Due 
to the scale of the measurement, torvane measurements require a large surface area which was not 
feasible. By performing measurements using both instruments on field crusts, where surface space 
is abundant, we can compare the two methods and make our experimental results comparable to the 
studies done with a torvane. A Humboldt Portable Penetrometer (Model H-1250 fall cone 
penetrometer) with an aluminium 10 o apex cone and a 0.8 mm stainless steel blunt tip, with a total 
weight of 142.5 g was used. The cone was raised 2 cm above the soil surface, after which it was 
released to fall onto the crust. The penetration depth was measured with an accuracy of 0.1 mm. For 
field crusts and experimental crusts, 20 and 10 measurements were taken, respectively. In addition, 
a torvane (n=10) was used to determine the field crust strength. This instrument is adapted from a 
table instrument to a handheld instrument for field use by Kuhn et al. (2004), and uses a vane with 
eight blades and a penetration depth of 3 mm. 

A fall cone penetrometer links the penetration depth to an undrained shear strength (τ, in Pa or kg 
m-1 s-2), meaning the maximum horizontal stress without any water flowing in or out of the soil. For 
this study we will use the following formula to calculate the shear strength index (τ*) as a kPa index 
(Becher et al., 1997; Han et al., 2016; Hansbo, 1957). 

τ∗ =
𝑄𝑄
ℎ𝑝𝑝

2 ∗ 10−3 (1) 

Whereby Q is the vertical force of the cone (in kg m s-2, using a gravitational acceleration of 9.81 m 
s-2), and hp is the penetration depth (m). The maximum penetration depth is 2 cm, which is in 
accordance with a shear strength index of 3.5 kPa. 
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To determine whether rainfall type (single event versus sequence rainfall) or soil type results in 
significantly different soil strength, two-tailed t-tests was performed on the crust strength 
measurements. An alpha value of 0.05 was used to determine the statistical significance. 

3.3.5 PI-SWERL 
To determine the influence of crust formation on dust emissions, a Portable In-Situ Wind Erosion 

Lab (PI-SWERL, Desert Research Institute) was used. The PI-SWERL is described in detail by 
Etyemezian et al. (2007, 2014). The PI-SWERL is ideally suited for the dust emission experiments 
carried out in this study for several reasons. Due to the small amount of soil required for experiments 
(ca. 3 kg per crust) a wide range of controlled tests can be carried out. Secondly, while the PI-SWERL 
can only be used on surfaces with small roughness elements, this limitation does not occur on smooth 
crusts. Finally, while not relevant in this study, the PI-SWERL is highly mobile and will be used in a 
later part of the project to measure emissions from crusts in the field as well.  

The friction velocity exerted by the PI-SWERL to the effective area (u*, eff) is determined by the 
revolutions per minute (RPM) of the blades that create the air stream in the measurement chamber, 
which is empirically determined by Etyemezian et al. (2014) as: 

𝑢𝑢∗,𝑒𝑒𝑒𝑒𝑒𝑒(𝑅𝑅𝑅𝑅𝑂𝑂) = 0.000683 ∗ 𝛼𝛼4 ∗ 𝑅𝑅𝑅𝑅𝑂𝑂0.832 𝛼𝛼�  (2) 

In this formula α is a roughness constant that is determined per surface. For our surface, a 
roughness parameter of 0.98 was used. 

Table 3-2 shows the PI-SWERL runs that were performed. For each soil, PI-SWERL measurements 
were done on loose material, and on bare crusts formed by 15 mm of rain with and without the 
addition of 3 grams of abrader material. The abrader material was sampled from a sand accumulation 
in the field. To avoid any influence of the abrader on dust measurements, the abrader was sonified 
and wet sieved to extract all particles finer than 63 microns. Every PI-SWERL run started with a 
velocity increase from zero up to 3175 RPM within 120 seconds to detect the threshold of PM10 
emission. 3175 RPM matches a friction velocity of 0.59 m s-1 (Eq. 2) which is in accordance with a 
wind speed of ca. 11 m s-1 at 2 metres (z0 of 1 mm), a commonly occurring wind speed in the study 
area. When 3175 RPM were reached, the RPM were kept stable for two different times (Table 3-2): 
the experiment on loose soil for 30 seconds, and the experiment on crusted soil (with and without 
abrader) for 120 seconds. The experiments on loose soil were run for a shorter period to prevent a 
significant depletion of fines from the highly emissive soils. The crusted surfaces were run for a 
longer time to gain insight into the possible effect of abrasion and degradation. As shown in Eq. 3, the 
flux is calculated as an average for the entire run. 
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Table 3-2. Summary table of performed PI-SWERL runs. 

Soil Crust Abrader 
addition n (per soil type) Time (s) at 0.59 m s-1 

AR and 
LV 

Loose soil No 6 30 
Crusted by 15 mm of 
rainfall 

No 3 120 
Yes 3 120 

 

To calculate the average emission flux of the soil during the PI-SWERL experiment (EPI, i) in mg m-2 
s-1 of each RPM step, Sweeney et al. (2008) proposed the following formula: 

𝐸𝐸𝑃𝑃𝑃𝑃,𝑖𝑖 =
∑ 𝐶𝐶∗𝐹𝐹∗1𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝑏𝑏𝑒𝑒𝑏𝑏𝑖𝑖𝑒𝑒,1

�𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖−𝑑𝑑𝑏𝑏𝑒𝑒𝑏𝑏𝑖𝑖𝑒𝑒,𝑖𝑖�∗𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
, (3) 

Whereby C is the dust concentration in mg m-3, F the blow rate in l s-1, and Aeff is the effective area 
of 0.035 m2. The emission flux will be calculated for the period at which the RPM is at 3175. 
Furthermore, the threshold of PM10 will be determined. The threshold is defined as the point after 
which there is a subsequent increase in PM10 for a minimum of 10 seconds, after Van Leeuwen et al. 
(2021). The RPM of this PM10 threshold is converted into a friction velocity using Eq. 2.  

As mentioned before, the bombardment of a crust by saltating grains is an important process 
resulting in the emission of fine particles and degradation of the crust. A common term to express the 
relationship between the saltation flux and the resulting dust emission is the abrasion efficiency 
(Houser and Nickling, 2001a; Zobeck, 1991a) or bombardment efficiency (Shao et al., 1993). For this 
study a relative abrasion efficiency (in µg m-2 s-1 count-1) will be calculated by dividing the dust flux 
from Eq. 3 by the average saltation count. The relative abrasion efficiency represents the amount of 
PM10 that are released per saltating particle. The saltation count within the PI-SWERL is measured 
using four Optical Gate Sensors (OGS) on the sides of the PI-SWERL chamber that measure the 
passing of saltating grains in Hz. Since the OGS sensor cannot give an exact indication of the saltation 
transport rate, the relative abrasion efficiency only gives an indication on the relationship between 
abrasion and PM10 emission. 

3.4 Results and discussion 

3.4.1 Crust strength and structure of field crusts 
The crust strength measured on Arenosols of the different agricultural fields are provided (Figure 

3-8). The shear strength of field 4 was below the minimum value that can be measured with the fall 
cone penetrometer, namely 3.5 kPa, so this measurement will not be used for regression calculation. 
The measurements of the two types of crust strength, the vertical shear strength and the horizontal 
torsional shear strength, correlated well with each other (R2 = 0.87). This indicates that the fall cone 
penetrometer can be regarded as a reliable and relevant method for crust strength measurements on 
smaller, experimental crusts.  
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Figure 3-8. The crust strength measurements from crusts in the field measured using the fall cone (n = 20), 
torvane (n = 10). Error bars are 95% confidence intervals. 

The field measurements show a difference between strong crusts on fields that have not been 
harvested yet (field 2 and 6), and weaker crusts on fields that had been harvested and cultivated 
(fields 3, 5 and 7). We speculate that the strong crusts developed at the beginning of the rainy season 
when the crops where small enough for raindrops to reach the surface, while the weaker crusts from 
field 3 and 4 formed after harvest when cultivation destroyed the former crusts. In June and July 
2018, 2.8 and 3.8 mm of rainfall fell respectively, which could have made the formation of a weak 
crust on loose soil possible. These results lead us to the conclusion that crusts that form during the 
rainy season can survive throughout the dry season and that these crusts are significantly stronger 
than the crusts that form later during the dry season. The absence of crusts in the Luvisol field (field 
1) and other non-crusted fields in our study area could have been caused by tillage operations in June 
or July or animal trampling (Hiernaux et al., 1999; Munkhtsetseg et al., 2017; Ries et al., 2009). 

The torsional shear strength of the crusts was between 3.4 and 15.5 kPa, which is on average 
smaller compared to the crust strength measured by other studies: Goossens et al. (2004) measured 
crust strength on loamy and sandy soils with results between 12 and 37 kPa, and Zimbone et al. 
(1996) measured a strength of 10 kPa on a crusted sandy loam. This difference in crust strength could 
be caused by a smaller content of fines or TOC in our crusts, but also by the fact that our field crusts 
might have been less developed or more degraded. The degradation could have been the result of 
particle abrasion, plant root growth, hail impact, or freezing and thawing (Liu et al., 2017; Wang et 
al., 2014).  
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3.4.2 Crust formation by experimental rainfall 
Rainfall experiments were performed on Arenosol and Luvisol samples to investigate the 

development of physical crusts in respect to varying rainfall amounts. Figure 3-9 shows a thin section 
of an Arenosol crust. This crust shows the formation of a thin dense layer of fine particles in the upper 
part of the crust. The results from these experiments show a clear positive correlation between the 
rainfall amount and the shear strength of the crusts (Figure 3-10). This increase is visible for both 
soils, and for both single event and sequenced rainfall.  

 

Figure 3-9. Thin section from the top of an Arenosol crust that formed with 20 mm of rainfall showing the thin 
dense layer of fine particles at the top of the crust. 

 

Figure 3-10. Results from the rainfall experiments, error bars show the standard deviation calculated from 9 
measurements. The regression shown is calculated from the single event rainfall. 
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Table 3-3 shows the results of the t-tests between the shear strength from the Arenosol and Luvisol 
at 5, 10, 15, and 20 mm rainfall, and between single event and sequenced rainfall. Using an alpha 
value of 0.05, it can be stated that for single event rainfall Arenosol and Luvisol crusts have similar 
crust strength up to 15 mm of rainfall, after which Luvisol crusts are significantly stronger. The fact 
that Luvisols create stronger crusts can be attributed to the greater clay and silt content (21.4% for 
LV versus 13.1% for AR), a relationship that has been described elsewhere (Rice and McEwan, 2001; 
Sweeney and Mason, 2013).  

Table 3-3. P-values from two-tailed t-test. 

Rainfall 
amount 

AR versus LV Single event versus 
Sequenced rainfall 

Single event Sequenced AR LV 
5 mm 0.140   - 
10 mm 0.995 0.066 0.074 0.497 
15 mm 0.071 0.050 0.032 0.301 
20 mm 0.001 0.001 0.000 0.025 

 

Crust strength increased continuously with sequenced rainfall, a phenomenon that was also 
observed by Feng et al. (2013). For both soils, the crust strength between the single event and the 
sequenced rainfall is statistically similar until 15 mm of rainfall for the Arenosol and until 20 mm on 
the Luvisol. For greater rainfall, the strength of sequenced Luvisol crusts is smaller compared to the 
single event rainfall, whereas the Arenosol crusts from sequenced rainfall is much stronger than the 
single event crust. This could be caused by the fact that standing water during the experiment can 
reduce the kinetic energy of impacting drops acting on the soil surface (Gillette et al., 1982, 1980; 
Greenwood et al., 2013)(Greenwood et al., 2013)(Greenwood et al., 2013)(Greenwood et al., 2013). 
This building-up of crust strength would be an important process for physical crust formation, since 
smaller rainfall events are much more common (See supplementary material), especially between 
May and September, when the monthly rainfall is less than 20 mm. This successive buildup of crust 
strength with sequence rainfall events would be the most important process in crust formation 
during this period.  

Using the Arenosol single rainfall event regression, calculated from the experimental results 
(Figure 3-10), it is possible to estimate the rainfall amount to which the field crusts that were studied 
in 2018 were exposed. The greatest shear strength of the crust from the harvested fields was 24.2 
kPa, which would represent ca. 5.0 mm of experimental rainfall. For the crusts on the unharvested 
fields, the shear strength was between 33.5 kPa and 62.6 kPa, which is in accordance with 6.1 to 9.4 
mm of experimental rainfall. The amount of rainfall that the soil had been exposed to in 2018 since 
the start of the growing season in 2017 was likely greater. According to the ARC weather station, 345 
mm of rainfall fell from November 2017 till July 2018, whereas during the months after harvest, June 
and July, only 6.0 mm fell. The field crusts are weaker than the regression suggests, which could be 
caused by a difference in intensity of kE of natural rainfall, the protection of the soil from crusting by 
vegetation cover, or by any degradation of the field crust as mentioned before. 
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3.4.3 Dust emission thresholds and fluxes 
The dust concentration observed during the PI-SWERL runs on loose and crusted surfaces are 

shown in Figure 3-11. The crusted surfaces do not show any significant dust emission, with the 
exception of one Luvisol crust experiment that shows a sudden increase in PM10, 200 seconds into 
the experiment. This might have been caused by a crack in the crust due to swelling-and shrinking 
processes (Figure 3-14). A small concentration increase at the beginning of some runs, is attributed 
to small contaminations in the instrument. Figure 3-12 shows the relative abrasion efficiency of the 
abrader runs. Generally, this value shows a slight increase over time, which indicates that the crusts 
became more emissive under abrasion. 

  
Figure 3-11. PM10 concentration measured during the PI-SWERL runs on several crusted and non-crusted 

surfaces (RPM = revolutions per minute). 

 

Figure 3-12. The relative abrasion efficiency over time during the PI-SWERL experiments with abraders. 

For each PI-SWERL run, the dust emission flux and threshold were calculated (Figure 3-13 and 
Table 3-4). The effect of crusting on dust emission is clearly visible. In all experiments, the crusts 
significantly reduce dust fluxes in comparison to loose material. For Arenosol crusts, the dust 
emission is reduced from 3.87 to 0.005 mg m-2 s-1 on average, which is a reduction down to 0.14%, 
and the Luvisol the values went from 10.53 to 0.028 mg m-2 s-1, which represent 0.26% of the 
emission from a loose surface.  
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Figure 3-13. The emission flux calculated from the PI-SWERL experiments, using Eq. 3. 

Table 3-4. Summary of results from PI-SWERL measurements on experimental crusts. 

 Soil 
type 

Experiment 
type 

Average threshold 
friction velocity (m s-1) 

Average flux 
(mg m-2 s-1) 

Flux ratio 
to loose run 

Relative 
abrasion 
efficiency 

Shear 
strength (kPa) 

AR 
Loose 0.305 3.872 - - - 
Crust - 0.0053 0.14% - 68.1 
Abraders 0.436 0.311 8.03% 0.012 - 

LV 
Loose 0.272 10.534 - - - 
Crust - 0.0278 0.26% - 92.0 
Abraders 0.357 0.425 4.03% 0.013 - 

 

The threshold friction velocity is increased by the formation of a crust when abraders are present, 
which is a phenomenon that also been described in other studies (Gillette et al., 1982, 1980). Crusted 
soils without abraders do not have a threshold friction velocity since there is no significant emission. 
The thresholds of the loose and abrading surfaces translate into wind speeds of 5.7 and 8.1 m s-1 for 
Arenosol and 5.0 and 6.6 m s-1 for Luvisol respectively (z0 = 1 mm). The difference between the 
threshold friction velocities between crusted and non-crusted surfaces is small compared to the 
difference in dust flux. The threshold of the abrader experiment is likely initiated by the movement 
of the loose abraders and is therefore not only influenced by the cohesion of the crust. Despite the 
fact that the threshold velocity will also be greatly influenced by larger roughness elements such as 
ridges and stubble (Marticorena et al., 1997; Wiggs and Holmes, 2011), this small-scale difference 
could have a significant influence on dust emissions form cropland. 

The protection from crusts against wind erosion that our data presents is in line with other studies 
on the dust emission from crusted surfaces. Wind tunnel studies from Zobeck et al. (1991) and Yan 
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et al. (2015) describe how developed crusts can almost completely prevent wind erosion when there 
are no external abrader. Sweeney and Manson (2013) determine dust emission from loose and 
artificially crusted loess using the PI-SWERL. The dust emission from their loose material ranged 
from 0.1 to 4.5 mg m-2 s-1, whereas the crusted surfaces range from zero to 1.4 mg m-2 s-1 at 0.69 m s-

1. Comparing these results to ours, here loose soils, especially the Luvisols, appeared to be more 
emissive, whereas the crusts appear to be more effective at protecting the surface. This difference 
could be attributed to differences in grainsize and the experimental set up for crust formation.  

The protective effect of a crust is also smaller with the addition of abraders. In this case, the soils 
emit 8% and 4% of the emission of loose soils for Arenosols and Luvisols, respectively. Figure 3-14 
shows an example of an Arenosol crust before and after an abrasion experiment. The crust is 
degraded, and large parts of the crust are removed by the abrading particles. This important influence 
of abraders on dust emission has been described by many wind tunnel studies (Houser and Nickling, 
2001b; Rice et al., 1999, 1996; Zobeck, 1991a). Although the dust emission in runs with abraders is 
greater than without abraders, the amounts are still more than an order of magnitude smaller than 
those from loose surfaces. However, it might be possible that with longer duration of the experiments, 
the crusts could have been completely destroyed by abrasion and emission values could have reached 
the level of loose soils, as suggested by a field study on loamy sandy crusts from Goossens (2004). 
Future studies on field crusts will have to focus on the longevity of the crusting-induced reduction of 
dust emissions. 

 

(a)       (b) 

Figure 3-14. A Luvisol crust from 15 mm rainfall before (a) and after (b) a PI-SWERL run with the addition of 
abraders. 

Despite their greater strength (Table 3-4), the Luvisol crusts were on average more emissive for 
both the normal and abraded crusts, which is likely caused by the greater number of fine particles in 
the Luvisols. These findings do not agree with the field measurements on loamy to sandy crusts by 
Goossens (2004), which showed a negative exponential correlation between the crust shear strength 
and the horizontal and vertical dust flux. However, their wind tunnel measurements do not address 
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the influence of a continuous abrasion, which is simulated in the closed system of the PI-SWERL. 
Houser and Nickling (2001a) also described a negative correlation between crust strength and 
abrasion efficiency using wind tunnel experiments. The strength of their crust was greatly influenced 
by the presence of salts, whereas the differences in crust strength in our study are attributed to the 
concentration of fines. This suggests an interesting interplay of factors, where a greater 
concentration of fines results in a general greater PM10 emission, but also in a greater crust strength 
that limits the emission. 

3.5 Conclusion 
The high dust fluxes from loose Free State soils in this study support the result of Eckardt et al. 

(2020) that sandy cropland soils play a role as a source of atmospheric dust in southern Africa, in 
addition to the aerosols generated by natural surfaces. Our results show that physical soil crusts can 
form rapidly on loamy sand and sandy loam cropland soils, and that these crusts have the potential 
to reduce dust emissions on these fields which concurs with other studies on sandy loamy soils 
(Goossens, 2004; Yan et al., 2015). Crusts formed on Arenosols and Luvisols by 15 mm of 
experimental rainfall minimized the PM10 emission flux to less than 0.5% of the emission from a loose 
soil. We expect that the most significant formation of crusts occurs during the start of the rainy 
season, before the growth of crops protects the soil from the impact of raindrops, and that these 
crusts can last into the dust season. However, even during the dry season crust formation by 
sequenced rainfall appears possible.  

Our results underline the importance of physical soil crusts in dust prevention on sandy soils in the 
Free State and in many other regions in the world. The results illustrate that crust-protecting land 
management could be very advantageous to minimize dust emission from bare agricultural fields. 
These practices may include the limitation of ploughing, mechanical cultivation, and animal 
trampling after harvest. The trade-off between reducing dust emission and increasing the risk of run-
off and water erosion has to be further studied. 

Abraders play an important role in increasing the PM10 emission and the erosion of crusts, as also 
suggested by previous studies (Houser and Nickling, 2001b; Langston and McKenna Neuman, 2005; 
Rajot et al., 2003; Rice et al., 1999, 1997). This indicates that active prevention of the mobilisation of 
abrading sand particles should also be considered as an important measure to minimize dust 
emissions. These measures could include the preservation of crop stubble or the placement of 
roughness elements, such as fences or shrubs at the border of fields combined with a reduction of the 
field sizes. 

While the results of this study seem to be very plausible and straightforward, we would like to point 
out that this knowledge is gained under laboratory conditions and that further experiments and field 
measurements on natural crusts are necessary to test these findings. The influence of abraders is 
commonly studied with wind tunnel measurements (Houser and Nickling, 2001b, 2001a; Rice et al., 
1999, 1996; Rice and McEwan, 2001). Wind tunnel experiments on abrasion conditions would offer 
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a cross-comparison with our PI-SWERL results, field dust emission monitoring, and synoptic weather 
data. Furthermore, measurements with the PI-SWERL in the field would offer the possibility to gain 
a more representative understanding on emission characteristics by testing a wider range of crust 
strengths, textures, and abrasion conditions. 
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4.1 Abstract 
The Free State has been identified as the region with the most dust sources in South Africa. These 

dust sources can be linked with the large, heavily cultivated cropland areas in this province, which 
leaves fields vulnerable to wind erosion after the harvest in the winter. For this study, the focus was 
on the factors that influence the emission from bare, flat surfaces on agricultural lands in this region. 
The Portable In-Situ Wind Erosion Laboratory (PI-SWERL) was used to measure the emission flux 
from adjacent crusted and loose surfaces, which was combined with shear strength, moisture, and 
soil texture measurements. Boosted regression tree (BRT) analyses were used to identify the variable 
with the highest relevance on the emission flux.  

On the whole dataset, that the shear strength is the most important variable that controls the 
emission. This is reflected in the significantly lower emission from the crusted surfaces (0.49 mg m-2 
s-1) compared to that of loose surfaces (2.34 mg m-2 s-1). However, for crusted surfaces, the presence 
of abraders appeared to be the most significant factor in emission, showing a power relationship 
between the abrader count and the emission flux (R2 = 0.76). In the case of the loose surfaces, the 
presence of clay and silt was a major influence in emissivity, with a linear relationship between the 
two variables (R2 = 0.68). This difference in factors depending on the agricultural disturbance, asks 
for a more holistic approach when predicting emission from such arid cropland areas.  

Keywords: PI-SWERL, dust emission, croplands, South Africa, soil crust 

4.2 Introduction 
Dust emission is an important process that has an impact on climate (Boucher et al., 2013; Shao et 

al., 2011; Tegen et al., 1997), the global chemical flux (Lawrence and Neff, 2009; Mahowald et al., 
2009), public health (Goudie, 2013; Sprigg, 2016), and the degradation of croplands (Bridges and 
Oldeman, 1999; Chappell et al., 2019, 2012; Oldeman, 1992; Sterk et al., 1996; Visser and Sterk, 
2007). Due to climate change, the emission of dust from disturbed soil surfaces from arid regions is 
expected to increase (Mahowald and Luo, 2003; Shepherd et al., 2016; Tegen et al., 2004; Woodward 
et al., 2005), which could enhance the on- and off-site effect of dust emission. Several studies have 
determined the sources of dust and the factors controlling the emissions. While remote sensing is 
suitable in the identification of emission hot spots (Vickery et al., 2013; von Holdt et al., 2017) small-
scale factors that influence dust emission require detailed field observations (Bielders et al., 2001; 
Chappell et al., 2008; Goossens, 2004; von Holdt et al., 2019). 

One region that has been recently identified as an important source for dust emissions, and is our 
focus here, is the central to north-western part of the Free State Province, South Africa (Eckardt et 
al., 2020) as seen from the MSG (Meteosat Second Generation) and SEVIRI (Spinning Enhanced 
Visible and Infrared Imager) imagery. It was reported that 71% of all South African dust sources in 
this record are situated in the Free State Province and are mainly associated with areas of extensive 
dryland crop farming, suggesting a strong anthropogenic origin of these dust emissions. This is in 
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contrast to natural dust sources that have been identified as the dominant source areas for dust 
emissions in the rest of southern Africa, where the Etosha pan, the Makgadikgadi pan, coastal regions, 
and the Kalahari Desert are the main emitter of dust (Ginoux et al., 2012; Vickery et al., 2013; von 
Holdt et al., 2017). Despite the significant presence of pans in the Free State (Geldenhuys, 1982), the 
size of pans is still very small compared to the croplands area. Eckardt et al. (2020) described the 
land cover of a 10 km radius of the dust source points and found that less than 1% consists of pans, 
whereas 34% consist of agricultural land, and 55% of grassland and low shrubland.  

Agricultural areas are predicted to be subjected to climatic changes, including an increase in wind 
velocities and a decrease in rainfall (Archer and Tadross, 2009; Mahowald and Luo, 2003; Thomas et 
al., 2005), which would enhance dust emission. The impact of soil degradation by wind erosion, due 
to the loss of nutrients and organic carbon from agricultural lands, leads to reduced land productivity 
(Sterk et al., 2001; Visser and Sterk, 2007). The dust sources identified from MSG (Eckardt et al., 
2020) revealed a dust season from August till November (late winter and spring) which correlated 
with the crop cycle and farming practices. The dust season was particularly pronounced during the 
drought cycle in 2016, which left many of the fields fallow and without wind protection. However, 
significant dust emission patterns between fields and years were noted in the decade long dust 
record (Eckardt et al., 2020) which raises questions regarding factors that control the dust emission 
from South Africa’s maize production areas. 

The main characteristics that control the emissivity from a surface include soil composition, surface 
cohesion, and surface roughness and cover (Fryrear et al., 1998; McKenna Neuman et al., 2005; Shao 
et al., 2011; Webb et al., 2013; Webb and Strong, 2011). These parameters are determined by the soil 
texture and chemistry, the moisture content, the presence and characteristics of crusts, the aggregate 
content, the presence of clods, the roughness from tillage practices, and the presence of crops or 
stubble cover, among others (Funk and Engel, 2015; Gillette, 1988; Leys et al., 1996; Munkhtsetseg 
et al., 2017; Sterk, 2003). Two studies from the Free State provide some preliminary characteristics. 
Wiggs and Holmes (2011) described the importance of aerodynamic roughness on the threshold 
friction velocity, by monitoring a disturbed, bare field, where the roughness was the result of ridges 
and clods. The crusts that form on the croplands are expected to be physical crusts since biological 
crusts are sensitive to disturbance and develop slowly, a process that can take multiple decennia 
(Belnap et al., 2001). Vos et al. (2020) developed and tested physical soil crusts in the laboratory from 
soils sampled in the Free State. The study described a strong reducing effect of the soil crusts on the 
emission of dust, in comparison to the emission from surfaces with Loose Erodible Material (LEM) 
(Zobeck, 1991b). Furthermore, Vos et al. (2020) found that even with the presence of abraders, dust 
emission from crusted sand and loamy sand surfaces is lower than from loose surfaces by a factor of 
10. These recent findings contradict previous studies that described physical crusts on these soil 
types as weak, with little potential to minimize wind erosion (Rajot et al., 2003; Rice et al., 1999) due 
to the lack of fines. However, the soils in the Free State could have a range of soil textures, chemistry, 
cohesion, and abrasion conditions compared to those used in the laboratory. Furthermore, cropland 
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crusts could have experienced more degradation and might have formed under different rainfall 
conditions. Therefore, it is important to compare the results from the laboratory study to dust 
emission measurements from croplands.  

To determine the emissivity of a surface, wind tunnels have been used in many studies since this 
offers a precise indication of the losses from a surface and response to measured wind velocity 
(Belnap et al., 2007; Fister and Ries, 2009; Leys and Eldridge, 1998; Li et al., 2015; Liu et al., 2006; 
McKenna Neuman and Scott, 1998). The disadvantage of wind tunnels is their large size, which makes 
it time-consuming to deploy the instrument and to measure on smaller surfaces. An alternative 
method is the Portable In-Situ Wind Erosion Laboratory (PI-SWERL) (Etyemezian et al., 2007). The 
PI-SWERL consists of a 30 cm diameter chamber that is placed on a surface, with an annular blade 
that exerts a controlled friction velocity to the surface. The particles with a diameter below 10 
micrometre (PM10) that are emitted as a response is measured with a DustTrak 8530. The advantage 
of the PI-SWERL, in comparison to wind tunnels, are its small size, lower weight, and high frequency 
of measurement runs, which enables many repeated measurements in a relatively short time. The 
major disadvantage of the PI-SWERL is its shallow annular blade (at 5 cm height) and lack of a 
naturally developed logarithmic wind profile, making it less representative of natural wind erosion 
and determining the influence of surface roughness then requires a separate assessment (Bacon et 
al., 2011; Etyemezian et al., 2014). Despite these disadvantages, the PI-SWERL was successfully used 
under laboratory conditions to assess dust emissions from crusts and loose substrates (van Leeuwen 
et al., 2021; Vos et al., 2020) and on different surface types in various regions of the world. Field 
studies have been performed on grasslands (Munkhtsetseg et al., 2017, 2016); alluvial landscapes 
(von Holdt et al., 2017, 2019); mining areas (Wang et al., 2015), and a variety of desert landforms 
(Bacon et al., 2011; Cui et al., 2019b, 2019a; Sweeney et al., 2016; Sweeney and Mason, 2013). Despite 
this large number of PI-SWERL studies, agricultural lands have received little attention so far, with 
the exception of Cui et al. (2019a). As emissions from agricultural surfaces represent between 10% 
(Tegen et al., 2004) and 25% (Ginoux et al., 2012) of global dust sources, it is paramount to 
understand such areas and the PI-SWERL presents the perfect opportunity to assess these surfaces.  

Combining the need to further understand the relevance of crusts for reducing dust emissions from 
sandy dryland soils, the respective soil and surface properties, the processes that influence emissions 
in real-world conditions, and the suitability of the PI-SWERL to determine emissivity on cropland, 
the aims of this study were: 

1. Determine to which extent physical soil crusts minimize dust emissions from cropland. 
2. Determine the main factors that influence the emissivity of croplands from loose erodible 

material and crusted surfaces.  
3. Determine how the emission from field surfaces compare to the emissions from laboratory 

surfaces. 
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In order to achieve these aims, this study combines dust emission measurements using PI-SWERL, 
data and observations, describe soil surface properties, such as moisture content, soil texture, carbon 
content, and surface cohesion. In addition, the emission from a pan and an adjacent grassland were 
measured to generate a reference emission value for dominant land cover and known dust sources. 
The research was carried out from August to October 2019 (the winter dust season) in the Free State 
province of South Africa. Measurements were made on crusted and loose erodible material surfaces 
at different fields with different agricultural management.  

4.3 Materials and methods 

4.3.1 Study area 
The study area is in the north-western part of the Free State, 100 km north of the State capital, 

Bloemfontein (Figure 4-1). This area has been identified as a hotspot for dust emission (Eckardt et 
al., 2020) in southern Africa. This region was also chosen because it enables the investigation of two 
different soil types that are predominant in the region and known for sustaining agriculture: Luvisols 
and Arenosols (Jones et al., 2013). Both soil types are characterised by their sandy texture, which 
makes them highly suitable for water storage under the local climatic conditions (Hensley et al., 
2006) and therefore suitable for dryland cropping.  
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Figure 4-1. Maps depicting South Africa and the Free State province (top left) and the selected study area and test 
fields with dominant soil types (top right). The aerial images below illustrate the individual fields that were 

selected for emissivity measurements with respective positions of test plots. Soil data from the Soil and Terrain 
Database (SOTER) for South Africa (FAO-ISRIC-2).  

The Free State has a semi-arid climate, with annual rainfall ranging from 400 to 600 mm (Hensley 
et al., 2006), 80% of which takes place between November to April (summer). During the dust event 
months, which is mainly between August and November, the average daily maximum wind velocity 
is 5.4 m s-1 and 10% of the days have a maximum wind speed above 7.7 m s-1. The rainfall is on average 
104 mm in total during the main dust season. The climate in the study area has been described in 
more detail by Vos et al. (2020). The main crop produced in this region is corn (maize) with about 
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82% of the total crop production in the Free State (DAFF, 2018). This is followed by sunflower (7%), 
soybean (6%), wheat (4%), and groundnuts (1%). Most of these crops are planted at the beginning 
of the rainy season and harvested between May and August. There are few exceptions from this cycle, 
for example, winter wheat, which is planted at the end of July as a cool-season fodder crop. 

4.3.2 Field description 
Six agricultural fields were selected for the field measurements: a fallow field (F), a harvested 

groundnut field (G), a harvested sunflower field (S), an unharvest maize field (MU), and two 
harvested maize fields (maize-crusted (MC) and maize-disturbed (MD)) (Figure 4-1, Figure 4-2, and 
Table 4-1). Furthermore, a pan and two grassland plots were selected for comparison measurements. 
All the agricultural fields were situated on Arenosols, apart from the unharvested maize field that 
was on a Luvisol. These fields were chosen for their variety of agricultural management practices, 
which resulted in a range of different surface characteristics, such as regarding soil crusts, roughness, 
cohesion and aggregate content. It should be noted that the crop type on each field can be alternated 
each year so that the used names are only a descriptor for the crops and agricultural management in 
the specific season preceding the fieldwork. The sunflower field was harvested at the end of July. 
Bordering on the west of the sunflower field is the crusted maize field, which was a field with crusted 
surfaces and tire tracks. On the disturbed maize field, the removal of loose plant material resulted in 
the disturbance of the crust. The groundnut field was harvested by removing the entire plant, leaving 
no stubble on the ground, which made this field different from the maize and sunflower fields that 
still held some stubble. The groundnut field showed sand deposits with ripple marks that covered 
the crusts, which is a sign of active movement by wind. The fallow land had not been planted the 
previous year and has been treated with herbicide (Round-up). Because this field has not been 
disturbed, it was fully covered with a soil crust. The selected Luvisol field carried unharvested maize 
and consisted fully of crusts. The selected grassland was not cultivated due to the high clay content 
in this area (personal communication with the farmer, Mr H. Prinsloo). The pan had a surface area of 
roughly 5 ha and consisted mainly of a clay surface, with salt deposits at the rim. 

Table 4-1. Overview of the fields that were selected for this study. The plots, PI-SWERL runs, and surface types 
are explained in the text. 

Field Abbreviation Plot count PI-SWERL count Surface types 
Fallow field F 3 48 Crust 
Groundnut G 3 48 Crust and sand deposits 
Sunflower S 3 40 Crust and loosened soil 
Maize Unharvested MU 1 2 Crust 
Maize Crusted MC 3 38 Crust and loosened soil 
Maize Disturbed MD 2 3 Loosened soil 
Grass - 2 14 - 
Pan - Cross- section 37 - 
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Figure 4-2. Examples of the six fields that were selected for field measurements. 

The measurement sites were chosen using a stratified randomized approach. For each field, one to 
three plots which covered roughly a 10 x 10 metre area, were selected for measurements (Figure 4-
1). These plots were selected based on a textural gradient or, when no clear texture gradient was 
initially visible, a spatial distribution. Figure 4-3 illustrates that a significant variation in grain size 
exists, both, between and within the fields. In general, the groundnut field, sunflower field, and maize-
disturbed field had the lowest concentration of clay and silt, whereas the unharvested maize field 
with the Luvisol soil has the largest concentration. The within-field variation in texture appears to be 
the most significant in the groundnut and sunflower fields, which were the fields where a texture 
gradient was present. For the pan, a cross-section was made along which was measured to capture 
the heterogeneity of the pan. 
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Figure 4-3. Average soil texture of the field plots (F = Fallow, G = Groundnut, S = Sunflower MC = Maize Crusted, 
MD = Maize Disturbed, MU = Maize Unharvested, Grass = Grassland surface). 

Within each plot, crusted and LEM surfaces that held less than 5% clods were randomly selected 
for PI-SWERL measurements. The LEM surfaces consisted of sand deposits and soil that was loosened 
by tracks (Figure 4-4 and Table 4-1). In the field, clod content was estimated based on charts for 
surface proportion estimates. Later, the surface areas of the clods were determined by measuring the 
diameter and counting the number of clods in an image of the areas sampled by the PI-SWERL. 
Surfaces with more than 5% clods were excluded because the quality of PI-SWERL measurements on 
surfaces with high roughness is not well understood (Bacon et al., 2011; Etyemezian et al., 2014). 
Since the aim of this study was to understand the emissions of loose substrates and crusts in the field, 
this omission did not limit the scope of this study.  

 

Figure 4-4. Examples of the surface types: left crust (S), middle sandy deposit (G), and right loosened soil (MC). 

The PI-SWERL is an instrument that has been used by many different studies to assess the 
emissivity of small, flat surfaces, which can then give insight into the emission potential of different 
landforms and the controlling factors and processes (Etyemezian et al., 2007; Sweeney et al., 2016; 
von Holdt et al., 2019). The PI-SWERL used for this study has a diameter of 30 cm. The instrument 
was placed on representative areas, avoiding large stubble and clods that could disturb the airflow 
inside the PI-SWERL (Figure 4-5). A PI-SWERL run consisted of 30 seconds at 0 RPM, after which the 
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RPM was increased to 2250 RPM in 120 seconds, where it was kept for 5 minutes. At the end of the 
run, the RPM was brought back to zero in 10 seconds. An RPM of 2250 is in accordance with a friction 
velocity of 0.56 m s-1 assuming an alpha value of 0.90 as described by Etyemezian et al. (2014). This 
is a friction velocity that is similar to the one used in most PI-SWERL (Sweeney et al., 2011, 2008; 
Sweeney and Mason, 2013; von Holdt et al., 2019). It represents a wind velocity of approximately 11 
m s-1 at 2 metre height, a common velocity during wind events in the Free State and has been linked 
with observed dust events (Eckardt et al., 2020; Vos et al., 2020). This friction velocity can mobilize 
particles above 1 mm diameter, according to models from both Bagnold (1941) and Greeley and 
Iversen (1985). For each run, a DustTrak 8530 measured the PM10 concentration from which the 
emission flux, EPI in mg m-2 s-1 can be calculated using the formula from Sweeney et al. (2008): 

𝐸𝐸𝑃𝑃𝑃𝑃,𝑖𝑖 =
∑ 𝐶𝐶∗𝐹𝐹∗1𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝑏𝑏𝑒𝑒𝑏𝑏𝑖𝑖𝑒𝑒,1

�𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖−𝑑𝑑𝑏𝑏𝑒𝑒𝑏𝑏𝑖𝑖𝑒𝑒,𝑖𝑖�∗𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
, (3) 

Whereby C is the PM10 concentration in mg m-3, F is the blow rate in m3 s-1 which was approximately 
0.1 m-3 s-1 throughout the run, tbegin is the start time and tend is the end time in seconds of the aimed 
RPM step i (in this case 2250 RPM), and the Aeff is the effective surface which was 0.035 m2. The PI-
SWERL is also equipped with four Optical Gate Sensors (OGS), which measured the number of 
saltating particles passing the sensor, expressed in Hz, as described by Etyemezian et al. (2017). The 
count of the four sensors was averaged for the analyses on the abrader quantity during the PI-SWERL 
run.  

Multiple PI-SWERL runs were conducted at each test plot on the six different fields. In order to 
increase the number of PI-SWERL measurements, without simultaneously increasing the time 
necessary to describe the positions and to take samples, pairwise test runs were chosen as the best 
solution. It was assumed that soil moisture, texture and roughness did not change significantly 
between the two directly adjacent positions. Therefore, only the surface strength measurements 
were done individually for all test runs. 
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Figure 4-5. The PI-SWERL performing a measurement in the sunflower field. 

4.3.3 Surface characterisation 
For each PI-SWERL run, the soil surfaces were characterised to determine which factors control 

their emissivity. The soil properties that were measured are the surface strength, soil texture, 
moisture, and aggregate content. The surfaces were furthermore classified based on their 
morphology and structure into crusts or LEM surfaces, from which the latter can be split into 
loosened soil or sand deposits. 

The surface strength was regarded as the most important indicator for the emission potential, both 
for crusted surfaces (Feng et al., 2013; Goossens, 2004; Houser and Nickling, 2001a; Rice et al., 1996; 
Rice and McEwan, 2001; Sharratt and Vaddella, 2014), as well as non-crusted surfaces (Goossens and 
Buck, 2009; von Holdt et al., 2019). The surface strength was measured with a torvane, an instrument 
that measures the torsional shear stress before failure in kPa, commonly used in wind erosion studies 
(Ellis et al., 2012; Gillette et al., 2001; Goossens, 2004; Goossens and Buck, 2009; Li et al., 2010; 
Sweeney and Mason, 2013; von Holdt et al., 2019). The torvane used in this study is custom-designed 
to capture the strength of just the topsoil surface and consists of eight blades with a penetration depth 
of three millimetres (Kuhn and Bryan, 2004). For each PI-SWERL run, 10 torvane measurements 
were performed next to the test surface and averaged.  

For each pairwise PI-SWERL set, one sample each was collected for the measurement of soil 
moisture and soil texture. This aggregated sampling was executed in order to minimize the total 
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number of soil samples, because a significant variability in soil texture and soil moisture was not 
expected within the distance of 1 meter. The samples were taken from the top 1 cm to capture the 
characteristics of the surface exposed to the dust emission experiment. The soil samples were 
afterwards dried and analysed for their moisture content, grain size, and carbon content, using a 
Malvern Mastersizer 2000 and a Leco RC612, respectively. To disperse the sample before the grain 
size measurements, the samples were sonified at 60 J ml-1 in 12 seconds with no chemical dispersant. 
The moisture content was measured gravimetrically by drying the samples at 100 degrees Celsius. 
The effect of soil moisture on the emission of a surface has been described elsewhere (Cui et al., 
2019b; Funk et al., 2008; Munkhtsetseg et al., 2016; von Holdt et al., 2019; Wang et al., 2015). The 
relative humidity and air temperature were recorded during the PI-SWERL measurements.  

4.3.4 Statistical analyses 
The statistical difference between crusted and LEM surfaces per field plot was determined using 

two-tailed t-tests, with an alpha value of 0.05 to determine statistical significance. A Boosted 
Regression Tree (BRT) machine learning analysis was used to determine the relative importance of 
and interactions between the measured soil surface properties and the emission flux from these 
surfaces as measured by the PI-SWERL (Elith et al., 2008). A BRT model was used by Von Holdt et al. 
(2019) to investigate the relationships between surface properties and emission flux measured with 
the PI-SWERL in the alluvial landscapes of Namibia. The BRT analysis provides the relative influence 
each input variable has on the dependent variable, which is in this case the emission flux measured 
by the PI-SWERL. The BRT models were run with the R package gbm was used (Ridgeway, 2007). A 
learning rate of 0.01, an interaction depth (or tree complexity) of 5, a bag fraction of 0.6, a cross fold 
of 10, and a maximum number of 1000 trees was used.  

Per surface type, two different BRT analyses were performed. The BRT analyses presented in the 
text contains the main variables of interest, namely the surface shear strength, soil moisture, clay and 
silt content, and the content of Total Organic Carbon (TOC). For the crusted surfaces, also the OGS 
counts have been used which represents the count of abrading sand grains during a run. This can be 
regarded as an external factor for the emission flux in the case of undisturbed crusts. For the LEM 
surfaces, the OGS count is regarded as an indication of the disturbance or texture, rather than an 
external influence on emission. The clay and silt contents have been chosen as the only property to 
represent soil texture since there is a large covariance between these values and the sand content. 
Using all of these texture-related parameters would have reduced the strength of results received by 
this method. The second BRT analyses contain all the parameters that were measured, e.g., the 
surface shear strength, soil moisture, clay and silt content, TOC, Total Inorganic Carbon (TIC), and air 
humidity and air temperature. These analyses were performed to put the results of the first BRT in a 
wider context, at least qualitative, even if this is outside the immediate scope of the paper. 
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4.4 Results and discussion 

4.4.1 Surface conditions and emissions 
The results from the PI-SWERL runs and shear strength measurements show that crusted surfaces 

have the lowest emissions in general, but show significant variance per field (Figure 4-6 and Table 4-
2). In contrast, loosened soils are the most emissive surfaces, among which the highest emissions are 
from loosened soil in maize fields. The sand deposits in the groundnut field, which can be associated 
with wind erosion, had a much lower emission than the loosened soils. T-tests of the emission fluxes 
between surface types on each field plot, where statistical significance is defined as p < 0.05, show 
that the LEM surfaces, the loosened soils and the sand deposits, have a higher emission flux than 
crusted surfaces. Regarding shear strength, crusted surfaces have a much higher average cohesion, 
considering the average is between 11.1 and 14.1 kPa for crusted surfaces and between 4.5 kPa and 
6.9 kPa for loose surfaces. This relationship is reversed for the average OGS count, which is 
significantly higher for the LEM surfaces (between 291 Hz and 452 Hz) than the crusted surfaces 
(between 56 and 111 Hz).  

The cropland surfaces have an average emission of 0.78 mg m-2 s-1 and are relatively high in 
comparison with other studies. Von Holdt et al. (2019) for example measured average emissions from 
LEM surfaces of 0.32 mg m-2 s-1 and for medium and high saltator crusts 0.086 mg m-2 s-1 and 0.34 mg 
m-2 s-1, respectively. The arable land measured by Cui et al (2019) also showed lower average 
emissions of 0.231 mg m-2 s-1. By comparing dust emissions from agricultural fields to emissions from 
natural grassland or pan surfaces their relative importance can be seen, despite the fact that causes 
and processes, for example, drag absorption by plants, are different. Grassland surfaces show very 
little dust emission (0.03 mg m-2 s-1 on average), whereas pans can show very high emissions, which 
are statistically comparable to the ones from loosened soils. The variance of emissions from pans is 
very high however, and the median of the emission flux is as low as that of crusted surfaces. 
Additional data on the measurements on the pan and grassland surfaces are shown in the 
supplementary materials (Table S1), which again demonstrates the high variability of surface 
characteristics within the pans. Combining this with their small size in comparison to that of 
agricultural fields indicates that more observations on Free State pans are required for a full 
assessment of their contribution to dust emissions. In contrast, grasslands can be considered 
insignificant, when it comes to dust emission in this region.  
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Figure 4-6. The emission flux of each surface type per field as measured by the PI-SWERL at a friction velocity of 

0.56 m s-1 with Tukey test results showing the statistical significant groups. More information on these 
measurements are given in Table 4-2. 

Table 4-2. The results from the PI-SWERL measurements at a friction velocity of 0.56 m s-1 per field and surface 
type. For shear strength measurement per PI-SWERL run n = 10. 

 Flux emission (mg m-

2 s-1) 
Shear strength 
(kPa) 

Average OGS count 
(Hz) 

Type Count Mean σ Mean σ Mean σ 
Crust 133 0.48 0.35 13.4 3.6 104 79 
Sand deposit 18 0.57 0.22 6.1 1.7 291 178 
Loosened soil 28 2.34 1.47 4.6 1.6 348 256 

 
4.4.2 Surface properties determining emissivity on all sites 

The generated data set can be used to identify the most relevant soil surface properties for 
emissivity by performing BRT analyses. The first analysis comprised the entire data set and aimed at 
identifying the main controlling factors for emissivity. The results of this analysis are shown in Figure 
4-7, with the relative influence (in %) and the marginal effect of each factor. Hereby the marginal 
effect represents the influence of a variable on the emission flux without the influence from any of 
the other variables. These results show that shear strength has the greatest influence, with a relative 
influence of 74.7%. The marginal effect of shear strength shows the highest value below 5 kPa, where 
it has a value of 2.5, and the lowest value above 10 kPa, where it has a value of 0.5. This would mean 
that the shear strength alone increased the emission flux five-fold for our dataset when it is below 5 
kPa compared to when it is above 15 kPa. Between these values, the marginal effect shows a steady 
decrease, which could represent an almost linear or exponential negative relationship between shear 
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strength and emission flux when only these two values are considered. It is important to note 
however that the marginal effect is calculated with the BRT analysis and is not based on any 
functional relationship. The high relevance and the marginal effect of the shear strength explain the 
high emissions observed on the loosened soils because these surfaces had the lowest shear strength 
(Figure 4-8). They also indicate that shear strength above 15 kPa is most effective in reducing 
emissions, which matches with the low emission from the crusted surfaces. 

The BRT analysis furthermore shows a small positive influence of the TOC content, with the most 
significant increase in marginal effect being between 0.1 and 0.3%. This means that above a TOC of 
0.3%, the influence of a change in TOC on emission is neglectable. The moisture content has a low 
effect, which was expected since the measured moisture content (0.25% mean, 0.17% STDV, 0.81% 
maximum) was below the level where moisture is described to have an effect, which is above 1% (Cui 
et al., 2019b; Funk et al., 2008; Munkhtsetseg et al., 2016; von Holdt et al., 2019). This would of course 
only be relevant for our PI-SWERL measurements, since moisture could still be a relevant factor for 
the temporal variability of wind erosion, as described by Wiggs and Holmes (2011). Surprisingly, the 
clay and silt content can be considered insignificant for the emission, when differences in surface 
type are not considered. Similar results can be found in the BRT analysis including the complete 
variable set (Supplementary). This analysis also shows a high importance of humidity and 
temperature, which is an influence also described by Etyemezian et al. (2019) and McKenna Neuman 
(2004). Since daily weather conditions and access to sampling sites limited the ability to carry out PI-
SWERL tests systematically at constant relative air humidity and soil temperature, more research 
should be done to the influence of these variables. Also in this analysis, the shear strength remains 
the variable with the highest relative influence. 

All agricultural surfaces 
 

Shear strength (74.7%) TOC (13.9%) Moisture (6.4%) Clay and silt (4.9%) 

    
 

Figure 4-7. The results from the BRT analyses on the whole data set, showing the relative influence on the 
emission flux in percentage for each variable, and the marginal effect of this variable. 
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Figure 4-8. The average shear strength of the agricultural surfaces versus the emission flux at a friction velocity of 0.56 m 
s-1. 

4.4.3 Surface properties determining emissions on individual surface types 
The large relative influence of shear strength when considering all surface types may mask some 

unexplained variability for individual surfaces (Figure 4-8). The crusts and loosened soils show no 
significant relationship between shear strength and emission flux (R2 = 0.08 and 0.02 for the crusts 
and loosened soils, respectively) and the sand deposits show a negative trend with a R2 of 0.48. The 
loosened soils have a very large range in emission (between 0.5 mg s-1 m-2 and 6 mg s-1 m-2) that is 
not explained by a difference in shear strength. For example, a low emission has been measured on 
the sand deposits, regardless of their low shear strength. To determine the factors that are most 
important for the difference in emissivity of these surfaces, additional boosted regression tree 
models have been performed. This was done on the separate data of the crusted surfaces and on the 
LEM surfaces, which are the loosened soils and sand deposits. This separation will enable the 
identification of soil properties influencing the emissions from crusted and non-crusted surfaces. 

4.4.3.1 Emissivity controls on crusted surfaces 
For the BRT analysis of the crusted surfaces, the OGS count has been added to the data set. This was 

done because saltating grains and abrasion have been described as relevant external factors for 
emissions from crusted surfaces (Houser and Nickling, 2001a; Klose et al., 2019; McKenna Neuman 
et al., 1996; McKenna Neuman and Maxwell, 1999; Rice et al., 1999, 1996; Rice and McEwan, 2001; 
Zobeck et al., 2003). The results show that the OGS count is indeed the most prominent factor for 
crusted surfaces with a relative influence of 68.2% (Figure 4-9). The marginal effect of the OGS shows 
that the saltation count influences the emissivity greatly up to approximately 150 Hz. OGS count and 
the emission flux display a significant power relationship (Figure 4-10) which demonstrates that 
saltating sand is indeed an important trigger for the emission of dust from crusted surfaces on Free 
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State cropland. Considering that the abraders that trigger emission from crusts might originate from 
nearby disturbed or loosened soil surfaces, indicates that indirectly, the non-crusted surfaces could 
thus increase the emission on crusted surfaces. Consequently, the importance of minimizing the 
disturbance of crusts to limit the emissivity is also dependent on the interaction of crusted patches 
with adjacent surfaces.  

Crusted surfaces 
 

OGS (68.2%) Shear strength (12.0%) Moisture (9.3%) TOC (6.6%) Clay and silt (3.9%) 

     
 

Figure 4-9. The results from the BRT analyses on the crust data, showing the relative influence on the emission 
flux in percentage for each variable, and the marginal effect of this variable. 

 
Figure 4-10. The OGS count versus the emission of the field crusts and the average emission from experimental 

crusts from Vos et al. (2020). Note the logarithmic scale of the OGS plot. 

The BRT shows a small influence, almost binary relationship of the shear strength, with a threshold 
around 15 kPa. This shear strength value has also been identified by Goossens (2004) to be a 
threshold for the resistance to dust emissions from a crusted surface. However, the small relative 
influence of the crust strength (12%) indicates that such a high crust strength is not a prerequisite 
for a crust to prevent dust emission. Furthermore, the texture and chemistry of the soil appear to be 
almost insignificant for the emission from crusts. This points towards the universal protection soil 
crusts offer in relation to the presence of abraders. 
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4.4.3.2 Emissivity controls on LEM surfaces 
Figure 4-11 shows the result of the BRT analysis for the LEM surfaces, which consist of the loosened 

soils and sand deposits. The most important factor is the clay and silt content with a relative influence 
of 44%. This influence of clay and silt is confirmed when plotting the clay and silt content versus the 
emission flux (Figure 4-12). The emission from purely LEM soils is increased by the presence of clay 
and silt, as described by Wang et al. (2015), Madden et al. (2010) and Sweeney and Mason (2013). 
This shows that the most emissive surfaces can be found on LEM surfaces with a higher clay and silt 
content (up to 20%). The sand deposits were notable due to their low emission, despite their very 
low cohesive strength. The low content of clay and silt in the sand deposits would be the result of a 
depletion of these particle sizes in the surfaces by previous wind erosion events. The high degree of 
sorting also explains the very low shear strengths of the sand deposits. This can also be seen when 
comparing the clay and silt from the sand deposits (1.3% and 4.2% clay and silt, respectively) to the 
crusts on the same test plot or field (2.7% and 9.2% clay and silt, respectively). The relevance of fines 
for dust emissions also illustrates that sandy surfaces, which are highly vulnerable to wind erosion, 
are not necessarily emitting large quantities of dust, because they could have been depleted of it.  

LEM surfaces 
 

Clay and silt (44.0%) TOC (32.6%) Shear strength (15.3%) Moisture (8.1%) 

    
 

Figure 4-11. The results from the BRT analyses on the LEM data set (including the sand deposits and loosened 
soil), showing the relative influence on the emission flux in percentage for each variable, and the marginal effect 

of this variable. 
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Figure 4-12. The clay and silt content versus the emission flux at a friction velocity of 0.56 m s-1, including the 
average experimental data from Vos et al. (2020). 

4.4.4 Laboratory and field comparison 
The third objective of this study was to compare the results from the field measurements to the 

measurements carried out in the laboratory by Vos et al. (2020). In their study rainfall simulations 
with 15 mm of rainfall were used to create physical crusts on small soil plots. Emissions from these 
crusted surfaces were then compared to emissions from non-crusted, loosened soil by using the PI-
SWERL. The results showed that the emission from crusted Arenosols and Luvisols are 0.14 and 
0.26%, respectively, of that of a loose surface. When introducing sand particles acting as abraders on 
the crusts, which simulates a likely scenario in the field, emissions observed in the laboratory were 
still only 10% of those observed on loose soil in the laboratory. The soils used in the laboratory study 
had a texture and shear strength similar to those in the field (Table 4-3). Comparing this data with 
the PI-SWERL measurements carried out for this study, the effect of crusts on dust emission appears 
smaller on actual cropland. This can be attributed to both, a higher emission from the field crusts and 
a lower emission from the loose surfaces in the field.  

Table 4-3. The average shear strength and soil texture of the laboratory crusts from Vos et al. (2020). 

 
Emission (mg m-2 s-1) 

Clay (%) Silt (%) Sand (%) Crust shear strength 
(kPa) Crust Crust with 

abrader Loose 

Arenosol 0.00053 0.311 3.872 2.7 10.4 86.9 17.4 
Luvisol 0.0278 0.425 10.534 6.3 15.1 78.4 21.5 

 

When looking at the influence of saltators on the emission of crusts (Figure 4-10), laboratory and 
field crusts show a similar power relationship. However, at a similar OGS count, emissions in the lab 
were a magnitude smaller. This could be explained by loose fines that settled on these field surfaces 
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after wind events, and that get suspended again easily. These fines would be absent from the 
laboratory crusts. We furthermore speculate that this difference could also be caused by a difference 
in the composition of the abraders in the field and laboratory measurements. Grainsize 
measurements on the loose particles collected on field crusts showed an average of 5% clay and silt, 
whereas the abraders in the lab were sonified to rid them of fines, before being used as abraders. This 
means that in the lab, no additional emission of fines from the abraders took place which is in contrast 
to field measurements. Lastly, the crusts in the field could have been exposed to degradation which 
could have increased the emission from these crusts and the sensitivity to abraders. This degradation 
could have been caused by freeze-thawing processes and previous abrasion (Liu et al., 2017; Wang 
et al., 2014). While field and laboratory results generally indicate a similar effect of crusts on dust 
emissivity, the differences between them also highlight the risk of an overassessment of the relevance 
of crusts when looking at laboratory results alone. 

When it comes to the loose surfaces and their relationship to texture, there is an overlap between 
the field and laboratory surfaces (Figure 4-12). The laboratory and field surfaces show approximately 
a similar relationship between texture and emission flux. The laboratory Arenosol plots in the same 
region as the field measurements, whereas the laboratory Luvisol has a higher clay and silt content 
and therefore a higher emission. The disturbance on the unharvested maize field, which held the 
Luvisol soil, left a much more aggregated surface with a higher roughness, which is why there was no 
measurement on a loose Luvisol soil. The sieving of soils before laboratory measurements could 
disturb a soil to a degree that might not always occur in the field, which should be taken into account 
for laboratory measurements. 

4.5 Conclusion 
The objectives of this study were to (1) determine the extent to which physical soil crusts reduce 

dust emissions from croplands, to (2) determine which factors influence the emissivity from loose 
and crusted surfaces, and to (3) compare emissions from laboratory surfaces to field surfaces. The 
dust emissions of the croplands appear much higher than of bare grassland soils, which is the largest 
surface area in the Free State. While the pan showed a dust flux statistically similar to that of the loose 
soil, more information on their emissivity is required. However, pan emissions would probably not 
match those of the cropland due to their small cumulative size. The cohesion of a surface, expressed 
as shear strength, appears to be the main factor influencing dust emissions on croplands. This 
influence can be seen in the lower emissions of the cohesive crusts, in comparison to the less cohesive 
loosened soils and sand deposits. Considering that crusts can build up quickly, even during the dry 
season (Vos et al., 2020), physical soil crusts could be the main factor limiting dust emissions from 
bare fields with low roughness and cover. This is in strong contrast to the conventional assumption 
that the clay and silt content of sandy soils are too low to form strong crusts (Rajot et al., 2003; Rice 
et al., 1999). The dust emissions from crusts themselves are controlled by the presence of abraders, 
which can originate from adjacent non-crusted surfaces. This shows that besides the higher emission 
from loose surfaces in the first place, these loose surfaces can have an additional increasing effect on 
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emissions from crusted surfaces. In the case of the fallow field, we speculate that the unlimited supply 
of abraders originates from bordering disturbed fields and that without these abraders, emissions 
from the fallow field would be much lower. Consequently, the emissions from the fallow field could 
be limited even further by keeping mobile sand to a minimum, e.g. by increasing sand traps such as 
fences or vegetation, maintaining a residue cover or crusts, and stabilizing sand on margins with 
vegetation. 

The influence of texture on dust emissions appears to be ambiguous in our study since it is not 
identified as highly relevant when analysing the whole data set. However, it does appear to be a major 
influence for emissions from loose surfaces, where the presence of clay and silt increases the 
emission. This relationship does not take into account that higher contents of clay and silt could also 
potentially result in the development of clods and thus higher surface roughness. An increase in clay 
and silt could then increase the threshold friction velocities and reduce dust emissions. However, due 
to the very low content of clay and silt in the soils investigated in the Free State, this context was not 
within the scope of this study. The influence of texture also explains the unexpected low dust 
emissions from the sand deposits where depletion of fines had caused soil degradation by wind 
erosion. This also suggests that the fields that show the most signs of wind erosion, such as moving 
or ripple marks, might not be the fields that actually emit the most dust in their current state due to 
this degradation.  

Our results are in line with the laboratory measurements from Vos et al. (2020) that showed a large 
difference in emissions between crusted and loose surfaces. For crusted surfaces, the field 
measurements showed that the majority of the crusts are subjected to abraders which leads to higher 
emissions. When taking the influence of abraders into account, field crusts still have a greater 
emission than in the laboratory, which could be the result of degradation of the surface and loose 
fines on top of the surface. For loose surfaces, the laboratory results are comparable to loose surfaces 
with similar clay and silt content. Laboratory studies on the emission from crusted surfaces should 
take the underestimation of emission from crusted surfaces into account. 

Our data showed interesting implications for assessing or modelling dust emissions from sandy, 
rain-fed croplands in semi-arid to arid regions. The importance of cohesion and the presence of 
crusted surfaces in minimizing dust emissions should be taken into account when predictions of dust 
emissions are made for cropland areas. Especially during dry years, when the growth of crops is 
limited, protecting crusts could be used as an important land management technique to limit dust 
emissions from fallow fields with no protection from stubble. Hereby, the presence and input from 
neighbouring fields of saltating particles should be minimized. Furthermore, the importance of soil 
texture for the loose surface is noticeable, indicating that the emissions of surfaces with more clay 
and silt are only higher when it is disturbed by loosened soils. These contradictory influences should 
be considered for predictions on the emissivity of sandy, agricultural surfaces.  
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For future work, the focus should be on assessing a wider range of surfaces present on these 
agricultural lands. This includes the disturbed surfaces with a certain roughness or clod content. 
These surfaces were present on agricultural fields, but these surfaces are too rough to be measured 
with the PI-SWERL. Furthermore, the influence of larger roughness elements in these croplands, such 
as stubble or ploughing ridges, should be determined since windbreaks at the margins of fields are 
not practised in the region as a measure against wind erosion. This could then give insight under 
which conditions the roughness and cover are not sufficient to protect a surface, and therefore the 
formation of crusts and the limitation of saltators could be the primary solution of protection against 
dust emission.  
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5.1 Abstract  
Dust is a major vehicle for the dispersal of microorganisms across the globe. While much attention 

has been focused on microbial dispersal in dust plumes from major natural dust sources, very little 
is known about the fractionation processes that select for the "dust microbiome." The recent 
identification of highly emissive, agricultural land dust sources in South Africa has provided the 
opportunity to study the displacement of microbial communities through dust generation and 
transport. In this study, we aimed to document the microbial communities that are carried in the dust 
from one of South Africa's most emissive locations, and to investigate the selective factors that 
control the partitioning of microbial communities from soil to dust. For this purpose, dust samples 
were generated at different emission sources using a Portable In-Situ Wind Erosion Lab (PI-SWERL), 
and the taxonomic composition of the resulting microbiomes was compared with the source soils. 
Dust emission processes resulted in the clear fractionation of the soil bacterial community, where 
dust samples were significantly enriched in spore-forming taxa. Conversely, little fractionation was 
observed in the soil fungal communities, such that the dust fungal fingerprint could be used to 
identify the source soil. Dust microbiomes were also found to vary according to the emission source, 
suggesting that land use significantly affected the structure and fractionation of microbial 
communities transported in dust plumes. In addition, several potential biological allergens of fungal 
origin were detected in the dust microbiomes, highlighting the potential detrimental effects of dust 
plumes emitted in South Africa. This study represents the first description of the fractionation of 
microbial taxa occurring at the source of dust plumes and provides a direct link between land use 
and its impact on the dust microbiome.  

Keywords: Comparative phylogenetic; dust microbiome; fractionation anthropogenic land-use 
dust allergens; PI-SWERL.  

5.2 Introduction 
Atmospheric mineral aerosols are recognized as an integral component of the earth’s 

biogeochemical cycle (Fryrear, 1986; Ravi et al., 2011). It is estimated that the yearly quantity of dust 
that makes district or worldwide airborne migrations ranges from 0.5 to 5.0 billion tons (Behzad et 
al., 2018; Perkins, 2001). Dust minerals fertilize terrestrial (Okin et al., 2004) and aquatic (Neff et al., 
2008) environments and modulate the earth’s radiation budget (Schepanski, 2018). Wind erosion 
constitutes not only a loss of mineral particles and causes abrasion and damage to plants but also a 
displacement and transfer of microbial biomass (Behzad et al., 2018; Rosselli et al., 2015). For 
example, large increases in the concentration of airborne bacteria and fungi are associated with dust 
clouds during sandstorm events (Kellogg and Griffin, 2006). 

Global dust sources are represented by persistent hotpots, mostly associated with dry 
environments (Prospero et al., 2002). The dispersion of dust from such hotpots is a function of the 
supply of dry, pulverized soil aggregates, its availability to entrainment, usually determined by the 
lack of soil cover, stubble and soil roughness, and transport sustained by sufficient wind speeds 
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(Bullard et al., 2011). A recent decade-long satellite data survey established the Free State province 
of South Africa, in particular areas north of Bloemfontein, to be such a hotspot, more so than any 
other area in South Africa (Eckardt et al., 2020). Here, dust events are common during the months of 
July to September, after commercial, rain-fed arable crops have been harvested coinciding with the 
dry season and the strongest winds (Wiggs and Holmes, 2011). Dust events were particularly 
frequent during the 2015–2016 drought, when 790 thousand hectares in the Free State remained 
fallow and weather satellite imagery identified more than 20 major dust days. Satellite data and air 
parcel trajectory models suggest the widespread dispersal of windborne mineral aerosols, reaching 
the neighbouring provinces to the east, along with Lesotho and the Indian Ocean (Eckardt et al., 
2020). 

Anthropogenic activities (particularly farming practices) have been recognized as major drivers of 
dust emission elsewhere, generating between 10 and 60% of the total atmospheric dust loads per 
year (Webb and Pierre, 2018), and are clearly linked to dust emissions in the Free State province of 
South Africa (Eckardt et al., 2020; Wiggs and Holmes, 2011). 

Recent phylogenetic analyses of dust microbiomes (Gat et al., 2017; Tang et al., 2018; Weil et al., 
2017) have identified a wide variety of bacterial taxa, representing all the common soil phyla (Behzad 
et al., 2018), while dust-associated fungal taxa include a wide range of both soil- and plant-associated 
taxa (Behzad et al., 2018; Maki et al., 2019; Tang et al., 2018). The dispersal of soil microbial 
communities in dust plumes is also thought to have far-reaching effects on human health (Graham et 
al., 2016; Kellogg and Griffin, 2006). Several studies have linked dust generation to various diseases, 
including meningitis outbreaks, asthma attacks, and to respiratory and other cardiovascular 
complications (Behzad et al., 2018; Jusot et al., 2017). Farming practices and crop rotations have also 
been shown to play a role in shaping the dust microbiome (Kirjavainen et al., 2019; Luiken et al., 
2020; White et al., 2019). However, to date there is no information on dust microbiomes originating 
from sub-Saharan Africa, or how farming practices might shape this microbiome. 

In this study, we document the fractionation process that shapes the dust microbiome in emissive 
farmland soils in the Free State province of South Africa and assess whether the latter can provide a 
diagnostic fingerprint for identification of source soils. In addition, we assess the potential impact of 
the dust microbiome generated from arable farmland soils by identifying taxa that may be implicated 
in human and agricultural crop health issues. 

5.3 Materials and methods 

5.3.1 Soil and dust sampling 
Soil and dust sampling took place in August 2019, near Bultfontein, Free State province, South 

Africa (- 28.27 S, 26.15 E), a region of large-scale agriculture including maize (Zea mays), sunflower 
(Helianthus annuus), soyabeans (Glycine max), sorghum (Sorghum bicolor), wheat (Triticum 
aestivum), and peanut (Arachis hypogaea) (Supplementary Figure 5-1a). The soil is principally 

https://link.springer.com/article/10.1007/s00248-021-01717-8#MOESM1
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comprised of Luvisols and Arenosols (Jones et al., 2013), which are rich in silt and sand, making them 
particularly susceptible to wind erosion (Eckardt et al., 2020). At each site, 4 soil samples (“Source 
Soils”) were collected at the vertices of a 10 × 10 m metres quadrat. Surface soil samples (0–2 cm) 
were recovered with a sterile trowel into sterile Whirlpak® bags. A single dust sample (“PS sample”) 
was artificially generated at the GPS coordinate for each site, using a portable In-Situ Wind Erosion 
Lab (Pi-SWERL) (Supplementary Figure 5-1b), which simulates wind-driven dust emissions and is 
used to measure emission thresholds (Etyemezian et al., 2007). Each PS sample was collected in a 
sterile Whirlpak® bag attached to the outlet of the PI-SWERL. For each PS sample, dust was collected 
from a 15-min run of the PI-SWERL at 3500 RPM, which represents a friction velocity of 0.85 m s-1, 
using an alpha value of 0.90 and the relationship as proposed by Etyemezian et al. (2014). This 
corresponds to a wind speed of approximately 16 m s-1 (57 km h-1). Six “control” dust samples (DT 
samples) (Supplementary Figure 5-1b) were also collected from Big Spring Number Eight (BSNE) 
collectors established prior to the study. The BSNE was developed by Fryrear (1986) and has been 
used frequently in wind erosion research (Goossens and Buck, 2011; Goossens and Offer, 2000; 
Sharratt et al., 2007; Webb et al., 2013). For the purposes of this study, BSNE dust traps were 
deployed in the peanut fields at heights of 10, 35, and 60 cm, calculated from the geometric mean of 
the opening. Collection of the DT samples was done after a dust storm event that occurred in the area 
on the 21st September 2019, with gust wind speeds of 14 m s-1 (50 km h-1). Only samples from heights 
10 and 35 cm were used for downstream analysis, as they contained enough biomass for DNA 
extraction. All samples were stored at room temperature before transport to the Centre of Microbial 
Ecology and Genomics (CMEG), University of Pretoria, Pretoria, South Africa, and subsequently 
stored at 4 °C until downstream processing. Grainsize of the DT and PS samples was measured using 
the Mastersizer 2000, after dispersing the samples using a Branson 250 Sonifier at 60 J ml-1 (Hu and 
Kuhn, 2014). Physical (silt/clay/sand content) and chemical (ammonia/nitrate and organic carbon) 
properties of the soil were measured from 200 grams of bulk soil by Intertek (Gauteng, South Africa). 

5.3.2 DNA extraction and sequencing 
Prior to DNA extraction, quadruplicate source soil samples from individual sites were combined 

into a composite sample and passed through a sterile 2-mm sieve in order to remove large mineral 
particles that might interfere with the extraction protocol. DNA from all samples was extracted using 
the DNeasy PowerSoil Kit (QIAGEN, Germany) with 0.5 to 1 g of initial sample material. Extracted 
DNA was quantified using the NanoDrop 2000 spectrophotometer (ThermoScientific, USA), and 
quality-checked by PCR amplification with 16S rRNA gene and ITS-specific primers. Thermocycling 
was conducted with a 25 μl reaction volume following the protocol recommended by the provider 
(New England Biolabs, USA) (initial denaturation 95 °C, 30 s; 30 × (denaturation 95 °C, 15 s annealing 
55 °C, 30 s; elongation 68 °C, 60 s); final extension 68 °C, 5 min; hold 4 °C). After the quality of the 
DNA was confirmed, the samples were sent to Omega Bioservices (Georgia, USA) for sequencing of 
the v3-v4 hypervariable region of the 16S RNA gene and the ITS1-ITS4 region, using 2 × 300 bps PE 
Illumina MiSeq technology with a read coverage of 100,000 reads per sample. 

https://link.springer.com/article/10.1007/s00248-021-01717-8#MOESM1
https://link.springer.com/article/10.1007/s00248-021-01717-8#MOESM1
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5.3.3 Phylogenetic analysis 
Sequenced reads were filtered and assembled using the QIIME2 pipeline (Bolyen et al., 2019), using 

DADA2 (Callahan et al., 2016) for read filtering and unique sequence inference, with a trunc-length 
of 280 bps for forward reads and 250 bps for reverse reads for bacterial reads, and 300 bps for fungal 
reads. Taxonomic analysis of the resulting assembled reads was carried out using the SILVA ver132 
classifier (Quast et al., 2013) for prokaryotic species (with 99% similarity cut-off), and the UNITE 
fungal database (with 99% similarity cut-off) for fungal species. The Amplicon Sequence Variant 
(ASV) count table generated by the QIIME2 pipeline was manually curated to remove ASVs that were 
present in less than three samples. This step was performed to minimize false-positives originating 
from the sequencing platform. To assess if the sequencing depth for each sample was adequate, 
rarefaction curves were generated using the Vegan (Oksanen et al., 2019) package in RStudio. 

5.3.4 Community composition analysis 
Alpha-diversity metrics, beta-diversity metrics, and ordination were calculated using the Phyloseq 

(McMurdie and Holmes, 2013) and Vegan packages in Rstudio. The distribution of relative 
abundances and alpha-diversity indices was tested using the Shapiro test (Royston, 1982), and the 
significance of differences in phylum relative abundances was calculated using ANOVA (for normally 
distributed data) (Chambers and Hastie, 1992) and the Kruskal-Wallis test (for non-normally 
distributed data) (McKight and Najab, 2010). To perform beta-diversity analyses, the ASVs count 
table was first rarefied using the sample with the lowest ASV number as the reference sample, and 
counts were log(x + 1) transformed. Beta-diversity between groups was calculated using the Bray-
Curtis dissimilarity metric (Lozupone et al., 2011) and visualized in a Principal Coordinates Analysis 
(PCoA) plot (Jolliffe and Cadima, 2016). PERMANOVA (Anderson and Walsh, 2013) with 999 
permutations was used to test for statistical differences between sample beta-diversity, while the 
variation within sample groups was tested using the analysis of multivariate homogeneity of group 
dispersions (β-disper) (Anderson, 2006). Similarity within groups of samples was calculated with 
ANOSIM (Anderson and Walsh, 2013), using the same number of permutations as the PERMANOVA 
test. Redundancy analysis (RDA) was performed to access the explanatory effects of soil physical and 
chemical properties on the microbial community beta-diversity distribution. RDA models were 
calculated with forward selection model building using the Vegan package in Rstudio with an 
adjusted p-value threshold of 0.01. 

5.3.5 Sample biomarkers and sink-source analysis 
Biomarker taxa, i.e., taxa that were significantly over-represented in dust compared to soil samples, 

were identified using linear discriminant analysis effect size (LEfSe) analysis (Segata et al., 2011). 
ASV abundance values were converted to relative abundances (from 0 to 100%) prior to the LEfSe 
analysis, and data were normalized using the normalization step included in the galaxy version of the 
LEfSe software (http://huttenhower.sph.harvard.edu/galaxy/). Significant differences in abundance 

http://huttenhower.sph.harvard.edu/galaxy/
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were calculated using a Kruskal-Wallis test with a p-value threshold of 0.01, and effect size estimates 
were calculated using linear discriminant analysis (LDA). 

Sink-source analysis was performed using the SourceTracker2 package (Knights et al., 2011) in 
RStudio. The ASV counts table was supplied as an input, together with a metadata file containing the 
classification of “sink” and “source,” for each of the dust and soil samples, respectively. Data were 
rarefied using the SourceTracker2 default settings. Significant differences in sink-source proportions 
for each dust sample set, according to field type, were calculated with the Kruskal-Wallis test. 

5.4 Results and Discussion 

5.4.1 PI-SWERL Samples Are a Valid Surrogate for the Study of Dust-Associated 

Microbial Communities 
The PI-SWERL, which generates dust from soil surfaces through shear generated by a rapidly 

rotating annular ring positioned above the soil surface, has been used extensively to quantify spatial 
and temporal patterns of dust emissions (Etyemezian et al., 2007; Sankey et al., 2011). However, to 
the authors’ knowledge, this technology has not previously been employed in studies of dust 
microbiomics. In order to first validate the method, we compared the microbial communities in dust 
generated by the PI-SWERL (PS samples) to those in dust collected in BSNE dust traps (DT samples). 
Both PS and DT samples showed comparable number of ASVs (measured as observed species) 
between each other and compared to the source soil samples (Supplementary Figure 5-2b), 
corroborating the hypothesis that microorganisms undergo near-ubiquitous dispersal through dust 
(Bottos et al., 2014; Prospero et al., 2005). In addition, the majority of ASVs assigned to DT samples 
was shared by both the source soils and PS samples (Supplementary Figure 5-2b). We note that the 
PI-SWERL-generated dust samples exhibited a much higher variability in species richness than DT 
samples, which mimicked the variability observed in the soil samples from which the dust was 
collected. 

Further analysis of the PS samples, collected in same vicinity as the DT samples, showed that both 
PS and DT samples shared a higher number of species (ASVs) compared with the source soils (Figure 
5-1). These results suggest that the dust samples collected from the PI-SWERL are more 
representative of dust samples collected in conventional dust traps than of the source soils, and that 
PI-SWERL technology is an effective method for generating dust samples for microbiome analysis. 

https://link.springer.com/article/10.1007/s00248-021-01717-8#MOESM1
https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig1
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Figure 5-1. Shared bacterial and fungal ASVs shared between DT, PS, and source soil samples taken in close 
proximity from each other. The number of shared ASVs between PS and DT samples is highlighted in bold. 

The high number of unique ASVs in DT samples, particularly those not shared with source soil 
samples from the vicinity, is consistent with the practical observation that conventional dust traps 
collect aeolian material from more distant sources (c.f., the PI-SWERL, which generated dust from a 
point location). In this regard, the use of the PI-SWERL could simplify the comparison of source and 
dust microbiomes in terms of community fractionation by avoiding confounding issues relating to 
the mixing of dust from multiple sources during transport. Additionally, differences in microbial 
composition between DT and PS samples could be correlated with differences in particle retention 
between the two sample collection methods. At high wind speeds, the efficiency of the BSNE is 
reduced with small particulate sizes (<10 μm), as described by Sharratt et al. (2007). 
Correspondingly, DT samples had a clay and silt content of 3.0% and 16.5%, respectively, while PS 
samples were composed of approximately 3.1% clay and 70.2% silt. The difference in grainsize 
between these samples can be explained by the fact that the PS samples only consist of smaller 
particles that can be suspended in the air, whereas the DT samples from BSNEs hold the larger, sand-
sized fraction of saltating particles. Future work needs to address how different particle 
compositions affect the microbiome of the dust plumes. 

5.4.2 Dust Emissions Select for Specific Taxa from Soil Microbial Communities 
In order to understand the fractionation process of soil microbiota that occurs during dust 

emission, the taxonomic composition of the three sample sets (PS, DT, Source Soil) was analyzed and 
compared. All sample sets showed a similar composition in both the dominant (99% of ASVs) 
bacterial and fungal phyla (Figure 5-2a), with communities being dominated by Proteobacteria and 
Ascomycota, respectively. The top 10 bacterial and 3 fungal phyla observed in the source soil used in 
this study have previously been reported to be abundant in arable lands across the globe, and are 
often connected to the productivity of the soils (Trivedi et al., 2016; Wang et al., 2018). A recent 
report (Maki et al., 2019) documenting the microbial composition of dust from desert and 
anthropogenic sources also reported similar prokaryote compositions to those reported in this study. 

https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig2
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Significant differences in relative abundances of taxa at the Phylum level were detected between dust 
and source soil samples (Figure 5-2b). Most notably, Proteobacteria were significantly enriched in PS 
and DT samples compared to source soils (34% PS/DT vs 26% source soils average relative 
abundance), while Firmicutes were over-represented in source soils (8% source soils vs 4.6% DT/ 
2.3% PS). 

 

Figure 5-2. (a) Distribution of the dominant prokaryotic and fungal phyla across the three sample sets. 
Abundances were calculated as the fraction of total ASVs belonging to each phyla. (b) Relative abundance of phyla 

that which show significant (p-value >0.01) difference in abundance between the three data sets. Relative 
abundance was calculated as the average percentage of the fraction of each phylum across the three data sets. 

To further explore the differences in microbial abundance between dust and source soil samples, 
LEfSe analysis was performed to identify taxa that were significantly over-represented in PS and DT 
samples (Figure 5-3). A total of 12 bacterial taxa were identified as being over-represented in the 
dust samples, suggesting that some level of selective fractionation does occur during dust generation. 
Several of the bacterial taxa identified in this analysis, including Cryptosporangium, 
Micromonosporaceae, and Actinoplanes, are associated with the ability to sporulate (Buttner, 2017; 
Tamura et al., 1998). By comparison, only 3 fungal taxa were over-represented in the dust samples. 
Together with the lack of differentiation in fungal phylum abundances between the sample groups, 
these results suggest that the fungal communities do not undergo the same fractionation process as 
bacteria. We suggest that this is due to their inate capacity for aeolian transport (Egan et al., 2014; 
Kendrick, 2001). 

https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig2
https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig3
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Figure 5-3. LEfSe analysis of taxa that were significantly over-represented in dust samples (p-value < 0.01) 
compared to the source soils. Over-representation is expressed as Log2 change compared to soil samples. 

Bacterial taxa are highlighted within the blue brackets, while fungal taxa are highlighted within the red brackets. 
Taxa marked with the yellow triangles are associated with the capabilities to form spores. 

5.4.3 Dust Microbial Communities Can Be Linked to the Soil from Which They 

Originate 
Analysis of the differences in community composition using the Bray-Curtis beta-diversity 

dissimilarity showed that both bacterial and fungal communities clustered significantly (p-value 
<0.01) according to sample type (PS vs DT vs Source Soil) (Supplementary Figure 5-3), corroborating 
the suggestion that microbial communities do undergo some level of compositional fractionation 
during dust production. However, this grouping only weakly explained the dissimilarity in bacterial 
and fungal communities between sample sets (R2 = 0.09 and R2 = 0.11, respectively). By comparison, 
dissimilarities between microbial communities could be explained more robustly by the type of 
field/crop from which samples were taken (i.e., peanut vs sunflower vs maize vs fallow) (Figure 5-
4). Both bacterial and fungal communities were found to be significantly (p-value <0.0009) dissimilar 
between field types (R2 = 0.18 and R2 = 0.22, respectively), and significantly similar within each field 

https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig3
https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig4


Chapter 5 

96 
 

type (R = 0.49; R = 0.57). This result indicates that the different field/crop types have distinct soil 
microbial communities, and these dissimilarities might be explained by a conjunction of different 
factors, including soil physico-chemistry (Lauber et al., 2008), type of crop planted (Azeem et al., 
2020), and tillage method (Smith et al., 2016). 

 

Figure 5-4. Dissimilarities in microbial communities between dust and soil samples according to type of field 
from which the samples were collected. The Principal Component Analysis (PCoA) plots display the Bray-Curtis 
dissimilarity matrices for subsets of the sample community (Soil vs Dust; Bacterial vs Fungal). For the purposes 

of this analysis, PS and DT samples were considered Dust samples. The sample clusters corresponding to the 
different field types are highlighted within the ellipses using the following color-coding: Peanut - blue; Sunflower 

- purple; Fallow - red; Maize – green. 

Dust samples (PS and DT) formed distinct communities relative to the field type from which they 
were collected, with fungal communities being more associated with field type than bacterial 
communities (R = 0.66 versus R = 0.43 for bacterial communities). This result might also be explained 
by a high capacity for fungal tissue (spores, mycelial fragments) to mobilize via aeolian transport 
(Adhikari et al., 2009; Crawford et al., 2009; Després et al., 2012). Consequently, the fungal diversity 
in dust samples should more accurately represent those in source soils, compared to their bacterial 
counterparts. To further explore this hypothesis, sink-source analysis was used to determine if 
microbial communities in dust samples could be traced to their respective sources. The results from 
the analysis (Figure 5-5) showed a significant (p-value <0.01) positive correlation between the dust 
fungal communities and the fields from which these were collected. By comparison, only dust 
bacterial communities originating from the sunflower fields could be significantly correlated to their 
source soils. Together, these results suggest that microbial communities found in dust samples, 

https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig5
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particularly fungal communities, can be linked to the soils from which they are sourced, at least at 
the point of origin. Surprisingly, even dust control (DT) communities could be significantly 
distinguished from dust samples from other fields in the sampling area, suggesting that BSNE dust 
traps collect microbial communities that are primarily sourced from the immediate vicinity of the 
dust trap. 

 

Figure 5-5. Correlation between the DT + PS communities (sink), and the communities in the soil from which the 
dust was collected (source). The y-axis values express the proportion of shared ASVs between the sink samples 

and the source, representation as fractions from 0 to 1. Significant correlations (p-value <0.01) are highlighted by 
the red asterisks (***). 

5.4.4 Amonia and Clay Content Affect Soil Microbial Composition of Different Fields 
As suggested above, the differences in microbial community structure observed in the soil and dust 

from different field types might be explained by differences in chemical and structural properties of 
the soils. In order to investigate this hypothesis further, the general soil properties (silt/clay/sand 
fraction, nitrogen, and organic carbon content) of the sampled soils were measured and correlated 
with the soil microbial communities. All soils were found to have a similar soil silt/sand composition 
as well as organic carbon content, while soils from sunflower fields were found to be significantly 
enriched in both ammonia and clay content (Supplementary Figure 5-4). Redundancy analysis (RDA) 
of the soil properties (Figure 5-6) revealed that ammonia and clay content significantly (adj. p-value 
<0.01) explained 9% of the beta-diversity distribution observed for prokaryotic communities, while 
clay content on its own explained 6% of the beta-diversity distribution of fungal communities. 
Together, these results indicate that these two properties have a significant, albeit small, effect on the 
microbial composition of different fields. 

https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig4
https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig6
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Figure 5-6. The effects of physical and chemical properties of the soil on the prokaryotic (a) and fungal (b) 
communities of the different field types. The distance-based redundancy analysis (db-RDA) plots show the soil 

properties (represented by red arrows) that significantly (adjusted p-value < 0.01) explain the Bray-Curtis 
distribution of the soil microbial communities. Samples are colored according to field type. The following 

abbreviations were used to represent soil properties: Clay - clay content (%) in soil; NH4.N - ammonia content 
(mg kg-1) in soil. 

5.4.5 Dust Carries a High Proportion of Potentially Allergenic Fungal Taxa 
Analysis of the dust fungal community at the Genus level showed high levels of putative fungal 

allergens and plant pathogens. Examples include Cladosporium, which represented an average of 
9.5% of PS and DT fungal ASV counts, as well as Alternaria and Fusarium, which accounted for 6.5% 
and 5.8% of ASV counts, respectively (Figure 5-7). Alternaria species, such as Alternaria alternata, 
are allergens associated with serious asthma and hay fever symptoms (Meena et al., 2017). Alternaria 

https://link.springer.com/article/10.1007/s00248-021-01717-8#Fig7
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alternata and Cladosporium herbarum have also been linked to severe cases of asthma, eczema, and 
rhinitis in children (Tariq et al., 1996). Alternaria and Fusarium species are known plant pathogens 
that can cause spoilage of agricultural products (Bhat et al., 2010; Pinto and Patriarca, 2017; Torbati 
et al., 2019). 

 

Figure 5-7. Relative proportion (relative to total fungal ASV counts) of potentially allergenic fungal pathogens 
present in both PS and DT samples. 

A number of studies have linked farming practices to over-representation of allergens in dust 
(Corden et al., 2003; Friesen et al., 2001; Hyde and Williams, 1946; Nasser and Pulimood, 2009; Stein 
et al., 2016). For instance, mechanized harvesting methods have been reported to release large 
quantities of Alternaria spores which can be wind-transported for long distances (Corden et al., 2003; 
Friesen et al., 2001). Here, we demonstrate that “natural” aeolian processes also have the potential 
to trigger the mobilization of high levels of potentially pathogenic and health-related fungal taxa. 
While the impacts of this process on human and plant health have not been directly quantified, we 
note that dust generated from the Bultfontein area of South Africa can be widely transported to other 
areas of the country, including the North West province, Mpumalanga, Gauteng province, and the 
Western Cape (Eckardt et al., 2020). 
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5.5 Conclusions 
To the authors’ knowledge, this is the first study to document the microbial fractionation process 

that occurs during dust emissions at the source of the emissions. The results reported in this study 
lead us to conclude that microbial communities undergo a selective fractionation process during dust 
emissive events, which may be dependent on the ability of certain species to differentiate into 
structures that are prone to aeolian transport. Given that most fungal taxa have this capacity, either 
through the production of spores or from fragmentation of hyphae, it is perhaps not surprising that 
fungal taxa associated with dust samples can be readily linked to the source from which they 
originate, and therefore potentially be used as biomarkers for the sources of dust plumes. By 
comparison, bacteria communities in dust samples were generally only weakly associated with the 
source soil microbiomes, suggesting that bacteria undergo a greater degree of selective fractionation 
during dust generation. The mechanisms underlying the fractionation process, and the differences in 
fractionation between bacterial and fungal taxa, are worthy of further investigation. Possible avenues 
for future exploration include analyses of possible differences in adsorption and/or entrapment of 
different cell types in/to different minerals or different mineral particle sizes. 

In addition, results in this study support the growing body of evidence that crop-plant selection has 
a significant impact on the composition of associated soil microbial community (González-Chávez et 
al., 2010; Hartman et al., 2018; Larkin, 2008; Maarastawi et al., 2018; Smith et al., 2016) and 
therefore, by extension, a significant impact on the microbiomes of dust generated from such soils. 
Correspondingly, a proportion of the dust microbiome, particularly the fungal taxa, can be used as a 
biomarker of emission sources. However, we accept that aeolian mixing processes over distance may 
rapidly obscure this signature. 

The observation that dust samples also carry a significant load of potentially pathogenic and/or 
allergenic fungal taxa is also worthy of further investigation. The extent to which this transport 
process has a negative impact on human and plant populations would inevitably be difficult to 
quantify, although carefully constructed epidemiological surveys of crop disease and human 
respiratory disease issues in areas both upstream and downstream of major dust plumes might offer 
some supporting evidence. 
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6.1 Abstract 
Minimizing wind erosion on agricultural fields is of great interest to farmers. There is a general 

understanding that vegetation can greatly minimize wind erosion taking place. However, after 
harvest, a low vegetation cover can be inevitable, whereby the amount of stubble that remains on a 
field is dependent on the crop type and land management. This study aims at quantifying the 
vulnerability to wind erosion of different crops, and the possibility to predict the vulnerability based 
on high-precision aerial images. The study area was the semi-arid Free State, which holds large 
intensive agriculture on sandy soils. These croplands have been identified as the largest emitter of 
dust in South Africa. The main crop in the region is maize, but also sunflower, groundnut and fallow 
fields are common land-use types. On these fields, the horizontal sediment flux, the saltation 
threshold, and aerodynamic roughness length were measured, and the soil cover was assessed using 
Unmanned Aerial Vehicle (UAV) imagery. The results showed a strong relationship between the soil 
cover and the sediment flux, whereby fallow and groundnut fields have the highest wind erosion risk. 
These results emphasize the great importance of soil cover management to prevent wind erosion. 

Keywords: Wind erosion; land management; soil cover; UAV image analysis; sediment flux  

6.2 Introduction 
Wind erosion is known for the disastrous effects it can have on agricultural lands due to the damage 

it can bring to the crops by saltation (Sterk, 2003; Sterk et al., 2001) and the degrading effect on the 
soil, because of the removal of nutrients and topsoil (Bielders et al., 2002; Lawrence and Neff, 2009; 
Van Pelt and Zobeck, 2007; Visser and Sterk, 2007; Zobeck and Bilbro, 2001). The dust that is 
transported from the fields can become part of the global chemical flux and can, furthermore, have 
offsite effects on human health and climate. Wind erosion is especially a problem in semi-arid and 
arid regions (Ginoux et al., 2012), where fields are most vulnerable after harvest, when the soil cover 
from plants or residue is low. The total global wind erosion is estimated to be s 6577 t km–2 yr–1 (Yang 
et al., 2022). During these wind erosion processes, roughly 500 to 3320 Tg yr−1 of dust is emitted 
(Shao et al., 2011). The dust emission from anthropogenic areas has been estimated to be 10% to 
25% of the total dust load, whereby the contribution of anthropogenic dust differs greatly per region 
(Ginoux et al., 2012; Tegen et al., 2004). 

The most important method for preventing wind erosion from agricultural fields is the 
maintenance of a residue and vegetation cover (Abdourhamane Toure et al., 2011; Fryrear et al., 
1998; Funk and Engel, 2015; Lyles, 1985; Riksen et al., 2003; Tibke, 1988; Woodruff and Siddoway, 
1965). The erodibility of a surface can furthermore be influenced by the presence of a soil crust that 
increases cohesion and thus in turn by the tillage operations that disturb the crust (Fister and Ries, 
2009; Li et al., 2015; López et al., 2000). The influence of soil cover on wind erosion can be expressed 
as a ratio of wind erosion from a surface with vegetation to a surface without vegetation. Exact 
exponential relationships have been developed by Fryrear (1985), Findlater et al. (1990), and 
Lancaster and Baas (1998) based on different vegetation types. The soil cover percentage is different 
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from the roughness effect from the silhouette shape of vegetation density, even though they expect 
to correlate (Bilbro and Fryrear, 1994). 

The amount of residue and the cohesion of a surface is dependent on the crop and land-use type, 
and the harvesting and cultivation technique (Lin et al., 2021; López et al., 2000; Nelson, 2002; 
Nordstrom and Hotta, 2004; Yang et al., 2020). These surface conditions then also rely on favourable 
annual weather conditions. For example, droughts can result in higher amounts of fallow land since 
this can result in crop failure. Farmers can also decide to keep a field unplanted during a drought. 
Despite the general knowledge of the relationship between surface conditions and surface 
erodibility, the relationship between crop and land management, and field erodibility is often 
missing. 

The percentage of soil cover has often been quantified by image analyses from photos in wind 
tunnel studies (Burri et al., 2011; Funk and Engel, 2015) or by certain formulas that combine the 
dimensions and densities of the plant (Lancaster and Baas, 1998; Li et al., 2007). However, image 
analyses from manually taken pictures are only suitable for small-scale measurements, and formulas 
depend largely on the type and the maturity of the vegetation. A new method to determine the soil 
cover is the image analyses of Unmanned Aerial Vehicle (UAV) images, since this had the precision of 
image analyses but can cover larger areas. The feasibility of using UAV analyses to determine the soil 
cover has been demonstrated by Zhang et al. (Zhang et al., 2021) but has not been used often. 

One region that experiences high-intensity wind erosion is the Free State province in South Africa, 
where the majority of the dust sources can be linked to agricultural land (Eckardt et al., 2020). 
Roughly a third of the land in the Free State is used for agriculture (DAFF, 2018). The dust season in 
this region occurs between August and November, when the fields have been harvested and often 
ploughed in preparation for the beginning of the rainy season in December. The amount of dust 
events varies greatly per year (Eckardt et al., 2020), which raises the question of which other factors 
influence the emission of dust in the Free State, and to which extent these factors can be controlled 
by agricultural management. 

Maize is the most common crop in the Free State, but depending on the soil and climate, also other 
crops such as sunflower, soya beans, wheat, sorghum, and groundnuts are cultivated. Furthermore, 
a significant number of fields is fallow. Fallow fields can either be a conscious decision to increase the 
water level or the result of low or late rains, causing farmers to miss the window of seeding (Moeletsi 
and Walker, 2012). Figure 6-1 shows the average land use from an average rainfall of 487 mm per 
year, and the land use during the drought in 2015–2016 when only 294 mm of rainfall fell. These 
figures show the importance of maize as the main crop in this region and the increase in fallow fields 
during drought.  
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(a) (b)  

Figure 6-1. The land use in the Free State on average from 2006 to 2017 (a) and during the drought year of 2015–
2016 (b). Data provided by the South African Department of Agriculture, Fisheries and Forestry (DAFF). 

In the Free State, especially groundnut and fallow fields have been linked with wind erosion and 
dust events. Local farmers have indicated that groundnut fields show the highest intensity in wind 
erosion. Furthermore, Eckardt et al. (2020) connected a year with a high number of dust source 
points with the large number of fallow areas that were caused by drought. The number of fallow fields 
does show a relationship with the rainfall with an R2 value of 0.15 (Figure 6-2). However, Vos et al. 
(2021) measured a low dust emission flux on these fields as long as the presence of sandy saltators 
and abrasion are limited, due to the crusted nature and high cohesion of these fields. 

 
Figure 6-2. The yearly fallow area size versus the dust event count. Data from Eckardt et al. (Eckardt et al., 2020) 

and the Department of Agriculture, Forestry and Fisheries (DAFF). 

The question of the factors influencing dust emissions in this region has been raised previously by 
Vos et al. (2021). Using the Portable In-Situ Wind Erosion Laboratory (PI-SWERL), they identified the 
presence of a crust to be an important factor in minimizing emission. In addition, the texture of a 
loose surface affected the PM10 emission flux greatly. However, the PI-SWERL is too small to capture 
the influence of the plant cover and the roughness from ploughing ridges or stubble. Wiggs et al. 
(2011) monitored the erosion from a ploughed bare field in the Free State using saltation sensors, 
anemometers, and dust deposition traps and found a correlation between roughness and the 
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threshold velocity. They furthermore described the minor role of moisture and rainfall in minimizing 
emission due to high wind velocities during similar periods. However, both of these studies do not 
address the influence of plant cover and stubble. 

This study aims at quantifying wind erosion on a range of the most common field conditions 
encountered on Free State cropland during the dust season and at developing an understanding of 
the land management and cropping systems that potentially generate the most wind erosion and dust 
emission in this region. To address this, the sediment flux and threshold velocity of four fields with 
typical combinations of cover and surface characteristics were measured. The monitored surface 
characteristics consist of cohesion, soil cover, and roughness. The soil erodibility is described by the 
threshold velocity and the horizontal sediment flux. The objectives of this study are to determine the 
following: 

1. The surface characteristics of the fields; 
2. The sediment flux and threshold velocity on the different fields during the dust season; 
3. The influence of the field characteristics on the soil erodibility; 
4. A wind erosion risk assessment associated with different land use. 

6.3 Methods 

6.3.1 Study area and Sites 
The study area is located in the northwestern part of the Free State (Figure 6-3), a region that shows 

the most dust source points as described by Eckardt et al. (2020). A climate station from the 
Agricultural Research Council (ARC) provided hourly data on the weather conditions (Figure 6-3). 
The rainfed agriculture in this mainly semi-arid region is largely sustained by the deep, sandy 
Arenosol and Luvisol, as classified using the Soil Atlas of Africa (Jones et al., 2013). Such soils 
commonly have an infiltration rate between 15 and 70 mm h−1, depending on the moisture content, 
soil chemistry, and the stage of tillage or compaction throughout the cropping cycle (Meek et al., 
1992; Patle et al., 2019). The sandy soils in the Free State can function as a water reservoir (Hensley 
et al., 2006). No irrigation is taking place on these fields, which makes agriculture highly dependent 
on favourable rainfall conditions. The seeding of the crop starts at the beginning of the rainy season 
in early spring (Moeletsi and Walker, 2012), except for winter wheat which is planted during fall due 
to its frost resistance (DAFF, 2016).  
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Figure 6-3. South Africa (top left), the soil map of the study area (top right), and the fields that were selected for 
monitoring (bottom) with the location of the Big Spring Number Eight (BSNE) and wind masts. 

Four fields, representing the most important fields and crop types and showing a range of soil cover 
and cohesion conditions were monitored (Figures 6-3 and 6-4). The selected fields are a harvested 
maize, a sunflower, a groundnut and a fallow field. Maize and sunflower constitute over 90% of the 
crop production in the region and thus leave the largest proportion of cropland exposed to potentially 
erosive winds after harvest (DAFF, 2018). Groundnut and fallow fields have been linked to higher 
wind erosion risks.  

The height of the stubble on the different fields is described in Table 6-1. All fields except for the 
fallow field were planted in January and harvested in July and August. No further tillage or cultivation 
has been performed on these fields yet. The maize field was a harvest field that had still standing 
straw and stubble after harvesting. The bare soil of this field was partially crusted and partially 
disturbed by tracks. The sunflower field was a harvested sunflower field with standing and laying 
stubble and had rows of low plant stubble, crusted rows, and track rows. The groundnut field was a 
harvested groundnut field with a mainly loose soil surface caused by the full removal of the crop and 
mechanical breakup of the soils during harvest. This field was furthermore largely covered by sand 
deposits that showed signs of wind erosion. Vos et al. (2021) showed that these sand deposits are 
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depleted in fines. The fallow field was a maize field that had not been planted during the past rainy 
season, causing the maize stubble from the year before to deteriorate. This resulted in a much lower 
soil cover than the maize field, but a fully crusted surface. Despite the lack of agricultural activities, 
this field still showed significant ridges and furrows, attributed to past seeding operations. 

    

    
Figure 6-4. The four fields that were monitored during the field study. 

Table 6-1. The height from the laying and standing stubble of the four fields. 

Field Stubble Laying Stubble Standing 
Sunflower 2–5 cm 10 to 20 cm 
Maize 0–10 cm 30 cm 
Groundnut 0–2 cm None 
Fallow None None 

 

The soil type of all fields in this study is Arenosol, which is a prominent type in the Free State and 
commonly used for high-intensity agriculture (Hensley et al., 2006). Arenosols make up 15.3% of the 
soil area of South Africa. The texture of the soils ranged from loamy sand to sandy loam (Table 6-2).  

Table 6-2. The average soil texture and Total Organic Carbon (TOC) content of the four fields. 

Field Average Clay % Average Silt % Average Sand % Average TOC % 
Maize field 12.3 3.0 84.7 0.227 
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6.3.2 Experimental Design 
In each field, an anemometer mast, three Big Spring Number Eight (BSNE) masts, and a Sensit 

sensor were installed, see Figure 6-3. The fields were monitored from 26 August to 23 September.  

BSNE sediment samples were used (Fryrear, 1986) to get an indication of the sediment flux during 
the period of monitoring. This is a commonly used sediment sampler due to its low cost, high 
efficiency, and general stability at different wind velocities (Fryrear, 1986; Goossens and Offer, 2000; 
Yang et al., 2018). Per field, three BSNE masts were installed (Figure 6-3) in a line following the 
observed soil texture gradient in the field to capture the within-field variations. The masts were 
positioned at a distance of 200 to 500 m from each other. The sediment was sampled after each wind 
event day, but the sediment flux is only calculated from the entire field monitoring period. 

The data collected by the traps enable the calculation of the sediment transport and allow a general 
comparison between the fields. However, it will not give us precise insight into the spatial variability 
of a field since this would have required a much higher number of sampling positions, as discussed 
by Klose et al. (2019) and Webb et al. (2019). Each mast held three BSNEs at 0.10, 0.35, and 0.60 m 
height, defined from the geometric mean of the opening as proposed by Ellis et al. (2009). These 
heights were determined by the minimal possible distance of the lowest sampler to the ground, and 
of the minimal possible distance from the samplers to each other. The BSNE samples were weighted 
with a scale with a precision of 0.01 g. The efficiency of the BSNE correlates positively with the 
grainsize (Goossens and Offer, 2000; Sharratt et al., 2007; Yang et al., 2018). Since the efficiency of 
saltating grains is described to be near 100% (Abdourhamane Toure et al., 2011; Goossens and Offer, 
2000), we will assume this efficiency for the horizontal mass flux samples. 

During the field monitoring, wind velocity and direction were also observed, from which the 
aerodynamic roughness length of each field was calculated (see Section 2.3.2). The wind velocity and 
directions were monitored using Davis cup anemometers (Decagon Devices, Inc., Pullman, WA 
99163, USA) attached to Decagon ZL6 loggers. These anemometers measure the wind velocity and 
wind direction with a precision of 5% and 7°, respectively, at a minimum of 0.9 m s−1 and a one-
minute interval. Four anemometers were installed on a wind mast at 0.25, 0.5, 0.85, and 1.65 m to 
measure the logarithmic wind profile.  

The threshold of wind erosion is often regarded as an important indicator of the erodibility of a 
surface (Fryrear et al., 1991; Gillette, 1988; Gillette et al., 1980; Li et al., 2010; Sharratt and Vaddella, 
2014). In order to detect this threshold for the monitored sites, the saltation was monitored using 
the Sensit TM-H14-LIN (Sensit Inc., Redlands, CA 92374, USA). This instrument uses a cylindrical 
piezo-electric cylinder that counts the impact of saltating grains. The advantage of the Sensit is its 
sensitivity to smaller particles and low wind velocities. Van Pelt et al. (2009) described the threshold 

Sunflower field 10.2 2.7 87.1 0.200 
Groundnut field 8.7 2.6 88.8 0.184 
Fallow field 17.1 4.1 78.8 0.318 
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diameter size of the Sensit to be below 125 mm for a wind velocity of 7.5 m s−1. It has been used by 
several field- and wind tunnel studies (Fryrear et al., 1998; Goossens and Offer, 2000; Sharratt et al., 
2007; Wiggs et al., 2004; Yang et al., 2018) to measure the saltation threshold. The Sensit data were 
recorded using the Campbell CR300 data logger and combined with the wind velocity measured at 
1.65 m. Both values were aggregated to an interval with a one-minute interval. Two Sensit sensors 
were used to monitor four fields, therefore, positioning had to be alternated. Consequently, the 
saltation activity was only recorded partially. The Sensit sensor was installed close to the wind mast 
as shown in Figure 6-3. 

6.3.3 Computation of Parameters 

6.3.3.1 Sediment Flux 
The mass data from the BSNEs is transformed into a horizontal sediment flux. For these 

calculations, we will use a power relationship as proposed by Zobeck and Fryrear (1986) as well as 
others, Abdourhamane Toure et al. (2011), Sharratt et al. (2007), and Webb et al. (2013). Therefore, 
the sediment flux q (g m−2) with height z (m) is described as: 

𝑞𝑞 = 𝛼𝛼𝑧𝑧𝛽𝛽 (1) 
This relationship is integrated between 0.025 and 2 m height to calculate the sediment flux Q (g 

m−2), following the study on agricultural fields by Sharratt et al. (2007). This kind of integration was 
found to be the best option, despite the risk of errors in the extrapolation of the sediment flux near 
the ground, especially considering the differences in roughness between the fields. The regression 
and heights for integration to calculate the horizontal sediment flux remains debated (Ellis et al., 
2009; Mendez et al., 2011). 

6.3.3.2 Aerodynamic Roughness Length 
From the wind profile measured per minute by the anemometers, the aerodynamic roughness 

length was measured using a least-square fit on the Karman-Prandtl law-of-the-wall: 

𝑢𝑢𝑧𝑧
𝑢𝑢∗

=
1
𝑘𝑘

ln
𝑧𝑧
𝑧𝑧0

 (2) 

Whereby u* is the friction velocity (m s−1), uz is the wind velocity (m s−1) at height z (m), k is the von 
Karman constant (0.40), and z0 is the aerodynamic roughness length (m). To calculate the 
aerodynamic roughness length, only measurements with a wind velocity above 0.9 m s−1 at the 
bottom anemometer were used. All the measured values were averaged per field for a final value.  

6.3.4 Saltation threshold 
To calculate the threshold velocity, the time fraction equivalence method (TFEM) from Stout and 

Zobeck (1997)and modified by Wiggs et al. (2004) was used. This formula assumes that the fraction 
of time units that saltation has been recorded is the same as the fraction of time units that the 
threshold wind velocity has been exceeded. Therefore, the minute saltation data (p(t)) is turned into 
binary data (bp(t)). This gives the following formula: 
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𝑁𝑁

𝑖𝑖=1

 
(3) 

Here, γp is the intermittency function, which can be linked to a certain wind velocity, which 
represents the threshold velocity. As discussed by Stout and Zobeck (1997), there is a negative 
correlation between the interval length of the measurements and the calculated threshold. Therefore, 
it is important to take into account that looking at second or hourly data, the threshold will be higher 
or lower, respectively. 

6.3.5 Soil Cover from UAV Imagery  
UAV imagery was collected during the dust season field campaign in 2019 to determine the surface 

area of the bare soil and the plant cover in each field. The UAV used for this study was a DJI Mavic 
Pro. To achieve a high resolution of the orthomosaic and digital surface model (DSM), the flight 
altitude was 10 m. The fields could only be partially covered, due to the large size of the fields in 
combination with the low flight low altitude. However, the obtained imagery is considered to 
generate a good index for the actual straw and stubble cover, because of the uniformity of soil 
properties and tillage practices. Image processing including orthorectification and production of a 
high-resolution orthomosaic and DSM was done with the photogrammetry software Pix4Dmapper. 

The Ground Sampling Distance of the orthomosaic and DSM ranged from 3.1 mm to 4.1 mm. This 
enables a good distinction of features such as leaves and plant stumps. For the field cover analysis, 
the topographic ruggedness index (TRI) was calculated following Wilson et al. (2007) and was used 
as additional input data. For the land cover classification, three land cover classes were used: cover, 
soil, and shadow. To identify these classes, a supervised random forest algorithm was implemented 
using R. The ground truth data was collected virtually for each field. To reduce bias in the data, spatial 
distribution was regarded as well as the random separation of the data into training and validation 
data for the model. The random forest model was trained with 70% of this ground truth data and the 
model output was then validated with the remaining 30%, while a minimum distance of two pixels 
between a training- and a validation pixel was required for the random data separation. The model 
was then run using the RGB orthomosaic as well as the TRI raster as input data, resulting in 
classifications with an overall accuracy of above 90% for all fields. The final classification maps were 
made with ArcGIS and provided the basis for the statistical analyses on the distribution of land cover 
classes (Figure 6-5). For further analyses, the identified shadows were used as the error range. Lastly, 
for the maize and sunflower fields different row types (crop, crust, and track) were manually 
assigned and their spatial extent was calculated. 
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Figure 6-5.  The results of the image analysis on the sunflower field: green represents the identified stubble 
cover, black represents shadow, and the remaining surface has been identified as soil (a). Distribution of the row 

types in the sunflower fields, where green is used for the planting rows, brown is the track rows, and crust is 
beige (b). 

6.4 Results 

6.4.1 Wind Characteristics and Sediment Flux  
Figure 6-6 shows the wind rose for all the measured wind velocities during the period of field 

monitoring and the wind rose only including the velocities above the saltation threshold of 6 m s−1 
(see Section 3.2). This wind velocity was reached during six wind events during the time of field 
monitoring. The general main wind direction appeared to be a southwesterly one. However, erosive 
winds occur in similar frequencies from NE, NW, and SW directions. This is in accordance with 
Eckardt et al. (Eckardt et al., 2020) who described that the daily dust events usually come from north 
to westerly winds, which change into a southern and eastern direction at night. Wiggs et al. (2011) 
also reported that most wind originates from southwestern to northwestern directions.   
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(a) (b)  

Figure 6-6. The wind roses from the wind data that were measured at an hourly interval at the ARC climate 
station during the period of field monitoring of all the wind velocities (a) and the wind velocities above 6 m s−1 

(b). 

Eckardt et al. (2020) used 6 m s−1 as the average hourly threshold velocity for dust emission. During 
the field monitoring, 2.3% of the hours had an average hourly wind velocity above 6 m s−1, which is 
roughly 17 h per month. This is a percentage that is observed during most months of the dust season 
from 2006 to 2016. Dust events have been associated with an average maximum wind velocity of 9.8 
m s−1, whereas the maximum hour wind velocity during the field monitoring period was 8.15 m s−1. 
However, dust events have also been observed at 6.7 m s−1, so these lower wind velocities do not have 
to be regarded as irrelevant. Most important are probably gust wind velocities, which are 
unfortunately not recorded in the available datasets. 

The calculated sediment flux that was calculated based on the BSNE traps during this period is 
shown in Figure 6-7. The sediment flux on the groundnut field is at least 17 times larger than on the 
other fields. The maize field has the lowest sediment flux, followed by the sunflower field. The fallow 
field has on average a higher sediment flux than the sunflower field, but both fields showed a high 
variation in this value. This within-field variation of the sediment flux can be explained by the 
influence of bordering fields or changes in the erodibility in the field, as described by Bielders et al. 
(2001), but also a certain standard variability can be expected (Webb et al., 2019).  



Chapter 6 

113 
 

 

Figure 6-7. Average sediment flux on fields. Error bars illustrate maximum and minimum values. 

6.4.2 Aerodynamic roughness and saltation threshold 
Table 6-3 shows the average aerodynamic roughness length and the saltation threshold velocity 

measured on each field. As expected, the groundnut field had the lowest aerodynamic roughness 
length, with a height of 0.8 mm. In contrast, the maize field had a roughness length of 31.1 mm. 
Somewhat surprisingly, the sunflower field and groundnut field differed only a little, despite the 
difference in cover. Notably, the fallow field has a higher roughness length than the sunflower field, 
considering the similarities in soil cover. This supports the importance of preservation of the ridge 
and furrow pattern for increasing aerodynamic roughness, even on fields that have not been 
ploughed for approximately a year.  

Table 6-3. Measured average aerodynamic roughness length and saltation threshold velocity of the different 
fields. 

 

The groundnut field and sunflower field have similarly low threshold wind velocities, despite their 
difference in soil cover. There was no definite threshold wind velocity measured on the maize field 
because it was not reached during our measurement period on that field. The maximum wind velocity 
measured on the maize field was 7.7 m s−1, leading us to assume that the threshold velocity is 
definitely above this value. However, it cannot be told how much higher the threshold velocity 
precisely is. Despite the very limited saltation, the maize field could still emit dust due to deflation. 
Furthermore, the saltation of particles could have occurred outside of the detection range of the 

Field Aerodynamic 
Roughness Length (mm) 

Saltation Threshold  
Velocity (m s−1) 

Minutes that 
Threshold Is 
Exceeded (%) 

Days that 
Threshold Is 
Exceeded (%)  Mean n σ Mean n σ 

Maize field 31.1 46 9.66 >7.7   <2.1% <30% 
Sunflower field 1.9 410 1.25 5.96 61 2.22 6.1% 45% 
Groundnut field 0.8 1203 0.76 5.95 36 1.15 8.8% 62% 
Fallow field 3.0 794 10.0 6.54 11 2.48 6.1% 45% 
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Sensit. This limit is 100 mm for wind velocities below 10 m s−1 (Van Pelt et al., 2009), whereas 
particles of around 70 µm have the lowest threshold friction velocity (Greeley and Iversen, 1985). 
Table 6-3 also shows the percentage of minutes and days that the threshold velocity is crossed. As 
expected, this is the highest for the groundnut field. The sunflower and fallow fields have similar 
values. For the maize field, only estimations can be made, assuming a minimum threshold velocity of 
7.8 m s−1. 

6.4.3 Cover Percentage 
The identified cover and soil percentages are shown in Table 6-4. As expected, the maize field has 

the highest soil cover, which is almost twice as high as the sunflower field and six times greater than 
the groundnut field. The fallow field has a cover that is comparable to the sunflower field but with a 
lower error from the low shadow percentage. A year ago, the soil cover on the fallow field would have 
been similar to the maize field. Comparing the cover percentage of the current maize field to that of 
the fallow field, the cover is reduced by deterioration by roughly from approximately 66% to 40%. 
This is a significant decrease within one year, which is expected to decrease even further when no 
new crop is being planted in the following year, which could be the case if, for example, a drought 
year occurs 

Table 6-4. The cover and soil percentages of each field as identified by the UAV analysis. 

 Maize Field Sunflower Field Groundnut Field Fallow Field 
Cover 66% ±7% 38% ±5% 11% ±0.4% 40% ±0.5% Soil 34% 62% 89% 60% 

 

For the maize field and sunflower field, it was possible to differentiate rows in the fields and 
calculate the soil cover for each row (Table 6-5). As expected, the soil cover was highest for the crop 
rows, whereas the tracks and crusts have approximately the same soil cover percentages. This is 
roughly 38% for the maize field and 24% for the sunflower field. For the groundnut field and the 
fallow field, it was not possible to make a distinction between different rows. The cover distribution 
can be assumed as being rather homogenous. 

Table 6-5. The percentage of the planting row, track, and crusts in size, and the identified surface area of each 
row type. 

 Maize Field Sunflower Field 
Crop Crust Track Crop Crust Track 

Fraction of field 82% 6% 12% 55% 16% 30% 
Cover 85% ±8% 39% ±7% 37% ±6% 48% ±7% 26% ±2% 22% ±3% Soil 15% 61% 63% 52% 74% 78% 
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6.5 Discussion 

6.5.1 Field Characteristics 
The first aim of this study was to determine the field characteristics of the maize field (high soil 

cover), the sunflower field (medium soil cover), the groundnut field (low soil cover), and the fallow 
field (medium soil cover). Our results show a positive relationship between the soil cover and the 
roughness (Figure 6-8). The groundnut field has the lowest roughness length (0.8 mm) in 
combination with the lowest stubble cover (11%). The maize field had a much higher roughness than 
the other fields (31.1 mm), which is likely related to the higher cover percentage (66%) and the 
height of this soil cover. The sunflower field and fallow fields are close in characteristics when it 
comes to roughness length (1.9 and 3.0 mm, respectively) and cover percentage (38 ± 5 and 40 ± 
0.5%, respectively). The higher error in the sunflower field is caused by the relatively large area of 
shadow. Therefore, this field could have a higher or lower cover percentage than the fallow field 
depending on the surface type that the shadows in this field represent. 

  

Figure 6-8. The soil cover versus the aerodynamic roughness length from the monitored fields. 

The maize field and the sunflower field showed a spatial distribution of the soil cover, which was 
determined by the planting, crust and track rows. The planting rows had a much higher soil cover 
(85 and 48% for the maize field and sunflower field, respectively), than that on the track and crusted 
rows (38% and 24% on average, respectively). This difference in soil cover raises the question of 
whether the highest, lowest, or average soil cover controls erosion on a field within a typical pattern 
of surface conditions.  

6.5.2 Erodibility and the influence of the field use on wind erosion 
The second and third aim of this study was to determine the threshold velocity and sediment flux 

of fields and how these values relate to the field characteristics. The threshold velocity has a positive 
correlation with the roughness. The estimated threshold velocity of the maize field was above 7.7 m 
s−1, which can be explained by the high roughness and protection of the maize stubble. Cohesion is 
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not expected to play a significant role in the threshold velocity, since the moving sand grains are 
expected to be loose top grains, as described by Vos et al. (2020).  

The sediment flux showed greater deviance between the fields than the threshold velocity and the 
surface characteristics, with a 117-fold difference between the groundnut field and maize field. The 
relationship between the soil cover and sediment flux shows a good exponential relationship as 
described by Funk et al. (2015) and Fryrear (1985, 1984) (Figure 6-9). The mentioned studies 
compare the sediment flux relative to the flux without soil cover, or the soil loss ratio (SLR). For our 
data, the soil flux of the bare soil is unknown, hence the SLR cannot be calculated. It can be expected 
that the soil flux from the bare soil would be different for each field, considering the difference in 
cohesion and roughness from ridges and furrows (Gillette, 1988; Liu et al., 2006). Despite the 
limitations of our data, the relevance of soil cover is illustrated by the observed sediment flux.  

 
(a) (b) 

Figure 6-9. Relation between average sediment flux and soil cover. (a) Relations with average soil cover and (b) 
maximum soil cover from planting rows. The error bars indicate the variance for soil cover due to shadows in the 

UAV images, and the minimum and maximum value of the sediment flux. 

A notable deviance from the relationship in Figure 6-9a is the low sediment flux on the sunflower 
field compared to the fallow field. This was against initial expectations, considering the higher 
roughness and cohesion of the fallow field. This difference could be explained by the relatively high 
vegetation cover in the planting rows in the sunflower field. We, therefore, hypothesize that the high 
plant cover in the planting rows can limit the transport from the bare rows significantly. We assume 
that Figure 6-9b, where the maximum soil cover in the rows is taken into account, is a better 
representation of the relationship between the soil cover and the sediment flux for the sunflower 
field and maize fields. Considering the NS direction of the ploughing ridges and the predominantly 
SW, NE, and NW wind directions, the sediment transport would be impeded across the field by the 
cover-rich plant rows and the ploughing ridges. This would emphasize the importance of highly 
dense, centred vegetation rows compared to the randomized stubble in the fallow field. This effect is 
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expected to be most pronounced when the plant row direction is at a minimum of 45° to the wind 
direction (Funk and Engel, 2015). Another explanation for the low sediment flux on the sunflower 
field could be caused by the relatively high degree of uncertainty as a result of the detected shadows 
from the UAV images, which could represent mainly soil cover. The maximum cover percentage on 
this field does show accordance with the calculated regression. This shows the limitation of UAV 
analyses in precisely quantifying soil cover and its influence on erodibility. 

The difference between erodibility characterised by the threshold velocity and sediment flux is 
notable. Where the sunflower field and groundnut field had similar threshold velocities, the 
groundnut field had a sediment flux that was 38 times higher than the sunflower field. Furthermore, 
the fallow field has an average sediment flux twice as high as the less rough sunflower field with a 
low threshold velocity. This difference illustrates again that the protection from cover is not just 
caused by the increased roughness, but also by the proportion of the surface that is covered and the 
spatial pattern of the cover. Both have to be considered when assessing the erodibility of a field. 

The fully crusted fallow field does not show a clear influence of cohesion, since the sediment flux 
does plot on the regression from Figure 6-9 and does not show a significantly lower sediment flux. 
To determine the influence of crusts on the sediment flux, measurements on a field with similar cover 
characteristics but different levels of disturbance would be required. 

6.5.3 Risk assessment for land-use types and implications for dryland agriculture  
Certain land-use types can have a specific range of surface characteristics that are related to the 

stubble quantity and cohesion of the surface. This could result in certain land-use types having a 
higher general wind erosion risk than others, in other words, the cover or cohesion during one crop 
rotation cycle alone is not sufficient to assess erodibility in situations where drought may interrupt 
such cycles. Considering the degrading effect of dust emission on soils, this is also important for the 
benefit of crop production itself. To determine the risk of both influences, the measured sediment 
fluxes of these crops were multiplied by their surface area, see Figure 6-10. This calculation does not 
take any variance in the sediment flux per crop type into account, and it should be noted that the total 
sediment flux might not be directly linked to the vertical dust flux, as described by Sterk et al. (1996). 
Furthermore, data on sorghum, soybeans, and wheat are missing. Wheat is expected to have a low 
wind erosion risk since the growing season is in winter. Meaning that it has a very high soil cover 
during the dust season. The relative importance of soybeans and sorghum, which cover 9% of the 
agricultural land in the Free State still needs to be assessed. Nonetheless, Figure 6-10 shows the high 
relevance of groundnuts and fallow fields. This would fit with the conclusions from Eckardt et al. 
(2020), who associated the high emissions of 2015/16 with the large proportion of fallow fields. 
Furthermore, the high emissions from groundnut fields in the Free State have not received any 
attention despite being identified as a problematic crop not just in this study, but also by Santra et al. 
(2017). 
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Figure 6-10. The relative sediment transport calculated from the average sediment flux. Note that flux data from 
wheat, sorghum, and soya beans are missing and that this data was excluded. 

The groundnut field experienced the highest sediment flux. Considering the methods of groundnut 
harvest, this crop does not offer options for stubble-saving harvesting techniques. Current harvesting 
methods destroy all crusts. The percentage of groundnut fields in the Free State is currently quite 
low, but the highly erosive surfaces that these crops create should be considered as potential 
hotspots of emissions. Other crops that leave little soil cover after harvest, such as many bean types, 
could pose similar risks to dust emission. The high erosion risks associated with such crops, 
especially in the more arid regions with erodible sandy soils, should therefore be taken into account 
when making land management decisions.  

The cover on the fallow field originates from the deteriorated maize stubble, which created a field 
condition with the second-highest sediment flux. This indicates that the missing of a planting 
window, or the purposeful decision to do so, is a process that potentially results in a low cover that 
makes the field sensitive to wind erosion. The exponential relationship between soil cover and 
sediment flux emphasizes the even greater danger of missing the second window of planting. The 
sensitivity to erosion from these fallow fields would potentially become even higher if the crusts of 
these fields would be disturbed by tillage operations for the next rainy season.  

Lastly, the maize field had a much lower sediment flux than the sunflower field, which could also 
be attributed to their difference in cover. This illustrates that in general, maize stubble offers enough 
protection to minimize wind erosion in the Free State. The sunflower field showed an average 
sediment flux that was half of that on the fallow field, making it a lower risk crop than the fallow field. 
Sunflower is often grown during a delayed rainy season (personal communication with farmers) and 
should be considered as a preferred crop compared to keeping a field fallow. 

The impact of soil cohesion on emissions observed in the study of Vos et al. (2021) illustrates that 
the preservation of crusts could be an important land management practice. In addition to 
conservation or reduced tillage, as described by Gicheru et al. (2004); Pi et al. (2018); Sharratt and 
Collins (2018), delaying tillage or necessary cultivation practices could reduce dust emissions, as 
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proposed by Funk et al. (2008). In addition to avoiding the destruction of crusts by tillage, their 
abrasion should also be reduced by limiting the sources of abrading sands from tracks, roads, and 
tillage on adjacent fields. 

6.6 Conclusion 
This study focused on characterizing the roughness and soil cover and measuring the associated 

wind erosion on four fields in typical Free State dust season conditions. The selected fields represent 
different scenarios that are common during the dust season: medium cohesion (maize field), medium 
cover and medium cohesion (sunflower field), high cover and low cover and low cohesion (groundnut 
field), and medium cover and high cohesion scenario (fallow field). This study also used UAV imagery 
for assessing the soil cover percentage with high resolution in the framework of a wind erosion study. 
The results showed a variance between 11 and 66% of soil cover. The sediment flux differed greatly 
among the different fields, but broadly followed a negative, exponential relationship with soil cover. 
The data collected at the study sites will illustrate the risk and intensity of wind erosion from different 
crops and field conditions. It will also provide a base to predict the behaviour of fields with different 
soil cover and roughness characteristics. In more general terms, this will help with the prediction of 
dust events and thus improve the quality of the output of wind erosion models. This study is therefore 
not only relevant for the Free State, but will also give an insight into factors controlling wind erosion 
and dust emissions on other rainfed croplands in drylands with strong seasonal contrasts in 
precipitation and cover (Bunn, 1998; López et al., 1998; Santra et al., 2017; Sterk et al., 2001).  

The relationship between field condition and wind erosion observed in this study also illustrates 
the importance of maintaining stubble as a method to minimize wind erosion. In certain cases, the 
maintenance of stubble can be relatively easy, for example, by refraining from growing crops that 
leave little stubble after harvest such as groundnut. Maize is the most common crop in the Free State 
and leaves a high straw and stubble cover and has therefore a low wind erosion risk. However, it is 
not always possible to grow maize because of little or late rainfall. In those cases, farmers are forced 
to plant sunflowers or leave a field fallow, both increasing the wind erosion risk. On a fallow field, the 
stubble cover will deteriorate and decline over time, in which case the focus on dust emission 
prevention should shift to the maintenance of soil crusts. This can involve delaying tillage operations 
as close as possible to the first rainfall, as well as limiting external saltators and introducing stable 
roughness elements such as grasslands (Bielders et al., 2001; Rajot, 2001).  

Overall, the results of this study have implications for all cropland experiencing dry and windy 
periods outside the growing season. This raises several research questions for future research. More 
measurements and knowledge on the sediment flux of bare surfaces and the influence of vegetation 
are necessary to create a precise expression for this relationship. The influence of row width on 
emission appears relevant from our data, highlighting the need for studying (or at least measuring 
and mentioning) not just the total or average percentage of straw and stubble but, taking into account 
their spatial patterns. Furthermore, the erosion of crusts by abraders that may have originated 
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outside the eroding field demonstrates that the mutual influence of neighbouring fields on their 
respective emissions should become a focus of wind erosion research. This involves, for example, 
measuring the mass balance of fallow fields and to which extent erosion can be prevented by any 
saltator traps on the border of a field, such as fences or grass rows. Finally, more insight into the 
influence of ridges from seeding and ploughing, i.e., the form roughness of the surface (Fryrear, 1984; 
Liu et al., 2006; Raupach et al., 1993; Wiggs and Holmes, 2011), on low cover fields is necessary. In 
such conditions, crusts in combination with tillage-induced soil surface roughness could be an 
important way to reduce erosion. However, the question remains whether tillage would increase 
emissions due to the disturbance of crusts, as suggested by Gicheru et al. (2004) or decrease 
emissions by increasing the roughness, as suggested by Wiggs et al. (2011). 
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7 . 
 

Summary and conclusion 
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7.1 Summary 
This thesis aimed at answering the research question “What role do crusts play in the emission from 

Free State croplands?”. Five aims were developed to answer this question: 

1. Create a cross-comparison between the PI-SWERL and a traditional wind tunnel; 
2. Determine how soil crusts develop under rainfall; 
3. Determine the difference in emissivity between crusts and loose surfaces and determine the 

surface characteristics that influence the emissivity of these surfaces; 
4. Describe the main pathogens and allergens that are present in the suspended dust and the 

fractionation that these microbial organisms show compared to the emitting soil; 
5. Determine under which conditions the soil cover is low enough for crusts to become a 

significant factor in dust emission. 

The first aim was addressed in Chapter 2, the second in Chapter 3, the third in Chapters 3 and 4, the 
fourth in Chapter 5, and the fifth in Chapter 6. This subchapter will first summarize the primary 
conclusions from the different chapters, after which the extent to which the aims have been 
addressed will be discussed. 

Chapter 2 involves a lab-based comparison between the PI-SWERL and the portable straight-line 
wind tunnel of the University of Basel. The threshold friction velocities from fine sand and loamy 
sand, measured by both instruments, were compared. The sandy soil showed a similar threshold 
friction velocity for the wind tunnel and PI-SWERL, whereas the loamy sand showed a lower 
threshold friction velocity for the wind tunnel. The difference between the two instruments for the 
loamy sand is attributed to the sensitivity of the PI-SWERL which enables it to detect the small, initial 
PM10 emission. This indicates that the PI-SWERL is capable of measuring the threshold friction 
velocity for dust from soil surfaces. 

In Chapter 3, both the formation of crusts by experimental rainfall on a Free State Luvisol and 
Arenosol and the dust emission from these crusts were examined. The rainfall experiments illustrate 
an increase in shear strength with rainfall quantity, whereby the more clay and silt-rich Luvisol 
shows greater cohesion than the Arenosol. Notably, sequenced rainfall increases the crust strength 
in a similar way to single event rainfall. Within 15 mm of rainfall, crust strength is significantly 
developed and protects soil well against dust emission. For both Arenosol and Luvisol, the emission 
of a crust formed by 15 mm of rainfall is less than 1% of the emission from a loose soil. The presence 
of abraders increases the emission from a crust, but these emissions remain less than 10% of that of 
a loose surface. However, the apparent unlimited supply of PM10 from an abrading crust is an 
indication of the degradation, which, through time, could destroy it. The results of this chapter show 
that crusts with the potential to reduce dust emissions can form rapidly on Free State cropland soils. 

The fourth chapter presents the emissions that were measured with the PI-SWERL on cropland 
surfaces in the Free State, with a focus on crusts and loose surfaces. This is combined with soil surface 
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measurements on the texture, chemistry, moisture, and shear strength to identify the variables that 
influence emissivity. The results illustrate a greater emission from loose surfaces, which is confirmed 
by the high relevance of cohesion as identified by Boosted Regression Tree (BRT) analysis. When 
considering each surface type separately, the data show that the emission from crusted surfaces is 
controlled by abraders, whereas the emission from loose surfaces is mainly controlled by their clay 
and silt content. The depletion of silt and clay from the sand deposited on the highly erodible 
groundnut field also indicates that Free State cropland is already affected by soil degradation through 
wind erosion and dust emission. Chapter 4 supports the conclusion of chapter 3 that crusts could 
potentially reduce emissions from Free State cropland soils. 

The fifth chapter presents a novel microbial study on particles that suspend into the atmosphere 
from the Free State soils using the PI-SWERL. Little fractionation was found in fungal communities, 
while bacterial communities did show a clear fractionation in spore-forming taxa in the dust. The lack 
of fractionation in fungi shows the potential for using certain microbial signatures to determine the 
origin of dust. The sampled dust shows high levels of allergens and pathogens, from which 
Cladosporium, Alternaria, and Fusarium are the most enriched. These fungal microbes are associated 
with asthma, eczema, hay fever symptoms in humans, and plant spoilage. Their presence in 
suspended dust indicates that aerosols from these croplands could have an amplified negative offsite 
effect on human health. This study furthermore shows the potential of the PI-SWERL for sampling 
suspended dust for microbial analyses. 

The sixth chapter presents data from the sediment flux monitoring of four fields that represent 
different scenarios of cropland surface conditions during the Free State dust season. The results 
mainly illustrate the strong relationship between soil cover from crop residue and the measured 
horizontal sediment flux. The soil cover ranged from 11% to 66% and the associated horizontal 
sediment flux ranged from 97 g m-2 to 0.52 g m-2, respectively. The highest flux was measured on the 
groundnut field, a field that besides a low soil cover also has a highly disturbed surface due to the 
harvesting activities. The data also pointed towards the importance of soil cover-rich planting rows 
instead of a homogenous distribution of cover. The fallow field showed the second-highest horizontal 
sediment flux, which indicates that abrasion on these crusted fields is a highly relevant process  

7.2 Conclusion 
This thesis addressed the influence of crusts on dust emission from Free State croplands by using 

a combination of laboratory experiments and field studies. The results of this research show the high 
potential of crusts to minimize dust emission, even on sandy soils. The shear strength threshold for 
a protective crust has been identified to be 15 kPa by the BRT analysis, a shear strength that can 
develop within 15 mm of rainfall. Figure 7-1 shows the influence of abraders and clay and silt content 
for crusts and loose soil, respectively, which shows the general higher emission on loose surfaces. 
However, the reduction of dust emission by crusts is dependent on abrasion, illustrating the need to 
reduce external saltators on fields when low soil cover cannot be avoided. Despite the strong 
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influence of crusts on emissions, the cover of soil, when present, is the dominant factor controlling 
wind erosion and dust emissions in the Free State whereby a lower soil cover leads to a higher 
importance of soil crusts. The presence of crust would therefore be especially important in fields with 
a soil cover of 40% or less.  

 

Figure 7-1. The influence of the clay and silt content and the OGS count on the emission flux from loose and 
crusted surfaces, respectively. The OGS count is an indication of the abrasion on a surface. These relationships 

are based on the regression from chapter four and do not include any variations in the data. The y-axis limits are 
based on the maximum values measured in the field. 

This thesis also reveals that wind erosion has caused soil degradation already. In addition, the 
presence of specific allergens and pathogens illustrates the potential public health implications, 
further highlighting the need for reducing dust emissions in the Free State. Wind erosion reduction 
strategies can involve known practices of residue or vegetation cover management, but in situations, 
such as fallow or prolonged drought, the protection of crusts could be an important tool for reducing 
emissions. Furthermore, the significant increase in erosion caused by abrasion on crusted soils 
illustrates the need for identifying their sources and reducing their impact within clusters of fields 
when managing emissions. 

The importance of crust on dust emission and wind erosion as shown by this study demonstrates 
the improvements possible for wind erosion models. As discussed in the introduction, most of the 
wind erosion models do not account for the presence of a crust. From the models that do account for 
the presence of a soil crust, only the WEPS includes the presence of abraders. The RWEQ wind erosion 
model, which has been used most commonly, described the influence of a crust based on the clay and 
silt content, whereby a crust builds up in 12 mm of rainfall and is fully destroyed by tillage operations. 
The 12 mm of rainfall to build a crust can be confirmed by our rainfall experiments. The crust factor 
of the experimental soils would be 0.95 and 0.79 for the Arenosol and Luvisol, respectively, meaning 
that the wind erosion of these surfaces is only slightly smaller than on a loose surface. The predicted 
wind erosion differs greatly from the experimentally measured dust emission. Partially this could be 
caused by the difference between wind erosion and dust emission, and the fact that the crust factor 
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is not developed for soils with a silt and clay content and TOC content below 6.4% and 0.18%, 
respectively, which is the case for some of the Arenosols. However, this shows again the 
underestimation of the effect of soil crusts on such sandy soils. Furthermore, this crust factor has 
been described the crust factor as a resistance against abrasion (Fryrear et al., 1998). However, the 
quantity of abraders, which is the main trigger in dust emission from crusts, is not included in the 
model. This shows the possibilities for improving the crust factor for this already extensive wind 
erosion model.  

The RWEQ has been used by a recent study from Zhao et al. (2020) to model wind erosion in 
Southern Africa. The model was calculated for a resolution of 8 km and used the soil data from the 
International Soil Reference and Information Center and land use data from the Climate Change 
Initiative (CCI-LC) from the European Space Agency. Figure 7-2 shows the results from this wind 
erosion modelling from 2011 to 2015. Notable is the low wind erosion modelled for the Free State, 
which does not give predictions that are comparable with the observations from Eckardt et al. (2020). 
This would indicate an error or inaccuracy of the model or input variables, or that there is a large 
mismatch between the wind erosion modulus and the occurrence of a dust event.  

 

Figure 7-2. Map from Zhao et al. (2020) showing the calculated wind erosion based on the RWEQ model from 
2011 to 2015. 

7.3 Outlook 
Several knowledge gaps and topics for further research can also be identified from the thesis. This 

study showed the potential of UAVs for mapping soil cover from crop residue, but the field monitoring 
data does not differentiate between the influence of soil cover, roughness and cohesion. More field 
monitoring and mapping are necessary to differentiate between the influences of these factors on 
erodibility. Future studies should also address the influence of external sediment on the measured 
sediment flux, something that could be especially relevant for the fallow fields since this would 
indicate the extent to which crust abrasion could be prevented. Furthermore, the difference between 
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the sediment flux and the dust flux should be examined, since this will give a better understanding of 
the dust emission per field when traps such as the BSNEs are used for monitoring. The BSNE has a 
low efficiency for PM10 particles, so a more precise sampler for PM10 particles is required to calculate 
the horizontal PM10 flux.  

The influence of clods and other roughness elements generated by tillage or ridges and furrows 
have not been included in the PI-SWERL measurements. Clods are the remains of a crust after 
disturbance and have relatively high cohesion and roughness and are expected to decrease the 
emission from a disturbed surface. These surfaces have been excluded from measurements because 
the PI-SWERL is only developed for relatively flat surfaces. Etyemezian et al. (2014) only investigated 
surfaces with roughness elements up to a maximum of 10 mm, even though higher roughness 
elements are very common and should be considered for future studies. To measure rougher 
surfaces, a more extensive study of the use of the PI-SWERL on rough surfaces is required. However, 
certain roughness elements are too rough to be analyzed by the PI-SWERL and their influence on the 
erodibility can only be assessed by field monitoring, as mentioned before. Furthermore, the BRT 
analyses on the emission from both crusted and loose surfaces showed a high relevance for the air 
temperature and humidity. This can either be a result of a change in the soil moisture content, or a 
change in air density that influences the shear strength of the air. It is difficult to determine the exact 
relationship using the BRT analyses alone, so this should be considered for future studies. Another 
point that deserves further study is the degradation of crusts. Both in experimental and field settings 
the abrasion of crusts leaves marks on the surface. Furthermore, crusts could have degraded by 
freezing and thawing, as suggested by Liu et al. (2017) and Wang et al. (2014). To which extent 
degraded crusts remain relevant for minimizing erosion is not known.  

The results of this thesis also show that more effort is required to assess the on- and offsite impacts 
of wind erosion and dust emissions. The depletion of clay and silt from the highly erodible groundnut 
fields in the Free State is a sign of the land degradation that is taking place in this region, but the exact 
depletion over time is unknown. Furthermore, the offsite effect of allergens and pathogens on human 
health requires further investigation.  

7.4 Implications for dryland agriculture 
As discussed in the introduction, wind erosion from croplands is not limited to the Free State. 

Generally, sandy soils in semi-arid and arid regions are sensitive to wind erosion. The decrease of 
surface cohesion and cover by agricultural practices makes these surfaces even more vulnerable. 
Emissive regions differ when it comes to soil, climate, and agriculture. However, some general 
recommendations can be made based on the findings of this thesis. One important consideration is 
the minimization of crops that leave a low residue cover and destroy the crust of a surface. In the case 
of the Free State, these crops include groundnuts, but also crops like potatoes and beans (Larney et 
al., 1997; Riksen et al., 2003) could create similar surface conditions. Soil cover has been shown to be 
of high importance, but a cover cannot always be maintained due to drought or crop type. In this case, 
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the management of crusts and their protection of it should become a priority. Crust management 
practices can include the minimization of soil disturbance and the delay of any necessary cultivation 
or ploughing until as close as possible to the start of the rainy season. The limitation of external 
saltators would also be very important, which could be done by introducing barriers at the field 
edges, preferably in combination with small field sizes.  

These recommendations are likely to have financial and agricultural aspects that need further 
consideration. There are often economic reasons why certain crops are cultivated in a region, and 
some crops are crucial for food production for the local population. The shift from one crop type to 
another, or the exclusion of certain crop types, should be considered with local farmers. Similarly, the 
use of smaller fields and barriers at the boundaries must be considered taking the financial and 
logistical aspects into account. Lastly, the effect of low or delayed tillage and ploughing practices on 
the soil conditions has to be considered, since low tillage could compact soil and result in a lower 
crop yield (Ren et al., 2019). Despite these potential challenges for implementing soil conservation 
measures, the results of this thesis demonstrate that both soil degradation and public health would 
benefit from reducing dust emissions and thus contribute to more sustainable crop production in the 
Free State. 
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Supplementary material 
 

Chapter 3 
 

 

Supplementary Figure 3-1. The rainfall quantity distribution per rainfall event in the Free State. Data is coming 
from the weather station from the ARC near Bultfontein. 

 



 

 
 

Chapter 4 
Supplementary Table 4-1. The results from the PI-SWERL and shear strength measurements at a friction velocity 
of 0.56 m s-1 on the grassland and pan surfaces. In certain situation the shear strength of the pan surfaces was too 

high to measure, which was above 25 kPa. These measurements have been marked as such.  

Name Emission flux 
(mg m-2 s-1) 

Average OGS 
count (Hz) 

Shear strength 
(kPa) 

Pan-1-B 0.003 2.9 >25 
Pan-1-A 0.003 1.7 >25 
Pan-1-D 0.003 1.9 >25 
Pan-1-C 0.003 3.2 >25 
Pan-2-A 0.003 2.2 >25 
Pan-2-B 0.003 2.4 >25 
Pan-3-A 0.004 2.4 >25 
Pan-3-B 0.003 2.7 >25 
Pan-4-B 0.297 63.1 10.63 
Pan-4-A 0.107 7.9 10.88 
Pan-5-B 0.019 4.3 6.95 
Pan-5-A 1.538 65.4 7.17 
Pan-6-B 0.006 1.6 >25 
Pan-6-A 0.004 1.8 >25 
Pan-7-A 0.006 1.6 6.98 
Pan-7-B 2.199 140.4 7.39 
Pan-8-B 2.06 69.4 7.02 
Pan-8-A 8.582 295.3 9.01 
Pan 9-A 0.004 1.9 >25 
Pan 9-B 0.005 2.3 >25 
Pan 10-A 0.004 1.5 >25 
Pan 10-B 0.004 1.4 >25 
Pan 10-C 0.021 0 >25 
Pan 11-A 0.421 43.1 >25 
Pan 11-B 0.188 28 >25 
Pan 12-A 0.608 16.1 >25 
Pan 12-B 0.593 13.4 >25 
Pan 13-A 0.014 1.1 >25 
Pan 13-B 0.128 52.2 >25 
Pan 14-A 5.691 310.8 >25 
Pan 14-B 3.776 54.8 >25 
Pan 15-A 8.753 471.3 >25 
Pan 15-B 11.302 323 >25 
Pan 16-A 14.313 735.8 >25 
Pan 16-B 17.042 927.6 >25 
Pan 17-A 5.493 190.2 >25 
Pan 17-B 2.819 156.9 >25 
Grassland-1 0.279 8.6 14.3 
Grassland-2 0.039 2.5 16.46 
Grassland-3 0.011 2 17.35 
Grassland-4 0.010 2.3 15.93 
Grassland-5 0.004 6.3 - 
Grassland-5 0.020 13.1 - 
Grassland-6 0.005 3.4 16.75 
Grassland-7 0.006 1.9 23.87 
Grassland-8 0.006 2.6 20 
Grassland-8 0.007 2.6 20 
Grassland-9 0.004 2.3 19.72 
Grassland-9 0.006 5 19.72 
Grassland-10 0.009 2.8 26.06 
Grassland-10 0.008 2.6 26.06 
    



 

 
 

All surfaces 
 

Shear strength (39.5%) OGS (19.5%) Humidity (12.7%) 

  
 

Temperature (9.8%) TOC (8.2%) Clay and silt (4.1%) 

   

Moisture (3.9%) TIC (2.2%)  

  

 

 

Supplementary Figure 4-1. The BRT results from the complete dataset, as described in Chapter 4.3.5. 

  



 

 
 

Crust surfaces 
 

OGS (27.5%) Humidity (25.1%) Temperature (21.5%) 

   

Moisture (7.7%) Shear strength (7.6%) TOC (3.8%) 

   

TIC (3.6%) Clay and silt (3.2%)  

  

 

 

Supplementary Figure 4-2. The BRT results from the crusted surfaces, as described in Chapter 4.3.5 and Chapter 
4.4.3.1. 

 

  



 

 
 

LEM surfaces 
 

Clay and silt (24.0%) TOC (21.6%) Humidity (19.6%) 

   

Temperature (18.5%) Shear strength (6.8%) OGS (4.8%) 

  
 

Moisture (2.7%) TIC (2.0%)  

  

 

 

Supplementary Figure 4-3. The BRT results from the crusted surfaces, as described in Chapter 4.3.5 and Chapter 
4.4.3.2. 

 

 

 



 

 
 

Chapter 5 
 

 

Supplementary Figure 5-1. a) Area of the study and location of the samples around a 30 km radius. b) Dust-trap 
used to collect dust from the air. c) PI-SWERL dust collector operating during field-work.  

 

 

 

 

 

 



 

 
 

 

Supplementary Figure 5-2. Bacterial and Fungal taxonomic richness in PS, DT and source soil samples. The 
richness is expressed as number of unique species per sample group.  

 

 

 

 

 

 

 

 

 



 

 
 

 

Supplementary Figure 5-3. PCoA plots of the beta-diversity dissimilarities of bacterial and fungal communities, 
grouped according to type of sample (Dust Control vs Dust vs Soil). Groups are highlighted with ellipses using the 

following color-code: Dust Control – Green; Dust – Red; Soil – Blue.  
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