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Abstract

:

Minimizing wind erosion on agricultural fields is of great interest to farmers. There is a general understanding that vegetation can greatly minimize the 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, peanut 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.
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1. 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 [1,2] and the degrading effect on the soil, because of the removal of nutrients and topsoil [3,4,5,6,7]. 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 [8], 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 [9]. During these wind erosion processes, roughly 500 to 3320 Tg yr−1 of dust is being emitted [10]. 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 [8,11].



The most important method for preventing wind erosion from agricultural fields is the maintenance of a residue and vegetation cover [12,13,14,15,16,17,18]. 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 [19,20,21]. 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 [22], Findlater et al. [23], and Lancaster and Baas [24] based on different vegetation types. The soil cover percentage is different from the roughness effect from the silhouette shape of vegetation density, even though they expect to correlate [25].



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 [19,26,27,28,29]. These surface conditions then also rely on favourable annual weather conditions. For example, droughts can result in higher amounts of fallow lands since this can result in crop failure. Farmers can also decide to keep a field unplanted during a drought. Despite the general knowledge on 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 [16,30] or by certain formulas that combine the dimensions and densities of the plant [24,31]. 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. [32] 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 [33]. Roughly a third of the land in the Free State is used for agriculture [34]. 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 [33], 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 [35]. Figure 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 rainfall fell. These figures show the importance of maize as the main crop in this region and the increase in fallow fields during drought.



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. [33] 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 2). However, Vos et al. [36] 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.



The question of the factors influencing the dust emissions in this region has been raised previously by Vos et al. [36]. 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. [37] 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 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 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:




	
The surface characteristics of the fields;



	
The sediment flux and threshold velocity on the different fields during the dust season;



	
The influence of the field characteristics on the soil erodibility;



	
A wind erosion risk assessment associated with different land use.









2. Materials and Methods


2.1. Study Area and Sites


The study area is located in the northwestern part of the Free State (Figure 3), a region that shows the most dust source points as described by Eckardt et al. [33]. A climate station from the Agricultural Research Council (ARC) provided hourly data on the weather conditions (Figure 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 [38]. 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 [39,40]. The sandy soils in the Free State can function as a water reservoir [41]. No irrigation is taking place on these fields, which makes the agriculture highly dependent on favourable rainfall conditions. The seeding of the crop starts at the beginning of the rainy season in early spring [35], except for winter wheat which is planted during fall due to its frost resistance [42].



Four fields, representing the most important fields and crop types and showing a range of soil cover and cohesion conditions were monitored (Figure 3 and Figure 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 [34]. 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 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. [36] showed that these sand deposits are 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.



The soil type of all fields in this study is an Arenosol, which is a prominent type in the Free State and commonly used for high-intensity agriculture [41]. 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 2).




2.2. Experimental Design


In each field, an anemometer mast, three Big Spring Number Eight (BSNE) masts, and a Sensit sensor were installed, see Figure 3. The fields were monitored from 26 August to 23 September.



BSNE sediment samples were used [43] 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 [43,44,45]. Per field, three BSNE masts were installed (Figure 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 [46,47]. 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. [48]. 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 [44,45,49]. Since the efficiency of saltating grains is described to be near 100% [18,44], 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 height to measure the logarithmic wind profile.



The threshold of wind erosion is often regarded as an important indicator of the erodibility of a surface [50,51,52,53,54]. 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. [55] described the threshold 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 [13,44,45,49,56] 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 3.




2.3. Computation of Parameters


2.3.1. Sediment Flux


The mass data from the BSNEs is transformed to a horizontal sediment flux. For these calculations, we will use a power relationship as proposed by Zobeck and Fryrear [57] as well as others, Abdourhamane Toure et al. [18], Sharratt et al. [49], and Webb et al. [58]. Therefore, the sediment flux Q (g m−2) with height z (m) is described as:


  Q = α  z β   



(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 from Sharratt et al. [49]. 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 [48,59].




2.3.2. 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:


     u z     u ∗    =  1 k  ln  z   z 0     



(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.




2.3.3. Saltation Threshold


To calculate the threshold velocity, the time fraction equivalence method (TFEM) from Stout and Zobeck [60,61] and modified by Wiggs et al. [56] 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:


   γ p  =  1 N    ∑   i = 1  N   b  p i    



(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 [60], 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.





2.4. 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. [62] 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 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 calculated.





3. Results


3.1. Wind Characteristics and Sediment Flux


Figure 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 frequency from NE, NW, and SW direction. This is in accordance with Eckardt et al. [33] 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. [37] also reported that most wind originates from southwestern to northwestern directions.



Eckardt et al. [33] 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 are is shown in Figure 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 from bordering fields or changes in the erodibility in the field, as described by Bielders et al. [63], but also a certain standard variability can be expected [47].




3.2. Aerodynamic Roughness and Saltation Threshold


Table 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.



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, saltation of particles could have occurred outside of the detection range of the Sensit. This limit is 100 mm for wind velocities below 10 m s−1 [55], whereas particles of around 70 µm have the lowest threshold friction velocity [64]. Table 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.




3.3. Cover Percentage


The identified cover and soil percentages are shown in Table 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



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 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.





4. Discussion


4.1. Field Characteristics


The first aim of this study was to determine the field characteristics from 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 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.



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, respective). This difference in soil cover raises the question of whether the highest, lowest, or average soil cover controls the erosion on a field within a typical pattern of surface conditions.




4.2. 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 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. [65].



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. [16] and Fryrear [22,66] (Figure 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 [53,67]. Despite the limitations of our data, the relevance of soil cover is illustrated by the observed sediment flux.



A notable deviance from the relationship in Figure 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 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 expected to be most pronounced when the plant row direction is at a minimum of 45° to the wind direction [16]. 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 on 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 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.




4.3. 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 the 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 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. [68]. 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 10 shows the high relevance of groundnuts and fallow fields. This would fit with the conclusions from Eckardt et al. [33], who associated the high emissions of 2015/16 to 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. [69].



The groundnut field experienced the highest sediment flux. Considering the methods of groundnut harvest, this crop does not offer options of stubble-saving harvesting technique. Current harvesting methods destroys 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, a maize straw and stubble cover 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. [36] illustrates that the preservation of crusts could be an important land management practice. In addition to conservation or reduced tillage, as described by [70,71,72], delaying of tillage or necessary cultivation practices could reduce dust emissions, as proposed by Funk et al. [73]. 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.





5. Conclusions


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 [1,69,74,75].



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 switch to sunflower 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 for 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 [63,76].



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 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 [37,66,67,77], 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. [72] or decrease emission by increasing the roughness, as suggested by Wiggs et al. [37].
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Figure 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). 






Figure 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).



[image: Agronomy 12 00457 g001]







[image: Agronomy 12 00457 g002 550] 





Figure 2. The yearly fallow area size versus the dust event count. Data from Eckardt et al. [33] and the Department of Agriculture, Forestry and Fisheries (DAFF). 
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Figure 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. 
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Figure 4. The four fields that were monitored during the field study. 






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



[image: Agronomy 12 00457 g004]







[image: Agronomy 12 00457 g005 550] 





Figure 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 are the track rows, and crust is beige (b). 
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Figure 6. The wind roses from the wind data that were measured at an hour 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). 
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Figure 7. Average sediment flux on fields. Error bars illustrate maximum and minimum values. 
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Figure 8. The soil cover versus the aerodynamic roughness length from the monitored fields. 






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



[image: Agronomy 12 00457 g008]







[image: Agronomy 12 00457 g009 550] 





Figure 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. 
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Figure 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. 
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Table 1. The height from the laying and standing stubble of the four fields.
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	Field
	Stubble Laying
	Stubble Standing





	Sunflower
	2–5 cm
	10 to 20 cm



	Maize
	0–10 cm
	30 cm



	Peanut
	0–2 cm
	None



	Fallow
	None
	None
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Table 2. The average soil texture and Total Organic Carbon (TOC) content of the four fields.
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	Field
	Average Clay %
	Average Silt %
	Average Sand %
	Average TOC %





	Maize field
	12.3
	3.0
	84.7
	0.227



	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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Table 3. Measured average aerodynamic roughness length and saltation threshold velocity of the different fields.
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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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Table 4. The cover and soil percentages of each field as identified by the UAV analysis.






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






Table 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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