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Abstract 

Soil erosion irreversibly destroys fertile top soil, causes huge ecological and socio-

economical damage and is a main issue concerning ecosystem services and food security. 

The inherent complexity of soil erosion processes continues to be a great challenge to 

researchers, and a great proportion of global agricultural land, while producing the food for a 

growing population, is threatened to be lost forever. Quantification of global soil erosion by 

wind and water is still highly speculative and is impeded by a general lack of measurement 

and reliable data. Subsequently, computer models for erosion and risk assessment show 

results with very high uncertainties. Within this work, wind-driven rain is identified as one 

important reason for this uncertainty. Effects and processes related to the impact of wind on 

erosion by raindrops and shallow runoff are investigated by means of an experimental-

empirical approach. To comprehensively assess this impact, experiments with the Portable 

Wind and Rainfall Simulator were conducted on different tempo-spatial scales. Experiments 

inducing the initial soil erosion processes raindrop splash and interrill erosion were 

conducted on a plot/ event scale, and a smaller scale was addressed by means of a special 

splash-test device on standardized substrates. The approach includes the development and 

formulation of research hypotheses, conception and conduction of experiments with the 

experimental device, sample processing, analysis and interpretation. Five articles comprise 

the main outcome of the work that is structured 1. Soil erosion experiments on 

autochthonous and semi-natural soil surfaces, 2. Experiments investigating particle transport 

due to (wind-driven) rain splash and 3. Synthesis from field and laboratory experiments. 

 

1. Tests were conducted on autochthonous, highly degraded substrates in semi-arid Spain 

and on cohesionless sandy substrate. Since the applied experimental device was unique and 

new, implying the complete lack of experiences and comparative data, the first articles focus 

on method and method development as well as the investigation and quantification of the 

relative impact of wind-driven rain on soil erosion and runoff generation. Test equipment and 

performance proved adequate for reliable field measurements, simulating in a repeatable 

way the aspired conditions concerning wind, rain and wind-driven rain. The characteristic 

construction of the scientific device enabled a detailed process observation, so that a special 

emphasis was placed on process description. Most cases show an increased erosion output 

from wind-driven rain tests compared with windless rain, thus supporting the research 

hypotheses. Ambivalent results, particularly on strongly crusted, stony and patchily vegetated 

surfaces, underline the paramount importance of soil surface characteristics and in-situ 

experimental studies. They also indicate that a higher variability of involved factors (erosive 

agent, surface parameters) leads to a higher uncertainty of results.  
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2. A highly abstracted and specialized experimental design was developed and applied for 

explicit measurement of the impact of different erosion agents and soil surface 

characteristics on particle transport by rain splash erosion. The method proved adequate and 

could even be improved for a detailed study with an extended setup including a higher 

number of tested parameters. The measurements involved the erosion agents rain, wind-

driven rain and wind, three inclinations, three levels of roughness and two substrates. The 

results very clearly show a wind-driven rain induced increase in particle transport of up to two 

scales for all tested factor combinations and concerning both, amount and distance of 

plashed particles. Rain splash erosion, which is generally of minimal erosive potential, 

becomes a powerful factor if under wind influence. Wind-driven rain is revealed to be a key 

factor concerning quantification of regional and global soil erosion, generation of sediment 

budgets and assessment of connectivity. The produced data are of a high quality (e.g. low 

standard deviation, three to five repetitions per set) and suitable for elaborate statistics and 

modeling. 

 

3. A synthesis of field and laboratory work was pursued to appreciate the empirical data 

within a wider context. For that purpose, the data from both complementary approaches were 

compared and tested for coherency. All research information achieved investigating the 

wind-driven rain factor is valued by integration of the measurement data into an ecological 

context of a high scientific and societal interest. A careful projection on landscape scale 

allows for an insight into the relevance of wind-driven rain for soil erosion and hydrological 

risk assessment, particularly in connection with climate change induced increased frequency 

of rain storm events. Due to the potentially hazardous impact on soil erosion rates and runoff 

generation, the adequate integration of the wind-driven rain effect into hydrological and soil 

erosion modeling is strongly recommended. 

 

The outcomes of the thesis generated valuable knowledge and data. It supported the 

understanding of processes and impact of single factors on soil erosion in general and the 

physical behavior of particles detached and transported by rain splash and wind-driven rain 

splash in particular. It was possible to investigate the relative impact of wind on water erosion 

and may assist an adequate assessment and interpretation of this impact on hydrological 

and soil management issues. It may promote improvement of traditional concepts and more 

realistic calculations of soil erosion rates. 
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I Scientific context of thesis 

Section I includes an introduction to the topic of the thesis (1) with a structure of articles (1.1) 

and object of research (1.2). The articles are grouped. Each group (1.1.1, 1.1.2 and 1.1.3) is 

briefly characterized by approach and research hypotheses and each article (II, III, IV, V and 

VI) is summarized. Additional articles not included in the main work are mentioned (1.1.4). 

Wind-driven rain is highlighted as a relevant factor for evaluation of soil erosion (1.2.1) and 

the adaptation of the experimental design to the physical principles of soil erosion is 

explained (1.2.2). The experimental-empirical approach is addressed (1.3). A summary (2) 

shows conclusions and insights from the five single articles with respect to the research 

hypotheses (2.1) and gives an outlook about future challenges (2.2). 

 

1. Introduction 

The thesis was prepared within the project “Wind-Driven Rain as a new Challenge in Soil 

Erosion Research” (RI 835/15) funded by the Deutsche Forschungsgemeinschaft. The work 

approach was an experimental-empirical investigation of wind-driven rain and its impact on 

soil erosion. It is part of an ongoing research project that involved a first construction of a 

wind channel (Ries et al., 2000), which was further developed by Fister and Schmidt (2008) 

and finally equipped with a rainfall simulator (Fister et al., 2011, 2012). It was the worldwide 

first mobile device to measure erosion by wind, rain and wind-driven rain on autochthonous 

soils and substrates. The design corresponded to the premise that a comprehensive soil 

erosion assessment includes in-situ measurements on naturally developed soil surfaces 

(Ries et al., 2013). The Portable Wind and Rainfall Simulator (PWRS) is constructed 

according to the special requirements of the research topic wind-driven rain and was applied 

during several field and laboratory studies in southern and northern Spain, the Netherlands, 

Germany and Portugal. Besides the scientific application, it demonstrated its great benefit for 

didactical purposes. The initial processes of soil erosion by wind and water could be 

presented in a very catchy and comprehensive way, and the active manipulation of the 

device’s parameters strongly supports the understanding of involved processes and factors.  

 

1.1 Structure of articles 

The thesis comprises five articles (Figure 1). The grouping and order of presentation reflects 

the process of investigation: following tests on uniform substrates with simple characteristics 

(homogeneous sand with uniform surface conditions), tests are accomplished on varying 

substrates and surface conditions. During these studies, the complete complex of initial soil 

erosion processes (i.e. rain splash, sheet wash and initial rill development) is induced and 

measured. To further investigate the underlying mechanisms of detachment and transport 
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causing the differences in erosion rates between windless rain and wind-driven rain, the 

process of rain splash transport is focused by means of a splash test device. In a first 

approach, tests were conducted with windless rain and wind-driven rain on standard sand 

without influence of other factors concerning the substrate surface. The next step was the 

introduction of additional factors such as inclination to derive the impact of wind on rain 

splash processes in combination with different surface conditions. The last article highlights 

the results of all tests including an unpublished set of field experiments and approaches an 

evaluation of the general impact of wind on rain erosion. Articles are numbered II-VI. 

 

 

          

Figure 1. Structure of articles.   
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1.1.1 Soil erosion experiments on autochthonous and semi-natural soil surfaces 

Research hypotheses:  

- Wind has an impact on water erosion 

- Wind-driven rain intensifies soil erosion compared to windless rain. 

- The test device and procedure are adequate to investigate wind-drive rain erosion 

Soil erosion experiments with the Portable Wind and Rainfall Simulator were conducted on 

autochthonous soil surfaces and semi-natural substrates following a fixed sequence. Since 

the applied experimental device was unique and new, implying the complete lack of 

experiences and comparative data, the first articles focus on method and method 

development as well as the investigation and quantification of the relative impact of wind-

driven rain on soil erosion and runoff generation. The test sequence was established to allow 

for comparison of wind erosion, rain erosion and wind-driven rain erosion rates without the 

uncertainties of changing the test plot. The characteristic construction of the scientific device 

enabled a detailed process observation, so that a special emphasis was placed on process 

description. The method proved adequate to reliably measure the aspired processes related 

to the impact of applied wind to rain erosion.  

 

II 

Iserloh, T. & Fister, W. & MARZEN, M. & Seeger, M. & Kuhn, N.J. & Ries, J.B. (2013): 

The role of wind-driven rain for soil erosion – an experimental approach. Zeitschrift für 

Geomorphologie 57(1), 193-201.  

Workshare: 25% (Iserloh 35%, Fister 25%, Seeger 5%, Kuhn 5%, Ries 5%) 

 

The first published data obtained with the Portable Wind and Rainfall Simulator were 

measured on homogenous sandy substrate in a semi-laboratory setup inside an irrigation 

tunnel. The objectives of this study were quantification of soil erosion under wind-driven and 

windless conditions and qualitative observation of the differences in processes between 

windless and wind-driven simulations. The research hypotheses were supported. Under 

uniform substrate conditions, wind-driven rain intensified in all cases the processes of 

particle detachment and transport and strongly increased soil erosion compared to windless 

rain. Wind influenced shallow surface flow showed to be of major importance for high erosion 

rates. 
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III 

Ries, J.B. & MARZEN, M. & Iserloh, T. & Fister, W. (2014): Soil erosion in 

Mediterranean landscapes - Experimental investigation on crusted surfaces by means 

of the Portable Wind and Rainfall Simulator. Journal of Arid Environments 100-101, 42-

51.  

Workshare: 40% (Ries 40%, Iserloh 15%, Fister 5%) 

 

The influence of diverse substrate and surface conditions was included during the tests 

conducted on autochthonous, highly degraded substrates in semi-arid Spain. Study sites 

featured surface aspects typical for large parts of the region such as strong crusts, patchy 

vegetation and embedded stones. The research hypotheses could not be clearly retained. 

Most tests showed an increased erosion output from wind-driven rain tests compared with 

windless rain, but some tests showed opposite rates. These ambivalent results underline the 

paramount importance of soil surface characteristics and in-situ studies including the natural 

diversity of an autochthonous soil or substrate. They also indicate that a higher variability of 

involved factors (erosive agent, surface parameters) leads to a higher variability and thus 

uncertainty of results, which is particularly important for erosion modeling. Besides the 

investigation of the research topic wind-driven rain, the article is strongly related to the 

particular geographic location and covers aspects of regional interest. 

 

1.1.2 Experiments investigating particle transport due to (wind-driven) rain splash  

Research hypotheses:  

- Wind-driven rain splash is a major factor controlling soil erosion by wind-driven rain 

- Wind-driven rain splash transports more particles than windless rain splash 

- Wind-driven rain transports particles over a greater distance than windless rain splash 

- Test device and procedure are adequate to measure splash erosion by windless and 

wind-driven rain 

The articles present test device and results obtained with a highly abstracted and specialized 

experimental setup. It proved adequate to explicitly measure the impact of wind on rain 

splash erosion. By comparing amount and travel distance of particles, the relative impact of 

diverse erosion agents and soil surface characteristics on particle transport by rain splash 

erosion could be derived. The research hypotheses were strongly supported. Wind-driven 

rain splash could be highlighted as a considerable factor affecting soil erosion processes and 

rates.  
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IV 

MARZEN, M. & Iserloh, T. & Casper, M.C. & Ries, J.B. (2015): Quantification of particle 

detachment by rain splash and wind-driven rain splash. Catena 127, 135-141.  

Workshare: 70% (Iserloh 20%, Casper 5%, Ries 5%) 

 

The article focuses on method development and quantification of rain splash and wind-driven 

rain splash under the given conditions concerning rainfall and wind generation. The first set 

of experiments was conducted to assess the general applicability of the splash test device as 

well as the measurability of the differences in transport rates. The research hypotheses were 

supported. Test device and procedure proved adequate for measurement of particle 

transport by rain splash. On uniform sandy substrate, the impact of wind on rain splash 

erosion showed to be of a significant extent.  

 

V 

MARZEN, M. & Iserloh, T. & De Lima, J.L.M.P. & Ries, J.B. (2016): The effect of rain, 

wind-driven rain and wind on particle transport under controlled laboratory 

conditions. Catena 145, 47-55. 

Workshare: 55% (Iserloh 30%, De Lima 10%, Ries 5%) 

 

The method applied in the first tests was further developed to meet the requirements of a 

refined elaborate measurement including the erosion agents rain, wind-driven rain and wind, 

three inclinations, three levels of roughness and two substrates. The results very clearly 

showed a wind-driven rain induced increase in particle transport of up to two scales for all 

tested factor combinations and concerning both, amount and distance of plashed particles. 

Rain splash erosion, which is generally of minimal erosive potential, becomes a powerful 

factor if under wind influence. Wind-driven rain was revealed as a key factor concerning 

quantification of regional and global soil erosion, generation of sediment budgets and 

assessment of connectivity. The data were produced in a quality suitable for elaborate 

statistics and modeling. 
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1.1.3 Synthesis from field and laboratory experiments 

Research hypotheses:  

- Wind-driven rain has the potential to become a natural hazard. 

- The impact of wind driven rain differs according to the respective landscape unit 

 

VI 

MARZEN, M. & Iserloh, T. & De Lima, J.L.M.P. & Fister, W. & Ries, J.B. (2017): Impact of 

severe rain storms on soil erosion: experimental evaluation of wind-driven rain and its 

implications for natural hazard management. Science of the Total Environment 590-

591, 502-513. 

Workshare: 60% (Iserloh 25%, De Lima 5%, Fister 5%, Ries 5%) 

 

A synthesis of field and laboratory work was pursued to appreciate the empirical data within 

a wider context. One objective of the work was to obtain interpretability for applied 

hydrological methods and questions particularly concerning soil management and risk 

assessment strategies. For that purpose, the data from both complementary approaches 

were compared and tested for coherency. Included are a not yet published set of field 

experiments and a further statistical processing. The whole of results achieved within the 

strand of research investigating the wind-driven rain factor is valued by integration of the 

measurement data into an ecological context of a high scientific and societal interest. The 

results were to some degree theoretically simplified, particularly regarding the introduction of 

a “wind-driven rain coefficient”: a careful projection on landscape scale allows for an insight 

into the relevance of wind-driven rain for soil erosion and hydrological risk assessment, 

particularly in connection with climate change induced increased frequency of rain storm 

events. The negation of the potential impact of wind-driven rain on soil erosion rates and 

hydrological processes may lead to hazardous consequences. Due to the potentially 

hazardous impact on soil erosion rates and runoff generation, the adequate integration of the 

wind-driven rain effect into hydrological and soil erosion modeling can be recommended.  

 

1.1.4 Additional peer-reviewed articles not included in the main work 

 Rodrigo Comino, J. et al. (2016): Quantitative comparison of initial soil erosion 

processes and runoff generation in Spanish and German vineyards. Science of the 

Total Environment 565, 1165-1174. 

Vineyards in Spain and Germany were compared in terms of sediment and runoff output 

using the same method and equipment. Tested were old and young vineyards with 

conventional and ecological management. The results allow for identification of the main 
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factors related to soil properties, topography and management, controlling soil erosion 

processes in vineyards.  

 Iserloh, T. et al. (2013): European small portable rainfall simulators: a comparison of 

rainfall characteristics. Catena 110, 100-112. 

The artificially generated rainfall of simulators used at the Universities Basel, La Rioja, 

Malaga, Trier, Tübingen, Valencia, Wageningen, Zaragoza, and at different CSIC (Spanish 

Scientific Research Council) institutes (Almeria, Cordoba, Granada, Murcia and Zaragoza) 

were measured with the same methods (Laser Precipitation Monitor for drop spectra and rain 

collectors for spatial distribution). The comparison represents a good data-base for 

improvements and provides a consistent picture of the different parameters of the simulators 

that were tested. 

 Wirtz, S. et al. (2012): Soil erosion on abandoned land in Andalusia – a comparison of 

interrill- and rill erosion rates. ISRN Soil science, Volume 2012, Article ID 730870, 16 

pages; DOI: 10.5402/2012/730870. 

Rill and interrill area of several Spanish test sites were mapped and rainfall simulations 

evaluated concerning the relation between total sediment delivery and type of area. It was 

found, that rill erosion makes up for a considerable part of measured erosion compared to 

interrill area. 

 

1.2 Object of research 

The object of research, besides the investigation of wind-driven rain processes and impact, 

was also method and method development. The results presented within this thesis were 

derived from the first experiments accomplished with the Portable Wind and Rainfall 

Simulator. The work with and further development of the specific method enhanced learning 

about experimental-empirical approaches in general. A special emphasis always was laid on 

the reliable measurements and a high accuracy of conduction, while the structural and basic 

problems implied by this kind of method was always reason to consider and examine the 

approach. These circumstances lead to the incorporation of a more or less detailed 

description of method including a brief discussion of general limitations (e.g. natural 

variability and scale, measurement of single processes, transferability of results to natural 

conditions) into each article.  

Furthermore, considerations concerning some basic physics of soil erosion by wind-driven 

rain are stated in the context of method development: How had the experiment to be planned 

to enable the measurement of the focused process or factor respectively the impact of the 

focused process or factor on particle transport?  
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1.2.1 Wind-driven rain as a relevant factor for evaluation of soil erosion 

Although strong rain events are more often than not accompanied by wind (Visser and Sterk, 

2007), hydrological processes related to the wind-driven rain complex have generally been 

excluded from studies investigating soil erosion and runoff generation. Among the reasons 

might be a general strict differentiation between zones of prevailing water erosion and wind 

erosion (Mc Tainsh et al., 1992; Visser et al., 2004), the elaborate requirements of 

experimental design and procedure as well as a general underestimation of wind impact on 

rain erosion. But a profound understanding of soil erosion processes as well as the 

presentation of reliable data of soil erosion amount and potential is basis for the 

implementation of soil conservation strategies into general environmental measures, which is 

urgently necessary since the non-renewable resource soil is subject to increasing damage 

and scarcity (Brevik et al., 2015). Knowledge of actual processes and soil erosion rates could 

rise the awareness by stakeholders and soil managers and support development of solution 

strategies. De Vente et al. (2008) state that policy makers need to know the effect of land 

use and climate changes on erosion rates. How wind influences the falling and impacting 

raindrop and subsequent processes of detachment and transport certainly needs to be 

clarified beyond theoretical considerations (Blocken et al., 2006).  

The impact of wind-driven rain seems to be most effective if high kinetic energy rainfall 

coincides with low wind speeds regarding both absolute and relative impact (Cornelis et al., 

2004) and particularly in situation where no wind erosion can take place due to a high soil 

water content (van Dijk et al., 1996), one reason possibly being the disruption of raindrops by 

high wind speeds, thus minimizing their impact and kinetic energy. Climate change is 

supposed to regionally induce weather conditions highly favorable for intense impact of wind-

driven rain, such as a very likely increase of high precipitation events (e.g. de Lima et al., 

2015, 2013; Kovats et al., 2014; Santo et al., 2014) and a decrease in wind storms (Nissen et 

al., 2014).  

For soil erosion and hydrological modeling approaches, the inherent complexity of erosion 

processes continues to be a great challenge. A significant lack of data and understanding 

leads to a wide variability of model outputs and considerable uncertainty of risk assessment 

associated with land use and climate change (Bryan, 2000; Nearing et al., 2004; Valentin, 

1996). As a major source of uncertainty, the potential impact of wind-driven rain on erosion 

has been identified (Breshears et al., 2003; Bullard and McTainsh, 2003; Field et al., 2009; 

Visser et al., 2004). To close these gap of knowledge, detailed process studies of wind-

driven rain associated detachment and translocation processes are necessary. The quality of 

model simulations might thus be considerably improved by a deepened process 
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understanding, possibly enhancing the development of a wind-driven rain-module basing on 

empirical data. 

 

1.2.2  Adaption of experimental design to physical principles of soil erosion 

Soil erosion is defined as detachment, transport and accumulation of soil material including 

organic matter and nutrients by water and wind (Blume et al., 2010) on agricultural sites 

(Ahnert, 2015) considerably triggered by human impact (Bork, 1988; Richter, 1965). Soil 

erosion irreversibly destroys fertile top soil, causes huge ecological and socio-economical 

damage and is a main issue concerning ecosystem services and food security. It includes a 

geomorphological aspect that affects adversely cycles of water and substances (Ries, 

2011).The physics of soil erosion processes have been subject to many scientific works both 

by water (e.g. Auerswald, 1998; Brodie and Rosewell, 2007; Bork, 1988; Le Bissonnais et al, 

2005; Roth, 1995) and wind (Bagnold, 1941; Chepil, 1945; Funk and Frielinghaus, 1998; 

Hassenpflug, 1998). Morgan (2005) names the factors controlling soil erosion erodibility (of 

soil), erosivity (of agent), slope and vegetation coverage. Substrate specific parameters 

determine shear strength and resistance to detachment. Since the design of the experiment 

determines the scope of possible measurements (see 1.3), experimental devices and 

procedures were carefully adapted to their respective purpose. In the following, selected 

factors concerning the erosive forces of the agent and inherent substrate parameters 

controlling the processes of particle detachment and transport are named and it is explained, 

how the design of experimental setup and procedure corresponds to their measurement. 

Water and wind, the main eroding agents, both are fluids that are capable to detach and 

transport particles by surpassing the surface specific critical shear stress (Visser et al., 

2004). This is achieved within an air/ water flow by lifting force and drag, by slaking or 

anisotropic swelling during rapid wetting and by splash/ bombardement (Toy et al., 2002; 

Visser et al., 2004). Possible interactions of wind and rain are manifold- depending on 

specific situation and tempo-spatial scale, the mutual interferences might support or hamper 

erosion rates over periods of hours, years or geological time scales (Düwel et al., 1994; Funk 

and Frielinghaus, 1998; Holcombe et al., 1997; Jiongxin, 2000; Mc Tainsh et al., 1992; Offer 

and Goossens, 2001). The effect of wind-driven rain depends on micro- to macroscale 

variations in atmospheric conditions, causing raindrops that enter an area under influence of 

local wind vectors to be redistributed in a specific pattern (Blocken et al., 2006). 

This thesis investigates the impact of wind driven rain on a smaller scale, highlighting the 

effect of wind on soil erosion by raindrops and shallow overland flow at a small plot scale. 
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The term “wind-driven rain” thereby is understood as the possibly profound modification of 

physical properties and erosivity of the main eroding agent raindrop by the action of wind 

(Marzen et al., 2015).  

There are two main components of water erosion that can be identified as potentially 

influenced by wind: 

- Raindrop splash 

- Shallow sheet flow 

 

Raindrop splash is the initial detachment of soil particles by surface-hitting raindrops 

(Figure 2). It is generally not assumed a considerable erosion process but effects sealing, 

crusting and compaction of soil surface (Govers and Poesen, 1988; Morgan, 2005). The 

impacting raindrop disrupts aggregates and ejects the downsized parts or single particles 

outwards from the point of drop impact (Auerswald, 1998; de Lima, 1989; Le Bissonnais, 

1996; van Dijk et al., 2002a, 2002b). Detachment and transport (D) occur when the forces of 

a raindrop impacting on the surface (e) overcome a critical threshold of resistance (e0). An 

intrinsic empirical factor of soil detachability (k) is used to describe the soil resistance: 

 

D = k (e-e0)          (equation 1) 

 

Transport amount and distance of detached particles vary as a result of drop-surface 

interaction, such as the kinetic energy of an individual drop and the behaviour of the surface 

upon drop impact (de Lima, 1990; Kinnell, 2005; Legout et al., 2005; Leguédois et al., 2005; 

Riezebos and Epema, 1985). Furbish et al. (2007) and Dunne et al. (2016) estimate splash 

relevant for levelling of surfaces of micro- to macrotopographical ranges. Few experimental 

studies were carried out minutely investigating splash patterns by windless raindrops 

(Furbish et al., 2007; Dunne et al., 2010), but none for wind-driven raindrops. 

Erosivity of wind-driven rain differs significantly from rain without wind (Lal et al., 1980) and 

wind without rain (de Lima et al., 1992). Theoretical considerations and few experimental 

studies indicate that wind increased the drop fall and impact velocity and lead to partly larger 

drops, a flatter impact angle (~45° on level ground) and thus to a higher erosive potential 

(Disrud et al., 1969; Erpul et al., 2000; Fister et al., 2012; Marzen et al., 2015, 2016; Sharon, 

1980; Umback and Lembke, 1966; van Heerden, 1964).  
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Figure 2. Sketches of initial soil erosion processes by rain, wind-driven rain and wind (Marzen et al., 

2016). 

 

One of the most important aspects is the deviation from the vertical axis by the lateral 

component introduced by wind. Sharon (1980) found the relationship between wind velocity 

(u; m s -1) and angle of falling raindrop deviating from vertical course (I): 

 

I = 7.13u – 0,270 √u         (equation 2) 

 

indicating that a wind velocity of 10 m s-1 induces oblique angles of already 40 – 60°. 

Resulting from this deviation are an altered intensity as well as spatial distribution of the 

raindrops correlating with wind velocity and direction (Visser et al., 2011). 

Erpul et al. (2011) propose for WDR a raindrop impact velocity vector (RIVV) consisting of 

impact angle, slope and aspect for calculation of rainfall. For slopes they derived:  

 

Iwdr= I cos (a +/- O)         (equation 3) 

 

with Iwdr = Intensity of wind-driven rain on slopes; I= Intensity of rain on a plane surface 

regarding the vector of falling raindrops, a= angle of impact of raindrop; O= slope +/- (+ facing 

wind, - leewards). 
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Besides these rather conceptual approaches, more elaborate equations were given by 

concerning splash ejection by windless raindrops are available by Wright (1986), Planchon et 

al. (2000) tested a possible application of the diffusion equation and Furbish et al. (2007) 

derived a numerical model by means of a thorough empirical study. 

 

The experimental device PWRS is capable of simulating this influence of wind on the falling 

and impacting raindrop. From Table 1 can be derived, that the applied wind slightly 

decreases the rainfall intensity (due to a drift of raindrops beyond the test and measurement 

area) and increases drop size, drop fall velocity, an thus kinetic energy of the rain. The wind 

impact also leads to the typical oblique impact angle of the rain drop. Following the above 

stated remarks, all parameters assumed to be influenced by wind impact are accordingly 

influenced within the experimental setup, thusly enabling the measurement of wind-driven 

rain and the comparison of rain erosion with wind-driven rain erosion. 

 

Table 1. Main wind and rainfall characteristics of the Portable Wind and Rainfall Simulator (source: 

(Iserloh et al., 2013): Presented are mean wind velocity [vw], mean Intensity [I], mean volumetric drop 

diameter [d50], drop fall velocities for drops of the size d50, mean kinetic energy expenditure [KER], and 

mean kinetic energy per unit area per unit depth of rainfall [KE] for windless and wind-driven rain. 

 
vw 
[m s-1] 

I 
[mm h-1] 

d50 
[mm] 

vr  
[m s-1] 

KER 
[J m-2 h-1] 

KE 
[J m-2 mm-1] 

windless rain 0 96 1.5–2.0 2.2–2.6 270.8 5.21 

wind-driven rain 7.5 88 1.75–2.5 3.4–4.2 1590.8 8.08 

 

To exclusively measure the impact of wind on raindrop splash erosion, a very abstracted 

experimental design was developed (Marzen et al., 2015). For the detailed study of splash 

transport by windless rain and wind-driven rain, a specialized measurement device was built 

(“gutter system”) and a strict procedure was specified.  

The splash test device was designed to receive a fine resolution of particle transport, 

restricted by the requirement of practicability, i.e. a limited number of processible single 

samples per repetition (Figure 2a). It was integrated into the PWRS setup (b). The first type 

was a gutter system made from plastic U-channels that worked well but were difficult to 

handle and not solid enough for a higher number of repetitions. The second type, used for 

the second data set regarding the splash tests, was built from stainless steel, solid and easy 

to handle (Figure 2b).  
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Figure 2. Photo and sketch of splash test device. 

 

The impact of wind on shallow sheet flow is assumed to increase its erosivity, but has not 

been measured yet. Possible effects are a higher velocity and increased turbulences, both 

increasing the transport capacity of runoff, and also an indirect effect via wind-driven 

raindrops impacting the water covered surface (Kinnell, 2005; Samray et al., 2011; Yoon and 

Wenzel, 1971). Torri et al. (1987) estimated the effect of a (not moving) layer of water on 

splash detachment as 

 

D ≈ e-1.5h          (equation 4) 

 

where D is the rate of splash detachment (g min−1), and h is the depth of flow (mm). As runoff 

depth increases, splash decreases. However, there are manifold approaches of varying 

degree of precision, and different authors suggest varying values as a threshold where the 

positive and negative effects balance (e.g. Auerswald, 1998; Guy et al., 1987; Moss and 

Green, 1983; Mutchler and Larson, 1971; Poesen and Savat, 1981). Since even the concept 

of transport capacity itself is currently under review (Wainwright et al., 2015), the alteration of 

shallow sheet flow’s erosive potential is highly speculative. 

Within the experimental setup on autochthonous substrates, both main components (splash 

and sheet flow) are induced at plot size and their joint impact on soil erosion rates measured. 
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Within the laboratory setup, the splash processes are quantified exclusively, leaving the 

impact on shallow runoff as a future research topic to be integrated into e.g. mechanistical 

diffusion models (Furbish et al., 2017) (see 2.2). 

 

Soil water content is one of the most important factors controlling erosion by wind (Chepil, 

1956; Cornelis and Gabriels, 2003; Funk and Frielinghaus, 1998; Wiggs et al., 2004) and 

water (Blume et al., 2010; Duttmann, 2001; Poesen and Savat, 1981). 

Thus, to investigate rather the impact of erosion agent than of soil water content on soil 

erosion rates, this factor had to be levelled as far as possible for test conditions. This 

problem was tackled by establishment of a test sequence, where a first run was established 

to moisten the soil. That is assumed to level the water content for following test runs which 

could then be used for comparison. For laboratory tests, the substrate was moistened prior to 

each test to prevent the substrate to be blown away by the airstream (Fécan et al., 1999; 

Funk and Frielinghaus, 1998). Cappelle and Lüders (1981) show for sandy substrates 

stabilized conditions for a water content of >10 Vol%, while saltation is only prohibited by 

much higher water content (Cooke et al., 1993). If it comes to raindrop splash, a high water 

content can possibly inhibit any transport (Figure 3), so that a lowest possible water content 

as well as an approximate uniformity of water content is a paramount test condition. Thus, 

the substrate source was thoroughly drained and the test duration was kept very short (5 

minutes) to prevent substrate from waterlogging. 

 

 

Figure 3. Comparison of drops hitting dry (left) and moist (right) substrate. 

 

Grain size distribution can be generally correlated to susceptibility of substrate to erosion 

(Bork, 1988; Hassenpflug, 1998) as well as specifically to splash erosion (Leguédois et al., 

2005; Poesen and Savat, 1981). Fine sand (63-200µm) and coarse silt (20-63 µm) are 

particularly prone to erosion by wind and water (additional middle sand 200-630 µm). 

Coarser (> 2 mm) and smaller particles (< 65 µm) are less easily eroded due to weight, 
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cohesive force or agglomeration. Accordingly, the substrate for laboratory tests was chosen 

so as to gain as much material as possible during the simulations. 

A surface crust can act as a protection against the erosive forces of wind and water (Belnap 

and Gillette, 1998) or, particularly if it is destroyed, as a source of readily erodible substrate 

(Gillette et al., 1980; Offer et al., 1992; Roth, 1992). A large part of the tests were conducted 

on autochthonous soils including strong surface crusts. The design and procedure of tests 

was adapted to the specific requirements of this kind of surface structure in some respects, 

e.g. the substructure was only slightly introduced into the soil and afterward sealed again 

with water to prevent the crust from generate additional sediment output. Furthermore, the 

sediment trap was installed in such a way, that the “rim effect” of these destroyed crusts was 

not collected.  

 

1.3 Experimental studies in soil erosion research 

Experimental studies are of great value to geosciences. Paola et al. (2009) observe “a 

consistency between experimental and field systems despite large differences in governing 

dimensionless numbers” and call it “unreasonable effectiveness”, presumably arising from 

the fact that natural processes often seem to develop independently from scale.  

Due to their temporal or spatial scale, many processes of geoscientific interest are hidden or 

impossible to measure in actu. In the case of soil erosion, the related processes happen 

either continuously on a low level, or suddenly, such as due to an extreme rainfall event. The 

first would lead to a gradual loss of productive top soil by splash and sheet wash processes, 

the latter to an abrupt heavy wash including the formation of rills and gullies. In both cases, 

the process is not plannable observable and the amount of eroded material is nearly 

impossible to assess. Scientists, stakeholders and planning offices work with sediment loads 

derived from receiving waters to establish sediment budgets and erosion rates, a method 

known to create huge errors for several reasons (e.g. Cammeraat, 2004; de Vente et al., 

2007; de Vente and Poesen, 2005). The fact that assessments of erosive potential are 

currently generally generated by means of computer simulations that are calibrated with 

these inaccurate data aggravates the situation. As a result, models lead to high variabilities 

of simulation output and risk assessments are highly uncertain (Poesen et al., 1996). This 

situation might be a reason that experimental approaches including rainfall and wind 

simulations currently gain more approval again among German researchers, and they have 

been worldwide applied and constantly developed since decades. They are used to 

investigate fluvial or aeolic processes and simulate mainly the initial stages of particle 

entrainment and translocation. They can be used for both, in-situ measurement of 

autochthonous soil surfaces and laboratory studies. Experimental research is of a high 
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importance for knowledge generation and data collection, thus being a crucial basis for 

hydrological and soil erosion modeling (e.g. Stroosnijder, 2005; Toy et al., 2002).  

The presented thesis includes a complementary approach combining studies on 

autochthonous substrates and laboratory studies to coherently investigate the focused topic. 

All tests were carried out with the Portable Wind and Rainfall Simulator (PWRS). The 

experimental setup’s physical limitations are addressed in (Fister et al., 2012; Iserloh et al., 

2013; Marzen et al., 2016). The concept of this empirical approach includes the idea that 

reality is approximated and partly represented by the experimental device and procedure 

(Figure 4). To which extent this is even possible is an unsolved problem, one big issue being 

the fact that highly variable natural processes are standardized for the sake of reproducibility 

and reliability. The quality of an experimental setup depends on various aspects, among 

others the adequate representation of involved factors and a precise execution. Instead of 

absolute values, a comparison of local conditions is derived, and the data of one 

experimental device cannot be compared to other devices. However, paramount 

achievements of experimental work prove the merits and the great value for geosciences. 

Furthermore, a wide data basis can partly eliminate the effects of systematic and random 

errors of single measurements (Fiener et al., 2011). 

 

 

Figure 4. Development of model/ experiment. 
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One of the most important aspects is the strict adaption of the experimental design to 

research question and aspired results. 

The exact formulation of the research question is as necessary as the careful choice of 

experimental components and the adaption of the interpretation to the degree of abstraction 

(Kuhn et al., 2014). Within the thesis, the complexity of the experimental system was several 

times adapted to the changing level of complexity of the aspired results, corresponding to the 

specification of the research topic. The different levels of abstraction are shown in Figure 5. 

In the case of erosive processes, there is a great difficulty to derive information about the 

system by observation or measurement of the real natural system itself due to a high spatio-

temporal variability of erosive processes and their impact (a). A higher level of abstraction as 

in field tests (b) involves a higher level of control, while the complexity of the system is 

reduced. This allows for a detailed process observation and an association of acting factors 

and processes to measured or observed results. The range of processes and the quality of 

data corresponds to scale, test equipment and procedure. An intermediate position would be 

larger stationary plots that produce data assumed to be closest to natural values but require 

permanent maintenance. 

Most control was possible during laboratory tests, where the involved factors and processes 

were reduced to a minimum level (c). This allows for a precise measurement of focused 

processes and factors, but at the same time, the high degree of abstraction causes a 

problem of interpretation due to a difficult transferability to the natural phenomenon. The 

interpretation must be tackled with great care.  

Scale is a great issue in experimental geomorphology (Cammeraat, 2004; Lal, 1990). The 

research focus applied within this thesis ranged from a small tempo-spatial scale (“event 

scale”) including the impact of wind-driven rain on soil erosion processes on plot scale to a to 

a micro scale (impact of wind-driven raindrop splash on particle transport) and, finally, 

approaches a large scale on a theoretical basis, transferring findings to a level of global 

hydrological assessments.The experimental device Portable Wind and Rainfall Simulator and 

the related procedures are trade-offs between controllability and authenticity: the more 

complex the experimental setup is chosen, the more natural it is, but the less controllable 

(and thus interpretable) are procedure and output. The awareness about merits and limits of 

such an experimental method are basis of an adequate handling of the device and the 

processing of data. One result of this awareness is the consistent avoidance of an otherwise 

common practice of upscaling of total rates, either temporal or spatial. Instead, for 

transferring the data from the point measurement to a field scale, comparative analyses are 

performed.  
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Figure 5. Model complexity vs. controllability. 
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2 Summary 

The summary concludes research aims/ hypotheses and their supporting results derived 

from the experimental investigations and their statistical analyses presented in the articles. 

The outlook contains the transfer of findings into conceptual models and numerical models. 

Furthermore, it contains research questions concerning the controlled investigation of impact 

of a shallow runoff and interactions with impacting raindrops with and without wind influence.  

 

2.1 Conclusions and insights from the five single articles  

Each study involved development and formulation of research hypotheses and objectives, 

conception and conduction of experiments with the experimental device, sample processing, 

analysis and interpretation. The experimental design was tested for its applicability. Wind-

driven rain was tested for its erosive impact. Wind-driven rain is shown a key factor for 

understanding and analysis of soil erosion. 

The outcomes of the thesis generated valuable knowledge and data. It supported the 

understanding of processes and impact of single factors on soil erosion in general and the 

physical behavior of particles detached and transported by rain splash and wind-driven rain 

splash in particular. It was possible to investigate the relative impact of wind on water erosion 

and may assist an adequate assessment and interpretation of this impact on hydrological 

and soil management issues. It may promote improvement of traditional concepts and more 

realistic calculations of soil erosion rates. 

 

 Quality of test device and procedure for tests on autochthonous substrates as 

well as for splash tests setup 

During several measurement campaigns including units under laboratory and field 

conditions, the PWRS proved adequate for measurement of the aspired processes and 

factors. The test device showed to be of a robust design suitable for work under field 

conditions. The impact of wind, rain and wind-driven rain could be quantified via amount of 

soil erosion on a plot scale. The particular impact of wind-driven rain was assessed by 

comparison of rainfall simulation and WDR-simulation. The experimental setup allowed for 

detailed qualitative and quantitative observation of runoff and erosion processes. The splash 

test design was adequate for isolation of sub-processes splash and wind-driven rain splash 

from the diverse processes of detachment and transport, and it was possible to quantify an 

compare detached and transported material with and without applied wind on various 

substrates, slopes and levels of roughness. Test devices and test sequences met the 

requirements of validity as well as reproducibility.  
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In a greater context, the work with the experimental device increased process understanding 

and general knowledge about soil erosion processes. The work with the PWRS allowed for 

development of a deeper understanding of relevant factors, processes and interactions. It 

proved not only a valuable tool for scientific investigation but also for didactical purposes, 

since the driving factors are to be observed while they are happening, and the manipulation 

of the device’s parameters concerning artificial wind and rainfall induces a much deeper 

learning than mere theory. Experimental erosion studies are a very worthwhile field of soil 

science and a source of knowledge and data. 

- The test device and procedure are adequate to investigate wind-drive rain erosion 

- Test device and procedure are adequate to measure splash erosion by windless and 

wind-driven rain 

 

 Impact of wind on processes of erosion by water in general and raindrops in 

particular 

The objectives of the studies were quantification of soil erosion under wind-driven and 

windless conditions and qualitative observation of the differences in processes between 

windless and wind-driven rain simulations. 

In all studies, an impact of wind on rain erosion could be supported. Tests on autochthonous 

soils and substrates showed ambiguous results, sometimes even on the same site. This 

shows the great influence of surface conditions as only featured by in-situ test conditions. 

Splash tests produced very homogenous results all presenting the strong impact of wind on 

raindrop detachment and transport regardless of the surface conditions, but the surface 

conditions here too changed general rates. 

In a greater context, the first systematic investigation of wind-driven rain on soil erosion and 

runoff generation was conducted. The work could strongly increase process understanding 

and generate urgently required data for the assessment of relative impact of WDR. 

- Wind has an impact on water erosion 

- Wind-driven rain intensifies soil erosion compared to windless rain. 

- Wind-driven rain splash is a major factor controlling soil erosion by wind-driven rain 

- Wind-driven rain splash transports more particles than windless rain splash 

- Wind-driven rain transports particles over a greater distance than windless rain splash 

 

 Impact of wind-driven rain on a regional scale  

Wind-driven rain is found an important factor controlling soil erosion and runoff generation 

and can be assumed a crucial factor for natural hazard risk assessment. A wind-driven rain 

coefficient was introduced to depict that total soil erosion is severely underestimated for all 
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types of tested soil surfaces including different substrates and surface characteristics. The 

enhanced runoff generation should be acknowledged an important factor adding to the 

general increase in erosive potential of wind-driven rains. Furthermore, wind-driven rain 

might lead to erosion rates exceeding those obtained conventionally by means of 

experimental studies or numerical models. That is caused by the fact that the erosive effect 

of wind-driven rain is not accounted for sufficiently by simply applying a higher kinetic energy 

as is generally the case in models simulating soil erosion and runoff generation. 

- Wind-driven rain has the potential to become a natural hazard. 

- Wind-driven rain generally increases soil erosion and runoff generation 

- This increase differs according to the respective substrate and landscape unit 

 

2.2 Outlook about future challenges  

Wind-driven rain is shown to be a key factor for soil erosion assessment. Its impact seems to 

extent to surface hydrological processes, particularly concerning generation and 

development of shallow overland flow. A coordination between experimental procedures and 

theoretical approaches for both rain-splash transport and shallow overland flow dynamics 

must be achieved. Therefore, the future challenges include measurements as well as the 

development of theoretical frameworks and model simulations and are briefly discussed as 

two research topics.  

 

Research topic 1: Development of modeling approach of particle transport by (wind-driven) 

rain splash 

Basing on the here presented results, a theoretical formulation can be conceptualized to 

comprise the different effects of wind-driven rain on particle transport under diverse surface 

conditions. Key points for discussion and adaption to computer models are drops (single 

drop vs. heterogeneous drop population), wind (constant wind velocity vs. gusts; wind stream 

parallel to surface vs. wind stream “hitting” surface) and substrate (standard grain size vs. 

grain size mix).  

 

Research topic 2: Wind influence on (raindrop-impacted) shallow sheet flow: Experiments 

and model simulation 

The problem of wind influence on shallow runoff has to be tackled. Due to its small 

dimensions, shallow overland flow is strongly influenced by the boundary conditions (bed and 

air). The bed surface has many variables that can either increase or decrease flow 

parameters such as velocity, depth and turbulences. The new aspect is the influence of wind 

on the shallow flow as well as on impacting raindrops. Compared with a water free soil 
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surface, shallow flow might lead to either an intensification or a decrease of the erosivity of 

an impacting raindrop. A threshold value is not yet found and different authors suggest 

varying values. On the basis of investigations of sediment transport by turbulent flow, 

fundamental assumptions can be adapted to the specific case of a shallow runoff. 

Theoretical concepts of shallow surface flow dynamics have to be developed with special 

emphasis on the influence of wind and raindrop impact. Depending on the aspired and 

possible richness of detail, following factors are included into the model:  

- Shallow flow hydraulics (velocity, depth, turbulence) 

- Wind (velocity, direction relative to topography, steady or gusts, boundary layer) 

- Impacting (wind-driven) rain drops (velocity, size, kinetic energy/momentum, impact angle, 

number) 

Corresponding to the achieved results and workflow of theoretical considerations, an 

experimental design can be developed including parameters identified as relevant to test the 

developed hypotheses. A special device for generation and exact control of a steady uniform 

runoff has to be developed. The water flux and depth can be measured by means of a laser. 

A sediment trap for measurement of the transported sediment (splash and runoff) is probably 

the biggest challenge. Model formulations and experiments thus support a mutual 

development. 
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with 3 figures and 2 tables 

 

Abstract. Recent research has shown that wind can have a significant influence on velocity, 

impact angle and kinetic energy of raindrops, and subsequently increases soil erosion. The 

aims of this study were to 1) quantify the influence of wind on water erosion, 2) specifically 

observe the difference in processes between windless rain (WLR) and wind-driven rain 

(WDR) simulations and 3) test the device’s and test sequence’s practicability.  

The Portable Wind and Rainfall Simulator (PWRS), recently developed at Trier University for 

plot-scale in situ assessment of differences in soil erosion with and without the influence of 

wind on raindrops, was used. To facilitate extraction of the influences of WDR on soil 

erosion, to avoid systematic errors, and to reduce variability between test plots, a defined 

order of four consecutive test runs was established: 0) wind simulation, 1) WLR simulation on 

dry soil, 2) WLR simulation on moist soil, 3) WDR simulation. The tests were conducted on 

homogenous sandy substrate deposited on an area of 15.2 m x 60 m with uniform and smooth 

surface and low inclination (1°) in the Willem Genet Tunnel of Wageningen University. The 

results show an increase of eroded sediment ranging from 113 % up to 1108 % for WDR 

simulations in comparison to WLR simulations. The increase in runoff was considerably 

lower (15 % to 71 %), resulting in an increase of sediment concentration between 56 % and 

894 %. The results indicate an immense impact of WDR on soil erosion of sandy cohesionless 

substrate. The experimental setting and measurement proved reliable and reproducible and 

enables a clear process observation and quantification in the field.  

 

Keywords: Water erosion, wind erosion, soil erosion, wind-driven rain, Portable Wind and 

Rainfall Simulator (PWRS), rainfall simulator, wind tunnel 
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1 Introduction 

Natural rain events often occur as rainstorms, where wind adds a driving component to the 

falling raindrops as well as to the shallow overland flow. Due to limitations of experimental 

field equipment and the difficulties of simultaneous assessment of soil erosion processes via 

both eroding agents (VISSER ET AL. 2004), wind and water erosion have been mainly studied 

separately in the past. In this study, we overcome the neglect of natural complexity by 

investigation of wind influenced rain and its impact on soil erosion on a natural body of 

cohesionless substrate. 

Interactions of wind and rain are considered very complex, as laboratory research in Gent 

(e.g., CORNELIS ET AL. 2004 a, b, ERPUL ET AL. 2000, 2002, 2005, 2011), Coimbra (e.g., DE 

LIMA ET AL. 2003, 2009, DE LIMA 2011) and other institutions (e.g., LYLES ET AL. 1969, 

UMBACK & LEMKE 1966) has shown. The influence of wind on falling and surface-hitting 

raindrops is potentially very effective considering the detachment and transport of soil 

particles (CORNELIS ET AL. 2004 b, ERPUL ET AL. 2011, VAN HEERDEN 1964). These effects 

regard (i) a considerable increase in velocity, exceeding the natural terminal velocity of 

falling rain drops without wind acceleration, (ii) the deviation from the vertical course of fall, 

resulting in an oblique impact angle and (iii) a modification of size and number of drops. 

Furthermore, the wind itself might fetch and transport single particles and small aggregates. 

This alteration of physical properties of drops plus the direct transport by wind (splash-drift) 

is recently found to be much more accentuated than detachment and transport by raindrops 

that are not wind-influenced (splash) (CORNELIS ET AL. 2004 b). Concerning the detachment 

via shallow overland flow, wind might effect its detachment and transport capacity directly by 

acceleration and indirectly by modification of the impacting raindrops, again in flume studies 

found to increase soil erosion rates (ERPUL ET AL. 2011, KINNELL 2005). 

So, recent scientific laboratory work seems to have reached a consensus concerning a 

potential intensification of sediment supply and soil loss as mentioned above, while a 

comprehensive empirical approach on natural soil surfaces is still missing. Laboratory results 

need to be reassessed by investigation of natural surface-water interactions concerning 

shallow overland flow and raindrops: experimental investigation of the impact of wind-driven 

rain (WDR) on net-soil erosion is imperative for process understanding and development and 

adaption of soil erosion models, and it has repeatedly been stated that this considerable gaps 

of knowledge urgently need to be filled (e.g., RAVI ET AL. 2010, VISSER ET AL. 2004).  
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Results of preliminary field measurements with Trier’s Portable Wind and Rainfall Simulator 

(PWRS) on autochthonous soils in Spain show highly variable signals of WDR on erosion 

(ISERLOH ET AL. 2009, RIES ET AL. 2010). For this study, we used an experimental approach to 

reduce the amount of influencing parameters and to extract specific influences that are 

assumed to affect erosion by WDR and enlighten these variable results. We conducted tests 

on four sandy substrate plots in the Willem Genet Tunnel of Wageningen University that 

provide more reproducible and controllable conditions than the highly degraded and crusted 

soils in semi-arid Spain. The objectives of this study are: (1) quantification of soil erosion 

under wind-driven and windless conditions, and (2) qualitative observation of the differences 

in processes between windless and wind-driven simulations. In this way, the experiments 

present a link between field measurements on variable soil conditions and real laboratory 

measurements. Finally, we verified the practicability of applied test sequence and the usability 

of the PWRS (3).  

 

2 Material & methods 

2.1 Experimental setup 

To accomplish measurements of the effect of WDR on soil erosion, we developed a device 

(Fig. 1a) at Trier University that is capable of producing single wind and single rainfall events 

(windless rain = WLR), rainfall events with the influence of wind on falling raindrops, and a 

sediment collector that is able to catch runoff as well as detached sediment (FISTER 2011, 

FISTER ET AL. 2012). The PWRS is specially adapted for this application in the field and 

consists of four sections:  

a) A push-type fan as the wind source 

b) A transition section and honeycomb to reduce turbulences 

c) The working section with a plot size of 2.2 m², including the rainfall simulator 

d) A sediment trap for wind- and water-eroded material 

The analysis of wind and rainfall characteristics showed good results regarding 

reproducibility of air-stream and rainfall conditions and therefore allow for comparative 

measurements of different surfaces in the field. Furthermore, with this setting we achieve the 

typical impact of wind on falling raindrops (i.e. acceleration, partly enlargement, oblique 

impact angle of drops and an increase in number of drops per unit area) when the wind source 

is applied (Table 1). A detailed description of the PWRS (Fig. 1a) is given in FISTER ET AL. 

(2011, 2012), the combined sediment trap is described in FISTER AND SCHMIDT (2008).  
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Fig. 1. Instrumentation and experimental setup: a) Portable Wind and Rainfall Simulator (PWRS), b) 

exemplary 2.2 m² test plot (left: front view, right: plan view). 

 

Table 1. Main wind and rainfall characteristics of the Portable Wind and Rainfall Simulator (based on 

FISTER et al. 2012) which are mean wind velocity [vw], mean Intensity [I], mean volumetric drop 

diameter [d50], drop fall velocities for drops of the size d50 [vr], mean kinetic energy expenditure [KER], 

and mean kinetic energy per unit area per unit depth of rainfall [KE] for WLR and WDR simulations. 

 

 
vw 

[m s-1] 

I 

[mm h-1] 

d50 

[mm] 
vr [m s-1] 

KER 

[J m-2 h-1] 

KE 

[J m-2 mm-1] 

windless rain (WLR) 0 96 1.5–2.0 2.2–2.6 270.8 5.21 

wind-driven rain (WDR) 7.5 88 1.75–2.5 3.4–4.2 1590.8 8.08 

 

2.2 Test sequence and procedure of sediment collection 

To facilitate extraction of the influences of WDR on soil erosion, to avoid systematic errors, 

and to reduce variability between test plots, a defined order of four consecutive test runs was 

established. All test runs were conducted on the same plot forming a test sequence. At first, a 
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wind test run of 10 min duration is performed to allow for assessment of susceptibility of the 

substrate and the soil surface to wind erosion. This preliminary test is followed by a WLR 

simulation on dry soil (1) of 30 min duration. This simulation can answer the question of 

susceptibility of soil to an extreme rain event, and is also conducted to moisten the soil 

surface for the next test run: because water content of the soil surface is a major parameter 

influencing soil detachment, for the sake of comparing WDR with WLR this parameter is 

therefore levelled for both test types. 30 minutes after this “moistening-run”, a WLR 

simulation on now moist soil (2) is conducted. This test without the influence of wind acts as 

control sample for the deduction of the impact of wind on water erosion, when compared to 

the next and last test run (3), a WDR simulation: Additionally to the artificial rain, wind is 

applied that induces WDR erosion on the plot. By comparing results of rainfall simulation (2) 

with that of WDR simulation (3), the impact of wind on water erosion can be assessed.  

Each rainfall simulation lasts for 30 minutes followed by a 30 min break allowing for initial 

drainage of the soil as well as sampling and remounting of the sediment catchers. The 

complete test sequence was conducted four times on accordingly four plots (Plots A-D). After 

each test sequence, the PWRS was moved to another plot and the test sequence was repeated. 

We collected total runoff and total amount of sediment detached from the 2.2 m2 test area 

with 0.5 L bottles filled into 10 L buckets in 2.5 min intervals. After sedimentation, decanting, 

filtering (Munktell©, Prod.-Nr. 3.104.185, <2 μm mesh-width) and drying (105 °C), we 

weighed the amount of sediment for every 2.5 min interval and plotted it against runoff for the 

same interval.  

 

2.3 Test site 

We accomplished the experiments in the Wageningen University’s Willem Genet Tunnel. The 

facility provides a very homogenous soil surface, while still representing a complete body of 

soil considering physical and chemical properties. The dimension of the area is 15.2 m x 60 m 

with a uniform inclination of 1°. The soil of the testplots was a sandy substrate with D50 of 

0.16 mm (see Fig. 2), pH of 6.4, Corg-content of 2.9 % and CaCO3-content of 0.2 %. The bulk 

density was 1.55 g cm-3 for the upper 20 cm and 1.69 g cm-3 below 20 cm. Fine sand, which is 

supposed to be the easiest erodible grain fraction; dominated with 52 % (particle size 

distribution is listed in Fig. 2). 
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Clay:     3 % 

Silt:     9 % 

Fine sand:  52 % 

Medium sand: 35 % 

Coarse sand:    2 % 

 

Fig. 2. Cumulative curve of particle size distribution.  

 

The soil has been irrigated, ploughed and cultivated on a regular basis. Before conducting the 

experiments, we reaped crop remnants and levelled ridges and furrows to get a smooth and 

homogenous surface (Fig. 1b) and to reduce surface variability. The test plots could therefore 

be considered as uniform in soil surface conditions, particle- and pore size distribution, 

content of soil organic matter, stone content, bulk density and microrelief.  

 

3. Results and discussion 

Presented here (Fig. 3) are the four complete sequences (A to D) consisting of three 

succeeding simulations (1, 2 and 3), which were conducted on four respective plots (A to D).  
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Fig. 3. Results of rainfall simulation experiments for windless and wind-driven rainfall events per 2.5 

min interval for all experimental plots (A-D). Runoff is given in L, suspended sediment load in g 

(SSL) and suspended sediment concentration in g L-1 (SSC). 

 

On all plots a regular runoff pattern developed during each sequential run (Fig. 3) showing an 

increase in overland flow over time. The high hydraulic conductivity and infiltration capacity 

of the sandy substrate as well as the low slope delayed the development of runoff. Runoff 

used to start at middle third of run 1 increasing (in one case even later in the beginning of run 

2) and intensified until the end. A steady state runoff was reached during the first third in run 
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2 which slightly elevated during run 3. Altogether the runoff was lowest (0 - 26 %) during the 

first runs on all plots and can be considered moderate to high with runoff coefficients of 34 - 

76 % during run 2 and run 3 (Table 2). Generally, higher runoff coefficients are found during 

the third runs indicating the influence of wind on amount, velocity and, thus, transport 

capacity of wind-driven overland-flow. The process of material transport strongly interacted 

with the generation of runoff, although it showed differences in quantity and also temporally 

variable patterns among the sequences. In three of four cases (A, C and D), erosion reached a 

first peak with the initially generated runoff and afterwards decreased, what could be 

explained by a first wash-off of the easily erodible sandy soil. The next and much higher peak 

was reached during the WDR simulation in run 3. In two cases (A and B) the eroded material 

increased gradually towards the end, in the other two cases (C and D) it stayed at a similar 

level after a peak at the beginning. Obviously, considerably more soil was eroded under the 

influence of wind: we assume that the wind accelerated shallow overland flow had a greater 

velocity, detachment and transport capacity and therefore erosivity during the WDR runs. 

Furthermore, the overland flow seemed to be shallower in the WDR runs and therefore more 

prone to splash processes (MOSS & GREEN 1983) and splash-drift-processes. An additional 

component is an increased erosivity of the water film due to induction of turbulences (ERPUL 

ET AL. 2011). In all cases, the highest amount of eroded material by far was collected during 

the WDR runs. Compared to the WLR runs, it increased by 113 % up to 1108 %. This adds up 

to the two- to twelvefold of eroded material by WDR compared to WLR simulation (Table 2).  
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Table 2. Results for each run of rainfall simulation experiments on all experimental plots (A-D) under 

windless and wind-driven rainfall conditions. Runoff is given in % of total simulated rainfall amount 

on plot (Runoff Coefficient: RC), suspended sediment load in g m-2 (SSL) and suspended sediment 

concentration in g L-1 (SSC). Additionally, increase from run 2 to run 3 is given in % and as a factor. 

Plot Run RC (%) SSL (g m-2) SSC (g L-1) 

     

A 

Run 1 (windless rain)  0   0   0  

Run 2 (windless rain) 
+ 71% ↓ 

34 
↓ x1.7 +640% ↓ 

4.9 
↓ x7.4 +368% ↓ 

0.1 
↓ x4.7 

Run 3 (wind-driven rain) 58 36.3 0.6 

           

B 

Run 1 (windless rain)  8   10.1   1.3  

Run 2 (windless rain) 
+48% ↓ 

44 
↓ x1.4 +113% ↓ 

68.8 
↓ x2.1 +56% ↓ 

1.6 
↓ x1.6 

Run 3 (wind-driven rain) 65 146.6 2.3 

           

C 

Run 1 (windless rain)  21   10.7   0.5  

Run 2 (windless rain) 
+15% ↓ 

60 
↓ x1.1 +602% ↓ 

13.3 
↓ x7.0 +562% ↓ 

0.2 
↓ x6.6 

Run 3 (wind-driven rain) 69 93.1 1.4 

           

D 

Run 1 (windless rain)  26   5.8   0.2  

Run 2 (windless rain) 
+32% ↓ 

57 
↓ x1.3 +1108% ↓ 

5.8 
↓ x12.1 +894% ↓ 

0.1 
↓ x9.9 

Run 3 (wind-driven rain) 76 69.5 0.9 

 

Compared to the increase in eroded material, the increase in runoff is rather low with 15 % to 

71 %. Hence, the highest sediment concentrations are also found during the WDR runs and 

increases in comparison to WLR runs from 56 % to 894 %. This clear trend of intensified soil 

erosion by WDR is in accordance with results from laboratory experiments for instance by 

CORNELIS ET AL. (2004 b) and ERPUL ET AL. (2005, 2011). The transported material collected 

during simultaneous wind and rainfall simulations consists of the components raindrop-

impacted shallow overland flow and splash-drift. Both processes are closely related to each 

other and have not been experimentally separated yet. Depending on depth of water film, the 

impact energy of the falling raindrop is either amplified (thin film) or diminished (thick film). 

Under thin water film conditions, splash-drift processes might occur and even be intensified 

to an essential factor for detachment and transport under WDR. Splash-drifted particles also 

count for an important part of eroded material under wet-soil and wind-influenced conditions 

without generation of a water film (DE LIMA ET AL. 1992, VAN DIJK ET AL. 1998). 

In this study however, the key factor to explain the higher amount of eroded material is the 

shallow overland flow which was impacted by wind-driven raindrops leading to higher 

hydraulic turbulences and a higher erosivity. By impacting the surface water film, the rain 

drops create turbulences that lead to detachment and entrainment of soil particles, a process 

that is even more accentuated under the influence of wind due to greater impact energy and 
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drop number as well as a further development of lateral jets inside the runoff (ERPUL ET AL. 

2011, KINNELL 2005). Furthermore, the wind might have directly accelerated the shallow 

overland flow, a finding that urgently needs to be addressed in further studies. 

The results indicate that the established consecutive test sequence allows the required 

quantification of WDR influences on soil erosion and enables process observation. Parameters 

like soil surface conditions, particle- and pore size distribution, content of soil organic matter, 

stone content, bulk density and microrelief usually complicate the interpretation of runoff and 

erosion patterns, but can be regarded negligible during our study. Conditions can be regarded 

reproducible for all the simulations. The obvious variations of measured eroded material 

between test plots are due to the randomness of the processes themselves. Changes in 

microrelief, as a partly self-energising process, are an example of this natural randomness. 

The variability in amount of eroded material between identical test plots under equal rainfall 

conditions is well known and was observed in several studies (e.g., NEARING ET AL. 1999, 

WENDT ET AL. 1986).  

 

5. Conclusions 

WDR increases soil erosion on cohesionless sand substantially. While susceptibility to water 

erosion was low, even well drained cohesionless sand with a very low inclination was 

entrained significantly by WDR. The results suggest that neglecting the influence of wind on 

water erosion processes could lead to a severe underestimation of soil erosion rates. The 

experimental setup allows for detailed qualitative and quantitative observation of runoff and 

erosion processes due to WLR and WDR. Test device and test sequence meet the 

requirements of validity as well as reproducibility. 
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