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Climate change is expected to result in more extreme rainfall events, which may impact soil 
erosion rates and patterns. Adaptation is difficult if the effects are unknown, especially as 
the magnitude-frequency relationship is highly non-linear and may also depend on 
connected pathways within a landscape. Both were investigated in the Total Environment 
Simulator at Hull University in a large-scale rainfall simulation experiment. Erosion effects 
on plots with two grain sizes, and five different rainfall events in varying order were 
combined for a total of 10 sequences. The results show highly variable responses. Further 
work will focus on quantifying DEMs of difference to determine the connectivity of the two 
plots in relation to the different sequences of rainfall events. 

 

1. INTRODUCTION 

Although research and interventions have aimed at soil and water conservation (Panagos et al. 
2015), erosion by water is still a large threat to soils globally (EU 2006, Pimentel 2006). The effects 
of soil and water conservation efforts are difficult to estimate, because of the non-linearity in the 
relationship between rainfall, runoff and erosion (Boardman et al. 1999, Philips 2003, Cerdà et al. 
2013) and differences across scales (Cammeraat 2004, Cantón et al. 2011 Vanmaerke et al. 2011). 
This non-linearity is known from field and model studies of catchments; precipitation events with 
higher amounts of rainfall do not necessarily produce greater amounts of eroded material, similarly 
lower amounts of rainfall do not necessarily produce less eroded material (Gonzalez-Hidalgo 2007, 
Hungr et al. 2008, Van de Wiel et al., Baartman et al. 2013a). Even if low amounts of rainfall 
produce less erosion, these low amounts of rainfall may occur more frequently compared to 
extreme events, potentially leading to a higher net amount of soil loss (Marques et al. 2007). This 
so-called magnitude-frequency relation is not yet established, since data and information on this 
relation is limited.  

One of the reasons the magnitude-frequency relationship is not clear, is the lack of repeatability in 
real landscapes. Once a rainfall event has occurred, the landscape has changed, and therefore no 
consistent testing of the magnitude-frequency relationship is possible.  

Hence, the most pressing issue currently is the lack of data on both rainfall event information and 
the response of a landscape in terms of soil loss to sequences of rainfall events (González-Hidalgo 
et al. 2009). Nonetheless, in numerical modelling studies it is possible to recreate the exact same 
landscape. A modeling study by Baartman et al. (2013a) showed no particular trends for 50 varying 
rainfall events. Possibly, the lack of particular trends is caused by another factor, namely the 
change in connectivity in a landscape (Appels et al. 2011, Baartman et al. 2013b, Bracken et al. 
2013). If pathways in a landscape suddenly connect during a particular rainfall event, sediment 
may leave a catchment as a sudden pulse (Schoorl et al. 2014). 

As a result of climate change, it can be expected that the frequency-magnitude of rainfall events 
will change, most likely extreme rainfall events will become more intense and frequent in many 
regions (IPCC, 2014), leading to accelerated erosion and flooding. However, adaptation to such 
changes is not possible, if their effects are unknown. Therefore, analysis of the possible effects of 
rainfall event sequence with different magnitude-frequency occurrence on landscape dynamics, 
including erosion and sediment dynamics is an urgent research task (Boardman, 2006). This 
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research aimed to improve our understanding of the effects of different sequences of rainfall events 
on erosion and sediment dynamics. The Total Environment Simulator at the University of Hull was 
ideally suited for this research, offering a large experimental area in which a small ‘landscape’ could 
be imitated and recreated to test the effects of varying rainfall event sequences. 

 

2. MATERIALS AND METHODS 

The ‘Total Environment Simulator’ (TES, at Hull University, UK, was used for the rainfall simulation 
experiments. The TES consists of a surface area of ~40 m2 and is equipped with a rainfall 
simulation system containing 40 rainfall nozzles arranged in a regular grid above the experimental 
area (Fig. 1).  

  
Figure 1: Schematic overview of the rainfall nozzle system over the experimental plots in the TES. 

 
The experimental design consisted of two plots (plot 1, left hand and plot two, right hand in Fig. 1) 
of 4 by 4.3 m. Each plot was filled with different size sand: plot 1 contained fine sand (D50 = 215 
µm) and plot 2 contained medium coarse sand (D50 = 458 µm). Grainsize distribution within the 
plots was uniform. The base of each plot was sealed with an impermeable plastic layer to avoid 
leakage of infiltrating water. The plots had the same morphology with a V-shape in the upper part, 
resulting in an inward flow direction towards the middle of the plot and an almost straight (very 
slightly V-shaped) slope downwards towards the outlet in the lower part of the plot. Dimensions 
and slopes are given in Fig. 2a and b for plot 1 and 2 respectively. 
 

 

a. 
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Figure 2: Design of plots 1 (a) and plot 2 (b) including dimensions and slopes. 

 
Before the rainfall sequences could be designed, the rainfall simulation system was tested and 
calibrated. To calibrate the rainfall intensities and to investigate the spatial variation of the rainfall 
within each plot, 22 rain gauges and 27 boxes were installed on each plot (Fig. 3a). As shown in 
Fig. 3b, the rainfall was not spatially uniformly distributed.  
 

 
Figure 3: a) Calibration set-up to calibrate the rainfall distribution over the experimental plot, b) interpolated spatial 
distribution of rainfall of the low intensity rainfall event (Photo: Niels Lake / Bart Verschaeren). 

 
From several tests, eventually it was decided to use three rainfall intensities (Table 1) of significant 
difference: Low (35 and 33 mm/h), Medium (92 and 78 mm/h) and High (126 and 117 mm/h for plot 
1 and plot 2 respectively). Higher intensities were not possible due to the pumping capacity of the 
system, while lower intensities led to dripping of the system, with unwanted large drops being 
produced by the nozzles. The spatially averaged rainfall intensities are consistently lower for plot 2 
as compared to plot 1, due to a slightly decreasing water pressure with increasing distance from 
the water pump, which was located closer to plot 1. 
 
Table 1  Calibrated average rainfall intensities for plot 1 and plot 2 

Rainfall Intensity Low (mm/h) Medium (mm/h) High (mm/h) 

Plot 1 35.1 92.1 126 

Plot 2 33.0 79.4 117 

 
A total of 10 sequences of rainfall events were applied to both plots. Rainfall sequences consisted 
of the same 5 individual rainfall events (Table 2), but applied in different order (Table 3). One of the 
sequences was the so-called ‘base sequence’ which consisted of 5 events of the same intensity 

Spatial Rainfall Distribution

Rainfall_low_Int_30min

<VALUE>

7,460673809 - 8

8,000000001 - 9

9,000000001 - 10

10,00000001 - 11

11,00000001 - 12

12,00000001 - 13

13,00000001 - 14

14,00000001 - 15

15,00000001 - 16

16,00000001 - 17

17,00000001 - 18

18,00000001 - 19

19,00000001 - 20

20,00000001 - 21

21,00000001 - 22

22,00000001 - 23

23,00000001 - 24

24,00000001 - 25

b. a. 

b. 
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and duration. To ensure an equal total amount of rainfall being applied as in the other sequences, 
the duration of each event was 19 minutes. 
 
Table 2: Rainfall events: intensity and duration. 

Rainfall event 

code 
Intensity Duration (min) 

  Plot 1 (mm/h) Plot 2 (mm/h)  

1 - L30 Low 35 33 30 

2 - L60 Low 35 33 60 

3 - M15 Medium 92 78 15 

4 - M30 Medium 92 78 30 

5 - H15 High 126 117 15 

 
Table 3: Sequences of rainfall events applied to the plots, codes as in Table 2. 

Sequence 1 2 3 4 5 6 7 8 9 10 

event.ID Increasing Decreasing Hill Valley Stabilizing Destabilizing Base run Random1 Random2 Random3 

A L30 H15 L30 M30 H15 L30 M19 L30 M15 L60 

B L60 M30 M30 L60 L30 L60 M19 M30 L30 L30 

C M15 M15 H15 L30 M30 M30 M19 M15 L60 H15 

D M30 L60 M15 M15 L60 L30 M19 H15 H15 M15 

E H15 L30 L60 H15 L30 H15 M19 L30 M30 M30 

 
 
To be able to compare the effects of the different rainfall sequences, the starting landscape needed 
to be the same. Therefore, the plots were (re)built each time to the same morphology as much as 
possible. The topsoil was loosened with a rake to remove channels and patterns formed by a 
previous sequence. The soil was then compacted, while care was taken to do this as 
homogeneously as possible over the plot surface. Finally, a scraping board specifically made for 
this experiment was used to recreate the same slope and landscape form. To minimize differences 
in the effects of the rainfall events due to differences evolving from the tramping and scraping 
phase, a spin-up rainfall event was applied before each rainfall sequence. The spin-up event was 
a low intensity, one-hour rainfall event. Figure 4 and 5 show the difference in the plot surface before 
and after applying the spin-up event. 
 

 
At the outlet of each plot, a large box was placed to collect the runoff water and sediment during 
each rainfall event. The runoff water was automatically measured by directing it into large 
containers placed on scales. The sediment was manually collected from the boxes after each 
rainfall event and weighted. A conversion factor from wet to dry sediment was calibrated and 
applied to convert the weighed wet sediment to dry sediment weight. From three starting 
landscapes, bulk density samples were taken at top, middle and low positions in the plot using 100 

Figure 4. Smooth landscape after scraping phase (plot 
1). 

Figure 5. Starting landscape after spin-up rainfall event 
(plot 1). 
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cm3 sample rings. These were used to check if rebuilding of the plots leads to differences in bulk 
density. Soil moistures sensors (EC5) were installed in the plots to check the spatial distribution 
and temporal evolution of soil moisture during the experiment. Finally, after each rainfall event, the 
surface was scanned using a FARO X330 high-resolution laser scanner.  

 

3. RESULTS & DISCUSSION 

During the experiment surface runoff caused by field saturation was observed for both grain sizes. 
Spatial differences in erosion patterns between both plots were clearly visible (Fig. 6).  
 

 
Figure 6. Typical erosion pattern for plot 1 with fine sand (left) and plot 2 with medium sand (right). 

 
Figure 7 and 8 show the erosion amounts for the two plots generated by each rainfall event within 
each sequence executed in the experiment. Sequences are indicated by the different colors. 
Rainfall event size (Table 2), is indicated from small to large with increasing circle size. The order 
of occurrence of events 1-5 in a sequence is indicated as A to E on the x-axis. As can be seen, the 
results for this experiment were very heterogeneous. 
From the overview of plot 1 (Fig. 7), clear differences can be distinguished in the amount of erosion 
between the lower three rainfall event numbers (events 1, 2 and 3) and the two higher rainfall event 
numbers (events 4 and 5). The highest erosion value of these first three event numbers is 8.19 kg, 
while the lowest erosion value of event 4 and 5 is 11.57 kg. Furthermore, when event 1 or event 5 
is the first event in a sequence, the subsequent amount of erosion generated by this event is the 
lowest for this specific rain event. When events 1 and 5 are run later in the sequence, e.g. on 
timestep B, C, D or E, the amount of erosion is always higher. Also, event 1 generates the lowest 
amount of erosion in all sequences; erosion generated by the other events is always higher. 
Plot 2 shows (Fig. 8) that event 1 and event 5 generate, similar to plot 1, the lowest erosion amounts 
when located as the first event in a sequence. There is one exception for event 5 in sequence 5, 
which has a higher erosion output compared to some other rainfall events of event 5. Also, event 
1 is for all sequences generating the lowest amount of erosion. Other deviations can be seen from 
event 5 of sequence 2, which has less erosion compared to event 2 (sequence 10) or event 3 
(sequence 9). For all other sequences, event 4 and 5 have the highest erosion amounts. Also, 
ranges in erosion are increasing from event C onwards, where maximum erosion reaches to around 
15 kg compared to maximums of 9.35 kg for event A and 11.19 kg for event B.  
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Figure 7. Erosion overview plot 1. Each color indicates one of the 10 sequences. Each circle size indicates one of 
the five rainfall events, where rainfall event 1 has the smallest circle and event 5 is indicated by the largest circle 
size. 
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Figure 8. Erosion overview plot 2. Each color indicates one of the 10 sequences. Each circle size indicates one of 
the five rainfall events, where rainfall event 1 has the smallest circle and event 5 is indicated by the largest circle 
size. 

Figures 9 and 10 show some first results of the analysis of the laser scan data for plot 1 and plot 2 
respectively. The left-hand column of the figures (Fig. 9abc and 10abc) show results from after the 
spin-up event, so before application of a particular rainfall sequence, the right hand column (Fig. 
9def and 10def) show results after the last event of a sequence of rainfall events. The figures show 
results of sequence 10. As can be seen from the pictures, and also from the slope patterns and 
flow accumulation patterns, a drainage pattern clearly developed due to the rainfall events. The 
slope maps show that rills developed in the upper part of the plot and the flow accumulation maps 
show that the drainage pattern development was mainly in the lower part of the plot. Comparing 
Figures 9 and 10, the flow pattern development in plot 2 (medium coarse sand) was somewhat 
wider as compared to the flow pattern development in plot 1 (fine sand), which is a bit more 
confined, especially in the middle of the plot. These differences in pattern development need to be 
analyzed in further detail. 
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Figure 9. Pictures, slope maps and flow accumulation maps showing slope and flow pattern development 
between the beginning of sequence 10 (i.e. after spin-up; a,b,c) and at the end of sequence 10 (d,e,f) for plot 1. 

 

a. 

b. 

d. 

c. 

Slope (%) 

Flow pattern 

f. 

e. 
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Figure 10. Pictures, slope maps and flow accumulation maps showing slope and flow pattern development 
between the beginning of sequence 10 (i.e. after spin-up; a,b,c) and at the end of sequence 10 (d,e,f) for plot 2. 
 

4. OUTLOOK 

In section 3, the current results of the project are presented. Further data processing and analysis 
is ongoing Some challenges have been encountered with post-processing of the laser scan data 
into reliable DEMs and DEMs of Difference (DoDs). When these challenges are solved, this data 
will be used to quantify connectivity development in the catchments. Subsequently, differences in 
connectivity development and patterns will be related to differences in erosion and sediment yield 
as measured from the different rainfall sequences. Furthermore, the data can be used to 
parameterize, calibrate and validate erosion and/or landscape evolution models (e.g. LAPSUS or 
CEASAR). These can then be used to evaluate erosion dynamics for different landscapes and 
(climate) scenarios. 
 

 

a. 

b. 

d. 

c. 

Slope (%) 
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