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Rainfall simulations are done to measure the effects of rain on soil parameters under 
various conditions. We constructed a simple, inexpensive and portable simulator that can 
be easily operated by two people on steep slopes up to several hundred meters from a 
water source. The purpose of our study is to measure the effects of different burn 
conditions, and the importance of the forest floor on runoff and sediment production. 
This paper describes our simulator and how it was used in the study, including examples 
of the data collected.  We also identify other research questions that could be addressed 
using this simulator.  
 
Background 
  
Studying soil erodibility parameters in nature can be extremely difficult due to the natural 
variability of rain fall intensity, location and duration as well as variable slope and soil 
conditions. On a small spatial scale, rainfall simulators can help understand the amount 
runoff and erosion generated by different rainfall intensities, considering factors such as 
soil type, burn severity condition, and forest floor type. Specific soil parameters like 
infiltration, soil erodibility, hydraulic conductivity, water repellency, basic water balance 
equations, and the effects of the forest floor on water storage can be derived from these 
experiments and used to drive process models such as WEPP (Water Erosion Prediction 
Project) (Flanagan and Nearing 1995). 
 
Various types of rainfall simulators have been built in the U.S. and Canada for use on 
agricultural soils (Humphry et al. 2002; Meyer and Harmon 1979; Shelton et al. 1985), 
skid trails (Commandeur and Wass 1994; Foltz and Maillard 2003), and for rangeland, 
forested and burned slopes (Brady et al. 2001; Commandeur 1992; Kinner and Moody 
2008; Pierson et al. 2003; Robichaud 2000). Each type has specific requirements for its 
design based on the objectives of the study; however the common factors are that it must 
produce constant rainfall intensity similar to natural rain and generate a measurable 
erosion response.  
 
There are two basic designs of rainfall applicators. The drip tube design consists of a 
constant-head water reservoir placed at the top of the simulator, which feeds a grid of 
several hundred capillary tubes (Commandeur and Wass 1994; Munn Jr and Huntington 
1976). The nozzle design uses a water source which feeds a nozzle at a specific pressure. 
Of the two water application methods, the nozzle design has several advantages: it is 
more portable, it can produce greater and different intensities, and it can produce a more 
random drop pattern (Kinner and Moody 2008). The simulator design described in this 
paper was based on that of Humphry et al. (2002), and was altered to fit the specific 
requirements for this study and potential future studies.  
  
The purpose of this study is to increase our understanding of the effects of different levels 
of burn severity (effects of fire on soil and vegetation) on the erodibility of soils and the 



importance of the forest floor in water storage. This type of information can help us 
understand where the areas of highest risk of erosion are, how long these will be at risk, 
and where to plan for erosion mitigation treatments.  
 
Our research on post-fire erosion began in 2007 following several large fires in the 
Kootenay Lake and Arrow-Boundary Forest Districts. For this study we built a small, 
portable rainfall simulator to measure runoff and erodibility of soil in different burn 
severity and water repellency conditions, and to measure the role of the forest floor in 
water storage and erosion response. We conducted simulations on plots in high soil burn 
severity, moderate soil burn severity, unburned, and unburned with the forest floor 
removed. The goal is to repeat these measurements on several different burns for two to 
three years following the fires to observe changes in erodibility over time. To reach the 
objectives of our study, our simulator had to produce a consistent rainfall, be inexpensive 
to build and operate, light weight and portable in a truck or helicopter, and operable by a 
2-person crew on forested slopes up to 60%.   
 
 
Rainfall Simulator Design 
 
The simulator consists of an extendible tripod base that supports a single fixed spray 
nozzle above the plot (figure 1). A small fire pump draws from a water bladder to supply 
the nozzle with a constant rainfall. 
 



 
Figure 1 Rainfall simulator on a 50% slope. 

 
The tripod base is constructed of three extendable dry-wall support rods (Task Quick 
Support Rod) extendible to 3.3 meters with flat articulated feet that can be spiked into the 
ground for stability. The upper portion is a rigid frame of three 38-mm angle-aluminium 
leg extensions (1 m long) supporting a 30-cm square, 19-mm plywood top. The leg 
extensions ensure the nozzle reaches 3 meters high while positioned on a slope up to 
60%.  Many rainfall simulators are designed with the nozzle at a height of 3 meters to 
replicate the velocity and kinetic energy of natural rain  (Commandeur and Wass 1994; 
Humphry et al. 2002; Meyer and Harmon 1979).  
 
In the middle of the plywood top is a hole through which a 6 PSI flow regulator and the 
spray nozzle extend. The nozzle is a Spraying Systems 1/2HH-30WSQ which delivers a 
square spray pattern over the 1 m2 plot. A level and a hook for a plumb-bob are attached 
to the plywood for levelling and centering the nozzle over the plot. The height is set by 
adjusting and positioning the legs so that the hanging plumb bob just touches the center 
of the plot with the level bubble centered.  
 
A tarp draped over a series of bamboo poles around the simulator can reduce the wind 
and prevent raindrop drift on the plot during simulation. However, the tarps should be 
secured to the ground or trees to prevent the simulator from being blown over in a strong 
gust of wind.  
 



For a water source, we use four collapsible 273 litre still-well bladders, three of which are 
filled in the truck from a nearby creek using a Mark 26 pump and 1½ -inch fire hose. The 
water from a truck bladders is then transferred to a fourth bladder located approximately 
five meters vertically upslope from the simulator for the simulation. A Shindawa GP25 
pump at the forth bladder supplied water to the simulator through a ½-inch garden hose 
(figure 2). 
 

 
Figure 2 Still-well bladder and pump supplying simulator down slope. 

 
Ideally the simulation plots are located near a driveable road so the water can easily be 
transferred to the simulator. One of the main benefits of having the collapsible water 
tanks is that, when empty, they take up very little room in a truck and are easily carried 
and positioned near the simulator before being filled. Bladders can either be left in the 
truck when they are filled if plots are near the road, or the water can be transferred to 
sites further away using a series of pumps, hoses and bladders.  
 
Rainfall Characteristics 
 Intensity 
Rainfall simulators are designed to simulate high intensity, short duration rainfall which 
causes the dislocation and transport of surface material due to raindrop impact and 
overland flow of excess water. This type of rainfall (as opposed to rain-on-snow or 
snowmelt) is the leading culprit in post-fire erosion events in the U.S. as summarized by 
Gartner et al. (2005). Depending of the objectives of the study, simulated rainfall 
intensity and duration can be varied. Kinner and Moody (2008) tested different rainfall 
intensities (20, 35 and 50 mm hr-1) on severely burned slopes to determine the threshold 
for runoff initiation. Robichaud (2000) used a single high intensity of 94 mm hr-1  for 
three sequential 30 minute periods to test the hydraulic response over time in different 
severities of water repellency. The high intensity was used to ensure runoff was achieved 
in the unburned conditions in order to calculate infiltration rates.  
 
Similar to Robichaud (2000), our study compares the erosion response between different 
burn conditions so we used intensity levels comparable to the maximum 100 year storm 



intensity for this area (Environment Canada 2008).  The 100yr 15 minute storm intensity 
for Castlegar, B.C. is 73 +/- 24 mm hr-1. For our study, the simulator produced a 20 
minute storm at 75-80 mm hr-1 which is sufficient to generate runoff on unburned forest 
floors in our study sites. The intensity we use for this study is the maximum that we have 
achieved with this simulator setup without depleting the water bladder. 
 
Drop-Size,  Velocity and Kinetic Energy 
This simulator design uses the smaller Spraying Systems 30WSQ nozzle versus the 
50WSQ used by Humphry et al. (2002) due to limited water storage capacity. We 
assessed the drop characteristics to ensure they were comparable to other rain simulation 
studies and natural rainfall. 
 
A tripod-mounted digital camera was used to photograph the raindrops at 1/500 second 
shutter speed against a 10 x 10 cm grid backdrop. Length and width of drops falling 
closest to the grid were measured directly from the photographs to calculate fall velocity 
and drop size. The distribution of drop sizes is shown in figure 3. The median drop size 
1.4 mm is approximately 3/4 of that measured by Humphry et al. (2002) because of the 
smaller nozzle size.  
 
 

 
Figure 3 Drop size distribution (bars) shown with the average measured drop velocity (B) for each 
diameter class. Terminal velocity values (A) from Epema and Riezebos (1983) are shown for 
comparison.  
 
The majority of drops fell between 4 and 8 m/s which is within +/- 25 % of terminal 
velocity of drops measured by Epema and Riezebos (1983). The smaller drops were 
slightly higher than terminal velocity due to exit velocity generated by the nozzle, while 
the larger drops reached approximately 75% of terminal velocity. 



 
The kinetic energy (KE) is a measure of the energy available to move soil particles. The 
kinetic energy of each drop size was calculated using drop size and velocity based on 
equations in Humphry et al. (2002). The mean kinetic energy for measured drops was 
19.5 J m-2 mm-1, which based on the empirical relationship between rainfall intensity and 
kinetic energy (Brodie and Rosewell 2007), is 75% of the predicted energy generated by 
a natural storm with 75 mm hr-1 rainfall intensity.  
 
This simulator produces high intensity rain fall; however the drop size, velocity and 
subsequent kinetic energy are slightly lower than rainfall that would naturally occur at 
such a high intensity. Although it is not an exact representation of natural rain, the 
intensity and energy are enough to generate a hydrologic response that produces 
comparable erosion rates on different site conditions, and is therefore appropriate for this 
study. 
  
Sample Design 
 
Simulation plots were located in the Springer fire (near Slocan, B.C.) and Pend D’Oreille 
fire (near Trail, B.C.) that occurred in 2007. The fires differed in elevation, aspect and 
soil type. Each fire was assessed for vegetation burn severity using BARC (Burned Area 
Reflectance Classification) maps from Landsat satellite imagery (RSAC 2009). Ground 
assessments of the BARC maps were used to verify the soil burn severity based on the 
methods of Parsons (2003) and to identify four soil burn conditions identified for this 
study: high severity (H), moderate (M) severity, unburned (UB) and unburned with the 
forest floor manually removed (UB-R). Within each fire and burn condition, sites with 
similar elevation, slope and aspect were selected. At each site we established a group five 
1-m2 replicate plots (figure 4).  
 

 
 

Figure 4 Schematic study design for each fire. 
 
Plot Setup 
Ideally, plots are grouped together so that minimal movement of the equipment is 
necessary, due to the time needed to set up the plots and equipment. For each plot, forest 
floor, soil, vegetation, and burn severity characteristics are recorded.  
 
A 1-m2 steel plot border is pounded into the soil approximately 5 cm deep with 5 cm 
above ground to prevent inflow and outflow of water from the plot. The down-slope edge 
of the border is level with the ground surface so the runoff and sediment flow over it into 
a trough (figure 5). The trough is a PVC gutter pipe with a cap at one end and an open 



valve at the other that is dug into the ground and placed at a slight slope so that the runoff 
and sediment from the plot will drain from one end of it into sample bottles. A Plexiglas 
shield is placed over the trough to ensure that only runoff (and no rainfall) enters the 
trough. Unfortunately, this style of trough does not provide enough slope, and causes 
some sediment to settle in the bottom. The total amount of sediment will be accurate, but 
the amount per bottle will be slightly low. A funnel-shaped collector, as used by 
Commandeur and Wass (1994)  would reduce the amount of sediment that settles in the 
bottom of the trough before reaching the bottles.  
 
Prior to simulation, the percent ground cover on the plot is measured using a 10 x 10-cm 
grid. Before and after simulation, water repellency and soil moisture are measured 
adjacent to the plot. Water repellency is measured at the most repellent layer (usually 1-3 
cm below the surface) using the water drop penetration time (WDPT) test and a mini-disk 
infiltrometer (Decagon Devices). Soil moisture is measured at the forest floor, soil 
surface, 5 cm and 10 cm deep using a soil moisture probe (Theta Kit from Delta-T 
Devices Ltd.). 
 

 
 

Figure 5 Collecting a sample on a 1-m2 plot in a high severity burn – note the white collection trough 
covered by the Plexiglas shield. 

 
Operation 
After the plot border is installed and the pre-rain measurements have been taken, the 
simulator is centered over the plot using the level and plumb bob to achieve the correct 
height and position. A calibration is then done to ensure the correct rainfall intensity. 
 



For the calibration, a 1-m2 waterproof tray is placed over the plot border to catch the 
rainfall and to keep the plot dry during calibration. The pump at the water bladder is set 
to 103 kilopascals (kpa) and water is delivered from bladder to the simulator nozzle. At 
the base of the simulator are two valves to adjust the nozzle pressure and to turn the water 
on and off. The pressure at the nozzle is initially set to 21 kpa, and the water captured in 
the tray after a 1-minute run is measured in a graduated cylinder. The pressure is adjusted 
and the calibration is re-run until the volume from the sample is between 1250 and 1350 
ml which is equal to 75-80 mm hr-1.  
 
After calibration, the plot cover is removed, and 2 small storage rain gauges are placed on 
either side of the plot border for a backup rainfall measurement. With everything in place 
and a sample bottle ready, the valve is opened and the timer is started. The time for 
runoff to start is recorded when the first drip enters the bottle. Runoff and sediment are 
collected for 30 second periods every minute. The rain is turned off at 20 minutes and 
another bottle is immediately placed under the nozzle to collect the excess runoff until the 
time between drips is greater than 1 second, and the time for runoff to end is recorded.  
One final bottle is used to clean the sediment from the trough which results in a total of 
22 bottles per simulation.  
 
Data Analysis 
Each 30-second sample is weighed and dried to determine rates of runoff and sediment 
yield. The infiltration rate is calculated from the rainfall minus the runoff rates. The 
overland flow coefficient (OFC) is the percent of rainfall that runs off during each 
minute. This value allows direct comparisons between different simulations that may 
have slightly different rainfall intensities. These values can be compared and correlated to 
the soil moisture, water repellency, depth and type of forest floor, soil type, and ground 
cover. 
 
Results 
The graphs below show the values of OFC and sediment yield rates averaged across the 
plots in each burn condition from the Springer Fire in 2008. The X-axis represents the 
time in minutes as well as the bottle number since one sample bottle was collected every 
minute.  As shown in figure 6, data from these simulations show that unburned soil with 
no forest floor had nearly the same OFC as the high burn severity relative to the unburned 
forest, indicating the importance of forest floor. The moderate severity burn had less 
runoff initially, but it increased over the course of the storm perhaps due to the ash layer 
reaching saturation. The unburned plots show much lower OFC and a gradual decrease 
over the course of the simulation. During unburned forest simulations, it was noted that 
the water penetrated only 1-2 cm into the ~5 cm deep forest floor before flowing down 
slope. The decrease in OFC on the graph may be a result of more water seeping deeper 
into the forest floor matrix over the period of the storm. 
 



 
Figure 6 Overland Flow Coefficient based on runoff collected in sample bottles from different burn 

conditions - High (A), Unburned - Forest Floor Removed (B), Moderate (C), and Unburned (D). 
 
The sedimentation rates in figure 7 show high values of sediment in the initial bottles for 
the unburned plots with no forest floor. This high value is likely due to the disturbance to 
the soil caused by removing the forest floor. The loose surface soil from the process was 
washed down into the bottles after it was saturated by the rain, and near the end of the 
simulations it is near the levels from the high severity plot. The unburned plot has almost 
no sediment as expected since it is covered by the forest floor. The moderate severity 
plots, which are protected by an ash layer, seems to be mostly resistant to the erosive 
force of the raindrop impact as very little sediment was collected.  



 
Figure 7. Sediment rate over time in different burn conditions - High (A), Unburned - Forest Floor 

Removed (B), Moderate (C), and Unburned (D). 
 
These examples show some of the obvious differences in the runoff and sediment that are 
generated by different burn conditions under high intensity rainfall. Further analysis of 
this data will continue as we collect more data from different sites and years. 
 
Costs  
This simulator was designed to be inexpensive, along with serving the needs of the 
project. Our costs were greatly reduced by our ability to borrow pumps, bladders and 
hoses from the Wildfire Management Branch of the B.C. Forest Service. The final cost of 
the simulator, and associated equipment was approximately $1300, with $500 of that 
being 2 sets of steel plot borders. The cost of the pumps, hoses and bladders that we used 
would be approximately $7000 to purchase, however a similar system could be set up for 
lower cost if different pumps were used or if equipment could be rented.  
 
The cost of labour depends on the number of people and the accessibility of plots. Longer 
work days are ideal, due to the time spent getting to and from the site and the time it takes 
to set up. Having plots close to the road, accessible by vehicle, and doing more plot 
replicates close together will reduce costs because of the time to set up and move to a 
new site. If plots are adjacent, the simulator can usually be moved without being 
disassembled.  
 
Access to water is also a consideration. For our setup we required a creek in close 
proximity where the bladders could be filled. With four 273 litre bladders, two people 
could do two or three plots before having to refill the tanks. After some practice, a 2-
person crew can complete four or five plots per day; however a third person would be 
useful to set up the next plots and take the pre-simulation measurements, while the other 
two move and operate the simulator.  



 
 
Considerations and Assumptions 
This type of experiment addresses the process of inter-rill erosion caused by the initial 
impact of rain drops and their movement down slope in the surface flow. As water 
concentrates it forms flow channels or rills and begins a different form of erosion called 
rill erosion (Alberts et al. 1995). These rainfall simulations represent only the inter-rill 
erosion caused by the initial rainfall processes.  
 
Variability in erosion rates due to hill slope shape, infiltration rates, soil texture, burn 
severity, water repellency, mid-slope sediment storage and macropores is prevalent 
across the landscape. Our small sampling areas try to eliminate most of this variability to 
give a general comparison of erodibility between burn conditions and it must be noted the 
surface runoff and erosion measured on small plots is likely higher than the average at the 
hillslope scale.  
 
The interception from overhead trees and vegetation was not considered. The simulator 
nozzle is below the tree canopies and the under-story vegetation in unburned plots was 
clipped and removed, so that all plots had only the forest floor layer to intercept rainfall. 
Therefore, runoff and sediment erosion measurements represent only the effects of the 
soil and forest floor. 
 
Other Potential Research 
Rainfall simulators have been used for many different types of applied research. The 
simulator designed for this project could be altered for different rainfall intensities and 
rainfall characteristics. It could be used to examine the threshold for rainfall intensity that 
generates erosion on different slopes; examining the different water holding capacities of 
different forest floor types and depths; testing the infiltration rates for different soil types; 
testing the effectiveness of different hillslope stabilization techniques; and observing the 
difference in erodibility between early wet season and late dry season. 
 
Conclusion 
The design of this simulator is simple, lightweight, inexpensive, and is versatile enough 
to be altered for different experiments. It generates at least 75% of the kinetic energy of 
intense natural rainfall representative of this region, and is a useful tool to model the 
relative effects of high intensity rainfall on soil erosion in different burn conditions. 
 
This simulator can be used to collect water balance and erosivity data, which are useful 
for forest management applications such as risk assessment and mitigation treatments, as 
well as to develop parameters for process modeling of erosion and slope stability.  
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