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A B S T R A C T   

Rainfall simulators have been used extensively for a variety of research applications. The uniformity and spatial 
distribution of simulated rainfall is an important metric to consider when conducting rainfall simulator exper-
iments. Over the past 80 years, several methods of assessing rainfall distribution and uniformity over the plot 
surface below a rainfall simulator have been developed. However, the Christiansen Uniformity Coefficient (CU; 
Christiansen, 1942) is most frequently used. Here, we provide a critique of this established methodology and 
metric for quantifying rainfall distribution characteristics. Uniformity coefficients express the distribution of 
rainfall across the plot surface as a single percentage value. Therefore, if all collection beakers receive equal 
volumes of water during an experimental run, the rainfall simulator or irrigation system would be applying water 
with 100% uniformity. There are shortcomings with using a single percentage value to represent rainfall 
simulator rainfall distribution, especially over a larger plot surface, and CU is highly dependent on the sampling 
methodology employed. This paper assesses rainfall uniformity by conducting a series of controlled uniformity 
experiments and resampling different grid layouts of collection containers. Results demonstrate that the 
coarseness of the sampling methodology affects rainfall uniformity coefficient values. CU values of 45 – 51% 
were recorded under a dense (17 × 17) sampling grid layout, compared to CU values of 81% using a coarser (8 ×
8) sampling methodology, despite being subjected to comparable rainfall events. This paper explores the 
sensitivity of CU to the resolution and spatial layout of the sampling methodology used and assesses whether the 
CU captures repeatability and localised variability of uniformity between experimental runs. A complementary 
statistical approach expressing variations in relation to their standard deviation from the mean is presented. 
Understanding how experimental setup (i.e. number, density, spatial configuration of collection containers) af-
fects CU is critical when interpreting results from different rainfall simulator studies and an understanding of the 
factors which influence CU is critical to benchmark the results of uniformity testing across different rainfall 
simulator setups.   

1. Introduction 

Laboratory and field-based rainfall simulators (RS) have a long- 
established history and have extensive application across a wide range 
of hydrological and geomorphological research fields. Notable rainfall 
simulator applications include: (i) plot-scale runoff, infiltration and 
erosion studies (Mhaske et al., 2018); (ii) irrigation and crop manage-
ment research (Letey et al., 1990), and; (iii) scaled investigations into 
flooding within a laboratory setting (Isidoro et al., 2012a,b; Isidoro & de 
Lima, 2014; Green, 2018). Natural rainfall is desirable as it represents 
prevalent weather conditions (Humphry et al., 2002), but data 

acquisition relying on natural rainfall is often hindered by its unpre-
dictable nature and spatial variability. Furthermore, rainfall character-
istics such as the intensity, duration, drop size distribution and kinetic 
energy cannot be spatially or temporally regulated or repeated between 
experimentation (Moore et al., 1983; Blanquies et al., 2003; Cottenot 
et al., 2021). Rainfall simulators provide a suitable method to overcome 
these issues by allowing experimental control over inflow conditions 
and enabling multiple measurements to be taken without waiting for 
suitable natural rainfall conditions. Further, the simulation of spatially 
and/or temporally controlled rainfall patterns allows simplified mea-
surement of input and output parameters within a closed experimental 
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setup. 
Amongst other considerations, generating uniformly distributed 

rainfall across the entirety of the plot area and ensuring repeatability of 
rainfall patterns and intensities between experimental runs is of critical 
importance when designing a RS. There is no standardisation of rainfall 
simulation and as such, rainfall simulators differ in design, rainfall in-
tensities, rain spectra and research questions (Iserloh et al., 2013). This 
makes benchmarking the results of rainfall simulator studies difficult, 
but also allows researchers to create a bespoke and tailored system for 
their specific research application (Green, 2014). 

The term ‘uniformity’ refers to the evenness of simulated rainfall 
applied by a network of overlapping nozzles which make up a rainfall 
simulator (Smith, 1997). Over the past 80 years, several statistical 
methods for the assessment of rainfall distribution and uniformity over 
the plot surface below a rainfall simulator have been developed (see 
Appendix A). The CU methodology suggested by Christiansen (1942; see 
Eq. (1)) was initially developed to assess water distribution in irrigation 
sprinkler systems to provide farmers with a simple, easily understand-
able metric of irrigation system performance but is widely adopted 

within smaller rainfall simulator research studies (Karmeli, 1978; Topak 
et al., 2005; Gabrić et al., 2014) due to its simplicity in providing a single 
metric to allow rainfall simulator uniformity to be compared between 
studies and setups. 

CU(%) = 100
(

1 −
x

mn

)
(1)  

Where x is the sum of the deviations of each observation from m, the 
mean value of the observations, and n is the number of observations. 

Uniformity coefficients express the distribution of rainfall across the 
plot surface as a single percentage value. Uniformity is assessed and 
quantified before undertaking the core research activities of the rainfall 
simulator as a key verification step to ensure adequate rainfall simulator 
performance (Kim et al., 2018; Ngasoh et al., 2020). However, the use of 
a single percentage value to assess plot scale variability does not 
adequately capture spatial variations in rainfall simulator watering 
distribution, especially over a larger plot area (9 m2) and where spatial 
rainfall patterns are a key determinant on smaller-scale experimental 
processes. Although limitations of the CU method have been recognised 

Fig. 1. (a) Physical model setup showing the rainfall simulator and surface components; (b) diagrammatic representation (distances not to scale) of rainfall simulator 
setup used to investigate spatial rainfall uniformity. Rainfall simulator nozzles were placed 1.2 m above the plot surface to ensure rainfall coverage at edges. 
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(e.g. Zoldoske et al., 1994; Burt et al., 1997; Gowing & Pereira, 1998), 
CU is still the most frequently applied method to assess rainfall simulator 
uniformity. Researchers have challenged the use of CU for assessing 
uniformity, but these developments have only involved minor re-
finements or alterations to the CU formula (Zoldoske et al., 1994). 
Ascough & Kiker (2002) note that the CU method: (i) treats the absolute 
difference between measured and mean depth of application as equal 
regardless of whether the application is over- or under-irrigated; (ii) 
assigns a penalty to each deviation which is linearly proportional to the 
magnitude of the deviation, and; (iii) is an average measure over the 
whole plot, and as such compares the average absolute deviation to the 
mean application. Further, Benami and Hore (1964) present two hypo-
thetical tests involving twelve readings, where in the first case, the 
readings deviate equally ± 20% from the mean, and in the second case, 
eight readings deviate by + 15%, two readings deviate by − 15% and 
two readings deviate by – 45% from the mean. In both scenarios, the 
average deviation is 20% (CU = 80%). However, the distribution of 
rainfall in the first case is more favourable to the example presented in 
the second case because deviations below the mean are more critical 
than deviations above the mean value and the second example has a 
larger range and standard deviation. Therefore, CU does not capture the 
spatial extent or magnitude of deviations in rainfall application and 
spatial patterns in rainfall distribution are not fully captured by using 
the CU metric. This means that two very different spatial patterns of 
rainfall distribution can result in the same CU value (Fazlina et al., 
2019). 

The CU method involves placing a grid of measuring beakers of equal 
dimension in a regular grid pattern underneath a rainfall simulator (or 
individual nozzle; Burt et al., 1997) and measuring the volumes of water 
collected during an experimental run of a known duration. By spacing 
collection containers in a regular gridded pattern, it can be assumed that 
all measurements of application represent the same spatial area across 
the plot (Burt et al., 1997). However, there is no guidance on the reso-
lution at which CU measurements are collected and the resolution of 
data collection is seldom accounted for in the interpretation of unifor-
mity metrics. Further, suggested CU values vary significantly according 
to the purpose of the research. Little et al. (1993) suggest a classification 
scheme of uniformity under a rainfall simulator ranging from ‘very 
good’, ‘good’, ‘poor’, and ‘action required’ if CU values are > 90%, 

between 80% and 89%, between 70% and 79% and less than 69% 
respectively, whilst Keller and Bliesner (1990) suggest CU should be >
84%. Conversely, other researchers suggest that CU values ≤ 70% are 
acceptable (Karmeli, 1978; Letey et al., 1990; Li et al., 2011), and Iserloh 
et al. (2013) demonstrate in a comprehensive comparative study of 13 
different European research rainfall simulators that CU values range 
from 61 to 98%. 

Spatial uniformity is dependent on factors including the application 
of the RS, the size of the plot surface, the system pressure and the type, 
spray diameter and spacing on the nozzles (Iserloh et al., 2021). Thus, it 
is critical to understand the sensitivity of the CU to the design of the 
experimental setup used to quantify it. This paper reports a series of 
controlled experiments using a large-scale, nozzle-based rainfall simu-
lator to critically assess the limitations of assessing uniformity using the 
CU metric. Specifically, we consider: (i) the sensitivity of the CU value to 
the number, density and spatial configuration of the measuring 
container sampling methodology; (ii) the repeatability of uniformity 
between experimental runs; and; (iii) alternative visualisation and sta-
tistics that can be used to quantify the spatial heterogeneity of rainfall 
distribution. 

3. Methodology 

3.1. Rainfall simulator design and construction 

To investigate plot scale uniformity in a controlled laboratory envi-
ronment, a 3.0 × 3.0 m (9.0 m2) two-tiered physical model setup was 
constructed. The physical model setup consisted of: (i) a low-cost nozzle- 
type rainfall simulator component able to simulate consistent, uniformly 
distributed rainfall events of varying intensity, and; (ii) a level plot 
surface layer for experimentation and measurement of nozzle output 
(see Fig. 1). 

A variety of nozzles were tested to determine the most appropriate 
nozzle type for experimentation but the full cone Antelco VariJet 360◦

nozzle was deemed most appropriate because of its 360◦ coverage, 
evenly distributed spray pattern, reasonably large spray diameter and 
ability to isolate individual nozzles using an inbuilt valve. Single nozzle 
laboratory tests (see Fig. 2) determined that the nozzles had a central 
spray diameter of 37.5 cm and a peripheral spray diameter of 70.0 cm 

Fig. 2. (a) Cross sectional visualisation of nozzle spray pattern from single rainfall simulator nozzle operating at 16 PSI; (b) single nozzle rainfall distribution over a 
1 m squared area using a 15 × 15 collection container grid layout. 

D. Green and I. Pattison                                                                                                                                                                                                                       



Catena 217 (2022) 106424

4

when placed at a height of 1.2 m above the plot surface. Square and 
rectangular arrangements of sprinklers generally permit a better distri-
bution around the borders of plot surfaces (Christiansen, 1942) and 
nozzles should typically be spaced between 55 and 60% of their central 
diameter of coverage to account for decreases in rainfall intensity with 
distance from the nozzle (Smajstrla, 1990). As such, nozzles were placed 
37.5 cm apart at 1.2 m height in a rectangular grid formation to ensure 
adequate uniformity of rainfall. Edge effects and under-application were 
minimised by placing nozzles 18.75 cm from the edge of the rainfall 
simulator (half the distance between the nozzles in the centre of the 
rainfall simulator 37.5 cm) to compensate for the lack of nozzle overlap. 
In total, 64 nozzles were used to apply rainfall across the plot surface. 

The recommended arrangement of pipelines for stationary sprinkler 
and rainfall simulator systems consists of a central main pipe with 
parallel lateral piping at right angles to the main line with the sprinklers 
attached (Christiansen, 1942). Thus, the rainfall simulator featured a 
pipe network consisting of a 3.0 m long central pipe running along the 
centre of the rainfall simulator frame connected to eight rows of piping 
spaced 37.5 cm apart, diverging from the central pipe. 

A flexible PVC inflow pipe attached to mains water pressure was 
fitted to allow the flow of water into the pipe network and out of the 
nozzles. The laboratory’s mains water pressure was utilised as opposed 
to generating pressure via a submersible hydraulic pump situated in a 
water storage tank due to the mains water supply having stable, high 
pressure (5 bar / 72.5 PSI) with no observable pressure drops or fluc-
tuations. This was important as rainfall simulators must be predictable, 
accurate and consistent to be useful to model physical processes (Isidoro 
& de Lima, 2015). 

3.2. Testing and calibration 

The rainfall simulator nozzle pressure-discharge relationship is 
shown in Fig. 3. Altering rainfall simulator pressure allowed nozzle 
discharge to be controlled and the intensity of the simulated rainfall to 
be altered (due to the VariJet nozzles being pressure dependent and not 
pressure compensating). The volumetric method outlined within Junior 
& Siqueira (2011) was used to determine the flow rates in the nozzles as 
a function of the gauged pipe pressure measured using the inflow 
pressure gauge. A range of simulated storm intensities (mm. h− 1) were 
achieved by altering the inflow pressure without loss in system perfor-
mance or uniformity, even at lower rainfall simulator pressures. Pres-
sures of 14, 16 and 18 PSI, equivalent to rainfall intensities of 102, 122 

and 199 mm. h− 1 are analysed herein to provide a range of high intensity 
rainfall values to assess uniformity of a functional rainfall simulator 
system. These intensities are within the range of those used in other 
rainfall simulator studies, for example Lora et al. (2016) used intensities 
ranging between 50 and 150 mm. h− 1. 

All nozzles were shown to perform comparably during an experi-
mental run with no efficiency losses with distance away from the rainfall 
simulator inflow. Nozzle uniformity testing, with collection containers 
placed directly under the nozzles to catch discharge for each individual 
nozzle were performed for all rainfall simulator nozzles and repeated 
five times to ensure repeatability and to identify any anomalous read-
ings. Nozzle discharges were comparable between experimentation and 
nozzle CU values consistently exceeded 96%. 

3.3. Experimental design 

Uniformity was tested using the method outlined within Christiansen 
(1942). Measuring beakers (ø 92 mm, 200 ml volume) were placed in 
regular grid patterns on the plot surface. To investigate the sensitivity of 
the CU methodology to the resolution and spatial layout of data, CU tests 
were conducted under a high-density regular grid network (17 × 17 grid 
of 289 containers) and a lower density scenario (8 × 8 grid of 64 con-
tainers). These two scenarios provided two different resolution sampling 
densities for the assessment of uniformity, representing approximately 
5% and 20% of the total plot area coverage. The two scenarios repre-
sented a coverage appropriate and of dense enough coverage for the plot 
size to understand changes in sampling resolution, whilst adhering to 
regular grid layout guidance set out in Burt et al. (1997). Further, tests 
were resampled to a lower resolution to understand how the number of 
observations component of the CU equation (n; Eq. (1)) affected the 
outputted CU value when subjected to the same rainfall conditions. Grid 
layout was also explored to determine whether the CU methodology is 
sensitive to the resolution and spatial sampling methodology used to 
assess rainfall uniformity. 

An experimental duration of 8 min ensured that none of the 
measuring cups overflowed whilst reducing measurement errors and 
providing a robust dataset for analysis. Uniformity testing was con-
ducted five times at all pressures investigated to ensure that experi-
mental runs were repeatable and comparable and to assess whether the 
CU methodology captured repeatability between experimental runs. In 
conjunction with an overall CU value, contoured densograms and spatial 
representations of the standard deviation from the mean were used to 

Fig. 3. Flow rate calibration of a single nozzle showing the pressure-discharge relation. All 64 nozzles on the rainfall simulator were tested individually to ensure all 
nozzles performed equally and there were no pressure differences across the nozzle-pipe network. Less than 5% difference in nozzle discharge existing across all 
rainfall nozzles and 1% error from mean value at all pressure intervals was observed with repeat tests. Pressures beyond 25 PSI were unattainable when all nozzles 
were in operation. 
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quantify the spatial deviation and variability of collected rainfall vol-
umes during each run. 

4. Results and discussion 

Densograms of rainfall intensity and corresponding CU values for 
each of the rainfall simulator testing pressures are presented in Fig. 4. 
Rainfall uniformity is shown to be consistent across the different in-
tensities investigated, demonstrating that increasing simulated rainfall 
intensity does not result in significant changes to the CU values or spatial 
distributions of localised rainfall patterns within the rainfall simulator 
setup. Despite having high CU values (> 70%), the densograms pictured 
in conjunction with the CU values show the presence of localised vari-
ations of higher or lower rainfall intensities. This is comparable to 
findings presented within Cottenot et al. (2021), where a 0.5 m × 0.5 m 
drop-former rainfall simulator using capillary porous piping was deter-
mined to have uniformity coefficients consistently above 90% CU. 
Cottenot et al. (2021) explored uniformity using a dense grid of 36 
collection cups across the plot area. However, a systematic gradient of 
rainfall intensity along the pipeline was observed, suggesting that, 

compared to the mean rainfall intensity value, rainfall intensity was 7% 
lower on half of the test bed surface located by the manifold, and higher 
by 7% on the half of the test bed closest to the stopper. Although Cot-
tenot et al (2021) identified systematic and localised variation in rainfall 
distribution values, the CU values remained very high, highlighting the 
shortcomings of using a single percentage value to represent uniformity 
across the entirety of the plot area, especially over larger plots. As such, 
spatial patterns in rainfall distribution are not fully captured using the 
CU metric. 

4.1. Influence of collection container resolution 

The initial experiments conducted were used to assess spatial uni-
formity of rainfall at different rainfall intensities. Investigating the 
sensitivity of the resolution of collection containers placed under the 
rainfall simulator can be used to determine whether there are any sig-
nificant differences between CU values obtained from densely and 
sparsely distributed arrangements subjected to the same rainfall condi-
tions. No known published research has conducted a sensitivity analysis 
on collection container resolution and rainfall simulator studies often 

Fig. 4. Densograms showing uniformity of simulated rainfall on the plot surface below rainfall simulator at different pressure settings. Results converted from 
volume (ml) over an 8-minute experimental run to simulated rainfall intensity (mm. h− 1). 

Fig. 5. 17 × 17 grid of collection containers (total: 289) versus 8 × 8 grid of collection containers (total: 64) across the 3 × 3 m plot area. Resultant CU values were 
45 – 51% for (a) and ≥ 81% for (b) within the five uniformity tests undertaken at each resolution. 
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adopt a strategy to suit the research application, as highlighted in Iserloh 
et al. (2013). 

CU values are highly influenced by the collection container resolu-
tion and spatial variation is shown to vary significantly across the plot 
area (see Fig. 5). Densely distributed collection containers subjected to 
the same rainfall conditions are shown to result in lower CU values than 
more sparsely distributed measuring containers. Using 289 sampling 
points (17 × 17 grid), low CU values of 45 – 51% were obtained in the 
five experimental runs conducted. However, when subjecting a lower 
density grid of 64 collection containers (8 × 8 grid) to the same rainfall 
conditions, considerably higher CU values (≥ 81%) were reported. 

CU values are shown to be highly sensitive to the resolution of the 
data (i.e. the number of observations taken) and a more dense sampling 
methodology highlights localities of absolute deviation from the mean 
resulting in a lower CU value. Thus, the simulated rainfall assessed 
under a higher resolution sampling method would appear less uniform 
than the lower resolution sampling method, despite being derived from 
the same inflow conditions as the CU metric is scale dependent. There-
fore, researchers must challenge whether their sampling methodologies 
and the use of the CU metric provide a realistic representation of uni-
formity across the entire plot surface. Although a higher resolution of 
data points is likely to be more representative of spatial patterns of 
rainfall across a plot surface, this may result in a superficially lower 
representation of uniformity across the plot surface because CU is a 
function of the number of observations and the representation of small 
scale variations is removed through interpolation. This supports work 
conducted by Cottenot et al. (2021), who recommended that research 
should be undertaken to assess the influence of surface size on CU values 
after finding that CU values for a fixed nozzle rainfall simulator varied 
from 46% for a 1 m wide surface, to 90% for a 0.1 m wide surface. The 
CU sampling methodology may be sufficient within the large-scale 
irrigation by sprinkling schemes that Christiansen (1942) based the 
initial sampling methodology on where sampling points could be spaced 
out over large areas. However, the same methodology has been adopted 
by much smaller rainfall simulator studies with much denser sampling 
networks. 

4.2. Influence of collection container layout 

Fig. 6 highlights the influence of changing the sampling layout of 
collection containers across the plot surface from the original dataset of 
64 collection containers (see Fig. 5b), to different grid layouts. When 
resampling the original dataset (n = 64; CU 80.8%) to a lower resolution 
(n = 32), there is some variation in CU values, with some spatial ar-
rangements resulting in an increase in CU value (82.5%), and some ar-
rangements appearing to result in a decrease in CU value (75.3%). 
Again, when n = 16, the uniformity increases to a CU value of 82.3%. 
This demonstrates that the sampling methodology and resolution at 
which uniformity testing is conducted may significantly influence 
outputted CU values. Further, this prompts enquiries into the validity of 
using a single percentage value to represent uniformity across a larger 
plot surface. Out of the European rainfall simulators presented in Iserloh 
et al. (2013), the rainfall simulator with the lowest CU values (Almeria 
and Murcia; 60.6% and 66.9% respectively) had the densest network of 
collection containers across the plot area examined. 

4.3. Localised variations in uniformity 

By assessing uniformity at an overall plot scale, sub-plot variability 
and localised patterns of rainfall uniformity are largely disregarded, 
even though hotspot or under-catch variations may exist spatially across 
the plot surface. Fig. 7 illustrates the influence of sampling resolution 
and the importance of understanding intra-plot variability, demon-
strating that small-scale regions of under- and over-watering may exist 
across a plot surface and influence the overall CU value. This corre-
sponds with the results from the rainfall simulators presented in Iserloh 
et al. (2013), which show that spatial rainfall distributions are highly 
variable across the plot surface of the rainfall simulator evaluated. For 
example, the Basel rainfall simulator is shown to have a CU of 87%, but 
the spatial rainfall densogram plots presented show the presence of 
localised areas of high rainfall intensity (> 55 mm. h− 1) around the 
edges and areas of lower rainfall application (35 – 40 mm. h− 1) observed 
in the centre of the plot. 

In all cases presented in Fig. 7, the detailed intra-plot areas (a), (b) 
and (c) demonstrate that a higher density of collection cups results in 

Fig. 6. Resampling of original (64 collection container) dataset to 32 and 16 collection container resolution scenarios with varying layout, showing variations in the 
respective CU values according to the layout of collection containers. 
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Fig. 7. Intra-plot variations of rainfall, showing sampling resolution affecting the outputted CU value.  
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consistently lower CU values (~ 20%), despite being derived from the 
same initial rainfall inputs conditions. This can be explained by lower 
sampling resolutions likely having a smaller spread of data with less 
deviation from the mean across the sampled data values. The CU for-
mula (Eq. (1)) is a performance metric based on average values and 
highlights localised areas of over- under- application (i.e.higher absolute 
deviation from the mean) when rainfall distribution is more densely 
sampled. This emphasises that the methodology used may affect the 
uniformity value of simulated rainfall and make a rainfall simulator 
appear ‘more uniform’. Also, taking sparsely distributed readings may 
overlook small scale spatial variations in simulated rainfall intensity 
which would lead to a lower CU value. 

Additionally, CU values can be altered by changing the locations of 
the collection cups in relation to the nozzles, as it is likely that there will 
be small-scale variations between beakers placed directly under nozzles 
and those in locations not directly underneath nozzles due to the circular 
patterns of spray coverage from full-cone nozzles (Aldous, 1999). Burt 
et al. (1997) state that some evaluation techniques recommend placing 
measuring containers between two nozzles along a lateral plane, while 
others suggest placing measuring containers directly under nozzles 
(Aldous, 1999). Ultimately, each sampling technique will produce very 
different uniformity results for rainfall simulators with multiple nozzle 
setups. 

4.4. Repeatability of uniformity between experimental runs 

CU does not provide an understanding of changes in uniformity, both 
temporally within an individual experimental run and between different 
experimental runs. Further, because the CU method does not capture the 
spatial element of uniformity, this makes it an ineffective parameter 
when used on its own to investigate the comparability of experimental 
runs. Therefore, densograms should be presented in conjunction with 
CU values below to visually demonstrate potential changes in uniformity 
across the plot surface between experimental runs. 

Focus was placed on the variability of uniformity between experi-
ments to understand whether simulated rainfall events were 

comparable. Fig. 8 shows five repeats (a – e) of uniformity testing con-
ducted at 16 PSI (122.7 mm. h− 1). Results demonstrating that, although 
CU values do vary, the degree of variation is minimal (70.93 – 72.67%; a 
variance of 1.74%). Spatial patterns of rainfall appear to be comparable 
between repeated runs, with the location of hotspot areas receiving 
larger volumes of water (highlighted in white rectangles in Fig. 8a) and 
areas receiving less water (highlighted in red rectangles in Fig. 8a) are 
analogous between repeated runs. This demonstrates that the rainfall 
simulator can replicate simulated rainfall conditions between experi-
ments, which was highlighted as a crucial element in the design speci-
fication of the RS. Similar trends were seen under all rainfall intensities 
examined (see Appendix A). The CU methodology allows a basic un-
derstanding of repeatability between physical model runs. However, this 

Fig. 8. Densograms of plot uniformity showing five repeated runs at a pressure of 16 PSI (mean rainfall intensity of 122.7 mm. h− 1), demonstrating variability in 
spatial distribution of rainfall and changes in CU value between experimental runs. 64 collection cups were used in this set of results. 

Fig. 9. Presenting uniformity in terms of the standard deviation from the mean 
value to highlight areas of under- and over-watering. Those with a green and 
blue background are within one standard deviation higher and lower than the 
mean respectively. Samples with an uncoloured background are not within one 
standard deviation higher or lower than the mean and are coloured green and 
blue according to whether they are greater than or less than 1SD respectively. 
N.B. each square represents one collection container. 
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should be coupled and presented in combination with spatial evaluation 
metrics to determine whether rainfall patterns are replicated spatially. 

4.5. Revised methodology for the quantification and visualisation of 
rainfall distribution 

Although the resolution of collected data and cup placement is likely 
to affect the final CU value of a RS, an investigation into how this can be 
applied to influence uniformity values has not presented in the litera-
ture. A high CU value above a specific threshold (i.e. 80%) is seen as a 
‘goal’ but there is often little consideration into the spatial attributes of 
simulated rainfall. Researchers often favour the CU metric, which gives a 
basic and quantitative expression of uniformity as a percentage. How-
ever, expressing entire plot uniformity as a single percentage value 
disregards valuable qualitative information of uniformity, such as the 
spatial patterns of distribution of rainfall over the plot surface and 
whether these patterns are consistent between experimental runs. 
Furthermore, these uniformity metrics treat deviations above and below 
the mean equally, meaning that non-uniformity could be biased towards 
under/over-catch without being accounted for within these metrics 
based on the average of absolute deviations (Ascough & Kiker, 2002). 
The CU method treats uniformity values independent of their spatial 
location (i.e. as a ‘list’ of values) and provides no indication of how ‘non- 
uniform’ a particular localised area across the plot surface might be. 

Here, we present an approach for highlighting the collected rainfall 
quantities based on their standard deviation from the mean plot rainfall 
intensity value, showing spatial uniformity and patterns of over- and 
under-watering across a plot area. Fig. 9 presents depth values (mm) per 
experimental run (8 min) expressed in terms of their standard deviation 
from the mean, demonstrating the deviation of rainfall values from the 
observed mean collection container depth. Those highlighted in green 
and blue highlight depth values which are within an acceptable 
threshold level of deviation from the mean value, whereas those with the 
white background show areas where collection cup depths are outside of 
one standard deviation of the mean. 41 out of 64 sampling locations are 
within ±1SD of the mean, with the data from 10 and 13 collection cups 
lying above and below one standard deviation of the mean value 
respectively (see Fig. 9). This indicates consistent application of rainfall 
across the plot area. No systematic patterns of over- and under-watering 
are apparent, but these appear consistent between repeated runs. Met-
rics of uniformity should be used in combination with other techniques 
of visualising and understanding plot uniformity to gain a holistic 
appreciation of uniformity across a plot surface. 

5. Conclusions 

This paper has examined and critiqued the use of the CU metric to 
adequately express the spatial distribution and repeatability of simu-
lated rainfall application within rainfall simulator research. The CU 
procedure of representing uniformity across a plot surface, especially 
when using larger rainfall simulator setups, does not fully capture 
spatial patterns of rainfall distribution. Furthermore, critically evalu-
ating the methodology used to quantify uniformity, including the 
number, density and layout of collection containers, needs to be 
considered when interpreting, comparing and benchmarking perfor-
mance across different rainfall simulator setups. Thus, users of rainfall 
simulators should seek to apply spatial metrics of rainfall uniformity and 
researchers are recommended to apply these analyses on rainfall simu-
lators of different shapes, sizes and nozzle types before testing is initi-
ated. This will help to move towards developing comparable systems 
under the concept of rainfall simulator ‘harmonisation’ (Iserloh et al., 
2021). 

The CU method may give a false sense of uniformity due to a lack of 
spatial or qualitative information which disregards valuable information 
on plot uniformity such as the small-scale spatial distribution of rainfall 
over the plot surface and whether these patterns are consistent between 

experimental runs. Uniformity is a spatial problem and more focus 
should be directed towards presenting the spatial components of uni-
formity. Specifically, the CU metric has been shown to be sensitive to the 
resolution and spatial layout of the sampling methodology used, with 
the quantity of collection containers significantly altering the resultant 
CU value when subjected to comparable rainfall conditions. This high-
lights two main issues. Firstly, there is a distinct stigma of achieving 
‘perfect’ uniformity in rainfall simulator studies. The goal of a rainfall 
simulator is to collect accurate and useful data which can be used to 
answer a series of scientific questions and not to develop a perfectly 
uniform rainfall simulator (Meyer, 1988) as rainfall is not completely 
uniform in nature. Instead, researchers should focus on: (a) ensuring 
repeatability of rainfall between experimental runs and gaining an un-
derstanding of the spatial variability across the plot surface, and; (b) 
ensuring that robust analyses of uniformity quantification have been 
undertaken to confirm that high uniformity values are not a function of 
low sampling resolution. The second issue is that the CU methodology 
does not express rainfall distribution spatially across a plot surface and 
treats uniformity values as a list of values rather than considering their 
spatial location within the plot surface. As such, it is more valuable to 
present a CU value in conjunction with qualitative information as a suite 
of uniformity metrics (e.g. densograms and/or standard deviation sur-
face plots, in addition to the density and location of sampling beakers). 
This may allow an appreciation of the spatial patterns of distribution of 
rainfall over the plot surface and an understanding of whether these 
patterns are consistent between experimental runs. In addition to spatial 
components of uniformity, it is important to consider the temporal 
variability of rainfall simulators to assess the repeatability of experi-
ments. For example, uniformity testing should be repeated to gain an 
understanding of variability in simulated rainfall conditions, as the 
current methodology does not allow any assessments of repeatability or 
variability. Although these factors allow a more descriptive and detailed 
understanding of uniformity, they are seldom included in current 
analyses. 

The findings of this study have implications for rainfall simulator 
users across a wide range of research applications and disciplines. Uni-
formity assessment is carried out as a precursor to conducting any ex-
periments to ensure uniformity is quantified and experiments are 
repeatable under comparable conditions. This study has shown that the 
design of the uniformity testing methodology can have a significant 
impact upon the outputted CU value. It is therefore recommended that 
rainfall simulator users conduct multiple assessments of uniformity at 
different resolution to capture uncertainties and quantify errors in 
rainfall uniformity estimations rather than conducting a single CU test. 
The traditional, long-established approach of using collection containers 
to measure rainfall intensity provides a valuable understanding of 
rainfall uniformity and distribution. However, future studies should seek 
to understand the application of low-cost, modern technologies, such as 
an array of rain gauges, to record and analyse spatio-temporal patterns 
of rainfall uniformity within operational RS. 
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Appendix 

See Fig. A1. 

See Table A1. 

Fig. A1. Densograms of plot uniformity showing 5 repeated runs at 14 and 18 PSI, showing the same patterns of plot uniformity as at 16 PSI in Fig. 8. CU values vary 
by 2.48% and 3.96% at pressures of 14 PSI and 18 PSI respectively. 
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Table A1 
Summary of methods used to quantity uniformity in rainfall simulator studies.  

Method Description 

Christiansen Uniformity 
Coefficient (CU) 

CUC(%) = 100
(
1 −

x
mn

)
where x is the sum of the deviations of each observation from m, the mean value of the observations, and n is the number of 

observations.  

CU (Christiansen, 1942) is derived by calculating the deviation of individual observations from the mean observational value over the mean value 
and the number of observations (Herngren, 2005). 

Distribution Uniformity (DU) 
DU(%) =

(x
y

)

× 100where × is the average volume or depth of water within the lowest quarter of values, and y is the average volume or depth of all 

observations.  

DU method emphasises the under-irrigated areas over the plot surface. Conducting DU involves carrying out the same procedure as CU, however, 
the recorded observations are then sorted in order of magnitude from high to low. Next, the mean of the ‘lowest quarter’ of values, i.e. the 
observations within the bottom 25% of the collected dataset which have the lowest volumes of collected water, is calculated and divided by the 
average of all samples collected (Burt et al., 1997). 

Wilcox & Swailes (1947) U(%) = 100
(

1 −
σ
μ

)

where σ is the standard deviation of total depths of water and μ is the mean application depth of water.  

Wilcox & Swailes (1947) presented a similar method to the CU but used the squares of the deviations from the mean value, rather than using the 
deviations from the mean. This produces a slightly lower value of uniformity when compared to the CU method. 

Scheduling Coefficient (SC) 
SC =

(x
y

)

where x is the average precipitation rate and y is the lowest observed precipitation reading collected.  

Developed by the Centre for Irrigation Technology and used mainly for crop/turf irrigation uniformity in areas which receive the lowest 
simulated rainfall rates, the SC method is a ratio between the mean application rate of rainfall and the lowest observed application rate of rainfall. 
For example, if a SC value of 1.2 is obtained, the locations with the lowest rainfall receive 20% less than the mean application rate. SC can be used 
as a run-time multiplier to provide water to the least irrigated areas. For example, if there is a SC value of 1.2 and the experiment has a duration of 
10 min, the run time can be multiplied by the SC value. This gives a new run time of 12 min which would ensure adequately irrigated areas. 

Criddle et al. (1956) 
Criddle et al. (1956) proposed a variation to the CU method. The use of the deviations from the mean value were used as in the CU method. 
However, the proposed equation is limited to the lowest quarter of water depths. 

Beale & Howell (1966) Beale & Howell (1966) proposed a similar variant of the CU method to Criddle et al. (1956). However, instead of using the lowest quarter of water 
depths, the highest quarter of water depths was used. 

Distribution Efficiency (DE) DE proposed by Hart & Reynold (1965) is based on a specified ‘target’ CU value and target ‘% adequately irrigated area’, i.e. areas ≤ mean value, 
assuming a normal distribution of water depths above and below the mean.  
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