
The Guelph rainfall simulator II:
Part 2 - A comparison of natural and

simulated rainfall characteristics
R.W. TOSSELL1, GJ. WALL2, R.P. RUDRA3, W.T. DICKINSON3 and P.H. GROENEVELT1

Land Resource Science Department,2Agriculture Canada, Ontario Institute ofPedology, and3School ofEngineering, Univer
sity ofGuelph, Guelph, ON, Canada NIG 2W1. Received 2 January 1989; accepted 7May 1990.

Tossell, R.W., Wall, GJ., Rudra, R.P., Dickinson, W.T. and
Groenvelt, P.H. 1990.The Guelph rainfall simulator H: Part 2 - A
comparison of natural and simulated rainfall characteristics. Can.
Agric. Eng. 32:215-224. Properties of simulated rainfall generated by
the Guelph Rainfall Simulator II (GRS II) are compared with the
properties of natural rainfall. Properties examinedinclude: drop size
distribution, drop velocity, liquid water content, momentum and ki
netic energy flux density. Comparison with the limited drop size
distributiondata of high intensity natural storms show that the GRS II
simulated rainfall has drop size distribution characteristics similar to
natural rainfall through the mid to large drop size ranges (diameter >
1.50 mm). The simulated rainfall has greatercounts of small drops
(diameter< 2.00 mm), as compared to natural rainfall; and simulated
drop velocities are generally lower than the terminal velocities of
natural rainfall, resulting in lower values of momentum and kinetic
energy than those of natural rainfall.

INTRODUCTION

The performance of a rainfall simulator is generally measured
by its ability to produce characteristics similar to those of
natural rainfall. In the past, direct comparison between natural
and simulated rainfall has been limited to parameters such as
rainfall intensity and rainfall spatial uniformity (Bubenzer
1979).More recently, investigations of spray nozzle character
istics have included parameters such as drop size distribution
(DSD) (Kohland DeBoer 1984;von Bernuthand Gilley 1984;
Solomon et al. 1985; Dadiao and Wallender 1985) and drop
velocity distribution (DVD) (Seginer 1965). A comprehensive
comparison of rainfall properties should include rainfall inten
sity, spacial uniformity, DSD, DVD, momentum and/or
kinetic energy.

The size distribution of natural raindrops was first studied
by Wiesner (1895) using an absorbent dye paper technique.
Lenard (1904), Bentley (1904) and Defant (1905) followed
Wiesner's lead and examined size distributions of natural
raindrops. Not until the early 1940's, when Laws (1941),Laws
and Parsons (1943) and Marshall and Palmer (1948) published
their results, were there enough data to describe some of the
drop size distribution and energy/momentum characteristics of
natural rain.

In the mid-size drop diameter range, the DSD characteris
ticsof natural raingenerallyexhibitan exponential shape.The
shape couldbeconcaveupwards (adeficitof mid-sized drops),
or concavedownwards (abundance of mid-size drops) with the
same general slope. Marshall and Palmer (1948) developed a
widely used exponential equation to predict size distribution
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characteristics for a rangeof rainfall intensities. Thisequation
was modified by Ulbrich (1983) by adding a curve-slope pa
rameter, n , to account for variations in the shape of the DSD
characteristics. This parameter had a range between - 2 and + 3.
The occurrence of the extreme values was rare, as shown in
Fig. 1. A negative value of |i produced a concave upward
distribution, and a positive value was characteristic of a con
cave downward distribution. A zero value of \i reduced the
modified equation to the original form proposed by Marshall
and Palmer (1948).
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Rainfall with positive \L values had a higher proportion of
drops in the mid-size drop diameter range than rainfall with a
negative value. Higher kinetic energy was associated with the
positive rain type because of the shift toward the larger drop
diameters. Dingle and Hardy (1962) and Ulbrich (1983) ob
served that the nature of storm, geographic location, seasonal
influences, wind shear, temperature and relative humidity had
significant effect on the magnitude of \i. A limited amount of
natural rainfall DSD data available was used to determine the

average value of \i for the various types of rainfall storms at
various geographic locations. Ulbrich (1983) reported a lim
ited number of modelled |i values for light showers,
orographic thunderstorms and widespread or stratiform rain
fall storms. Stratiform rainfall and light showers (generally
low to medium intensity storms) had values in both the nega
tive and positive ranges. All orographic rainstorms had
negative \i values, and all thunderstorm had positive values
(Tattelman and Willis 1985).

Dingle and Hardy (1962) studied seasonal DSD character
istics for several thunderstorms in the Minnesota region for the
months of June and October. No attention was given to the \i
parameter, but a general description of the concave upward
shape of the DSD was included in their study. DSD for June
thunderstorms had a concave downward shape, which resulted
in positive values of \i. Similar findings were reported by
Tattelman and Willis (1985). In contrast, the DSD for October
thunderstorms had a concave upward shape, suggesting a nega
tive value for \l June storms had considerably higher turbulent
windfields than the Octoberstorms. Wind shearcausedgreater
breakup of unstable large drops, resulting in a relatively high
percentage of drops in the middle and small drop classes.
During the June period, due to high temperatures, the small
droplets were more susceptible to evaporation. Thus the DSD
characteristics were affected.

Dingle and Hardy (1962) also investigated the effect of
relative humidity on DSD. The average relative humidity for
the months of June and October were found to be 78 and 90
percent, respectively. High relative humidity for October
storms was due to temperature effects. Relatively dry and
warm air during the monthof June had a greater potential to
evaporate small drops from June storms. The small drops
evaporated faster thanthelargerdropsbecause of theirgreater
surface to volume ratio. The difference in temperature be
tween the June and October thunderstorms affected the
collision and coalescence processes, resulting in seasonal
changes in DSD.

More data on natural rainfall DSD are needed to examine
the shape of the DSD for various geographic locations, and to
improve our understanding of soil detachment process as a
result of raindrop impact. Data collection for natural rainfall
events is very expensive and time consuming. However, data
pertaining to natural rainfall would enhance the information
pool needed to conduct thorough calibration of rainfall simu
lators. The objective of this study was to compare the
properties of simulated and natural rainfall measurements. A
preceding paper by Tossel et al. (1989) has covered back
ground information on measurement techniques.

MATERIALS AND METHODS

The data presented herein pertaining to the GRS II were col
lected using an optical extinction method known as optical
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array spectrometry Particle Measuring Systems (PMS). Spe
cific details pertaining to the PMS spectrometer have been
described by Knollenberg (1970). Data on the rainfall simu
lated by the GRS II were collected by using a ground based
monitoring system, with a drop diameter class resolution of
0.15 mm. Since several important rainfall properties vary with
rainfall intensity, all comparisons between simulated and nat
ural rainfall have been based on rainfall intensity values.
Comparisons between natural rainfall and the GRS II simu
lated rainfall have been limited to rainfall events which were

in excess of 15 mm h" , due to the lack of well-documented
data on natural rainfall DSD for intensities below 17 mm h

-1

Drop size distribution and liquid water content

Several authors have reported drop size distributions for natu
ral rainstorms (Best 1950; Mason and Andrews 1960; Dingle
and Hardy 1962; Crozier 1977; Joss and Gori 1978; Smith
1982; Tattelman and Willis 1985). Most of the rainstorms
analyzed were oflow rainfall intensity (less than 10 mm h"1),
and therefore were not suitable for comparison with the rain
simulatedby the GRS II, which produces plot-average rainfall
intensities ranging from approximately 17 mm h"1 toin excess
of200 mm h"1 (Tossell etal. 1987). Therefore, comparison has
been limited to the relatively few investigations which re
ported DSD for storms above 15 mm h"1. Tattelman and Willis
(1985)collected DSD for high intensity storms which ranged
from 36 to 1872 mm h"1. DSD data collected by Dingle and
Hardy (1962) were also suitable for comparison with the GRS
II simulated rain. Generalized comparisons have also been
made with results from other investigations.

Tattelman and Willis (1985) used a fixed-wing airborne
PMS precipitation spectrometer to measure DSD. The spec
trometer was similar to the spectrometer used in this study.
The two spectrometers operate on the same principle, so dif
ferences in results are limited to the resolution of the smallest
detectable drop. However, the spectrometer usedin this study
hada ground-based probe,and theotherspectrometer operated
on the wing of an aircraft. The resolution of the air-based
probe was 0.10 mm, while the resolution of the ground-based
probewas0.15 mm.The aircraft spectrometer wascapableof
measuring DSD at any height above the surface of the earth
(near the surface) up to the cloud base. Dingle and Hardy
(1962) useda photo-electric spectrometer, a predecessor to the
current spectrometers, to measure DSD of thunderstorms.

To facilitate comparison with the Tattelman and Willis
(1985) data, theGRSII DSD wasfitted to thefollowing equa
tion:

Nd = N0 D exp(- QD) for 0< D< Dmax (1)

where: Q= 4.1 /" °'2i

D = drop diameter (mm)
Nd = number of drops between diameter D and D + dD or,

the number of drops in a specific diameter interval
N0= valueofNdatD= 0
/ = rainfall intensity (mmh1)
p. = exponent which is either positive or negative depending

on the rainfall type

From the many events reported by Tattelman and Willis
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(1985), only four were suitable for comparison with the GRS
II simulated rainfall intensities.

Drop velocity distribution

Naturally falling raindrops areassumed totravel at anequilib
rium velocity, called terminal velocity, which depends on the
sizeandshapeof thedrop(Laws1941;GunnandKinzer1949;
Seginer 1965). Laws (1941) and Gunn and Kinzer (1949)
studied dropsfalling in stagnantair, and developed a relation
ship to characterize drop fall velocity with drop size. These
results are now considered to be the most representative of
natural raindrop velocities. Detailed rainfall simulation studies
have used these dataforcomparison ofsimulated drop velocity
distribution to the terminal velocities of natural raindrops.

An overall DVD was measured in termsof massweighted
velocity (MWV), which was defined as the storm mass flux
density (intensity) divided by the total liquid water content.
The MWV has proven to be useful for the comparison of
natural and simulated rainfall. Liquid water content (LWC)
was determined as the mass of raindrops per unit volume of air.

To evaluate the performance of the rainfall simulator, LWC
data for natural rain from regions relatively close to southern
Ontario with similar weather patterns (dominated by frontal
weather systems) were needed, and data from Illinois were
selectedfor this purpose. The equation presented by Tattelman
and Willis (1985) was selected to provide an average LWC
based on natural rainfall measurements. To be consistent, the
following equation, based on PMS monitored LWC data, was
used to determine LWC for the simulated rain:

duced by the GRS II. The resulting data sets were then com
pared.

Rainfall momentum and kinetic energy

The momentum and kinetic energy of the simulated storms
were calculated by using the method outlined in Tossell et al.
(1989). This method involved calculation of momentum or
kinetic energy using DSDand DVD for a rangeof drop sizes,
and summing over the whole drop range to produce a single
storm value. A momentum and kinetic energy data set was
developed for all simulatedstorm intensitiesproducedby the
GRS II. Due to the lack of published momentum data for
natural storms, comparisons of simulated and natural rainfall
were limited to kinetic energy. To facilitate comparison, the
energy equations for natural rain suggested by Kinnell (1973)
and Wischmeier and Smith (1958) were used.

KinnelFs energy equation was based on rainfall depth, and
is written as,

Ek= 0.0459+ 0.00837/

where:

(4)

Ek = kinetic energv of rainfall determined by Kinnel's
equation (Jm s'1)

/ = rainfall intensity (mm h )

Wischmeier and Smith's energy equation, in SI units, is
Ew= 17.124 + 5.229 log I (5)

0.789
LWCs = 0.767/ (2) where:

where: Ew= kinetic energy of rainfall determined by Wischmeier
-2,and Smith equation (J m per mm depth of rain)

LWCs = liquid water content of the simulated rain based / = rainfall intensity (mm h"1)
on PMS results (g m )

/ = rainfall intensity (mm h"1)

The equation representing natural rainfall LWC from Illi
nois conditions was:

LWCi= 0.0521

where:

0.97
(3)

LWCI= liquid water content based on Illinois rainfall results,
(gm~3)

The MWV of the natural and simulated rainfall events were
determined by,

MWV = MFDILWC

where:

MWV = average mass weighted velocity for the storm
(ms1)

MFD = mass flux density of the storm, (kg m s )

MWV for several rainfall intensities were determined for
simulated and natural rainfall for the range of intensities pro-
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The following equation was used to convert units of energy
from per unit depth to per unit time:

Ed = CEtI (6)

where:

Ed = rainfall energy per unit depth (J m" mm )
Et = rainfall energy per unit time(Jm s )
/ = rainfall intensity (mm h"1)
C = constant for conversion of rainfall intensity units

Use of the Kinnell (1973) and Wischmeier and Smith
(1958) equations provided limited energy data to compare
simulated rain with natural rain. More data and research are
needed on the momentum and kinetic energy of natural rainfall
events before thorough comparisons can be made.

RESULTS AND DISCUSSION

Drop size distribution

A comparison of the Gamma model generated DSD, using data
on natural rain reported by Tattelman and Willis (1985) and
simulated rain produced by the GRS II, is presented in Table I.
The simulated rain drop concentrations are higher than the
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natural rain drop concentrations in all cases except for the
rainfall intensity of 168 mm h"1 and the 3.00 mm drop size
class. The greatest difference occurred for the small drop
diameter of 0.95 mm, where the average increase in drop
concentration of simulated rain over natural rain was 405 %
with a standard deviation of 206 %. The 1.95 mm diameter
drop class had an average increase of 26 % with a standard
deviation of 15 %. For the 3.00 mm drop size class, the
numbers of dropswerequitecomparable, theaverageincrease
being 11 %andthestandard deviation 7 %. Thenext drop size
class(4 mmdiameter) showed an average increase of 31 %in
the drop concentration from natural to simulated rain. The
standard deviation in this case was 21 %. For the largest drops,
5 to 6 mm diameter, data were insufficient to conduct a mean-

in rainfall intensity. The simulated rainfall had a much larger
proportion ofthe LWC associated with the small diameter drops
when compared tothe natural rain data reportedbyTattelman and
Willis (1985). Natural rainfall hadhigher values ofLWC in the
mid drop diameter range (2 - 4 mm). Differences in the LWC
were very dramatic for the 0.95 mm drop diameter. For a
simulated rainfall intensity of36 mm h"1, 47.6 %ofthe total
LWC was contained in drops less than 1.50 mm; while the
natural rainfall for this size class contained only 26.7 % of the
LWC. This situation resulted in a ratio of 1.78 between the
LWC of the simulated and natural rainfall for this drop size. A
similar trend was observed for higher rainfall intensities. The
ratio between the LWC of simulated and natural rainfall in
creasedsteadilyfrom 2.05 to 2.84 with an increase in rainfall

Table I: Comparative gamma model generated drop sizedistributions and liquid water content for simulated and
natural rainfall

Mean Hrrm diameter

(mm)

Type of 0.92 1.96 3.00 4.05 5.10 6.08 0.92 1.96 3.00 4.05 5.10 6.08 LWC

rainfall 0.95 1.95 2.95 3.95 4.95 5.95 0.95 1.95 2.95 3.95 4.95 5.95 (gm"3)

Rainfall Drop concentration Liquid water contemi-

intensity (number of drops per cubic meter, (% of totalIrainfall)

(mmh"1) per mm diameter interval)

36 Simulated 5799 339 31 3 ♦ ♦ 47.60 35.62 12.62 3.28 0.07 0.14 3.07

Natural 1154 260 26 2 * * 26.68 51.99 18.00 3.32 0.00 0.00 1.60

84 Simulated 7978 656 83 12 2 ♦ 36.58 36.68 17.86 6.41 1.96 0.50 5.91

Natural 1608 520 77 8 * * 17.89 50.05 25.66 6.40 0.00 0.00 3.50

168 Simulated 8739 912 146 26 5 1 28.73 35.31 21.42 9.64 3.71 1.19 8.69

Natural 2057 863 170 25 3 * 12.22 44.34 30.24 10.68 2.52 0.00 6.70

432 Simulated 16592 2278 474 110 27 6 20.10 31.23 24.39 14.24 7.12 2.92 25.16

Natural 2779 1595 440 91 16 3 7.07 35.11 33.53 16.65 5.76 1.88 15.80

* Too few or no drop.

ingful comparison.
These comparative results indicate that the drop concentra

tions in the simulated rain are quite comparable to those of the
natural rain for all size classes except the smallest class
(0.95 mm). The large number of drops associated with the
small size classes of simulated rainfall resulted in a large
difference between the LWC of the simulated and the natural

rain. As rainfall intensity is expressed as a product of LWC and
drop velocity, and as the overall simulated rain drop velocity
distribution is lower than the terminal velocity distribution, the
LWC of the simulated rain must be greater than the LWC of
the natural rain for a selected rainfall intensity. The data in
Table I reveal this pattern. A complete explanation of drop
velocity distribution is given in the next section.

These data also show that the simulated and natural rainfalls
exhibit some skewness toward the small drop diameters.
However, this effect becomes less prominent with an increase
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intensity from 84 to 432 mm h"1. However, for mean drop
diameters of 1.95 mm, there was a decrease in this ratio. These
results reveal that at equivalent rainfall intensities natural
rainfall has a high proportion of rain in the larger and poten
tially more erosive drops than the simulated rain produced by
fulljet nozzles.

A comparison of the simulated rainfall characteristics with
the limited data reported by Ulbrich (1983) and Dingle and
Hardy (1962) showed that the DSD produced by the GRS II
was similar to that of shower and stratiform rainfall. These

rainstorms are typical examples of low to medium rainfall
intensities (60 mm h" ). Based on the natural rainfall data,
intensities produced by the GRS II can be classified as wide
spread rainfall as far as the DSD is concerned. However, the
GRS II also produces high intensities (thunderstorm-type rain
fall) which are similar to the October type storms discussed by
Dingle and Hardy (1962). Ulbrich (1983) presented data on
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DSD observations from Marshall and Palmer (1948) for the
Ottawa, Ontario area, which hadan average value of - 0.79; a
value very close to the -0.81 of the GRS II simulated rainfall.
The GRS II rainfall may very well exhibit DSD which are
similar to those for natural rainfall of the southern Ontario
region. Nonetheless, more data on natural rain fall DSD are
needed to drawfinal conclusion in this regard.

Another observation regarding the simulated DSD andper
taining to soilerosion processes, relates to thenumber of drop
impacts per unit of rainfall. Generally there were more drop
impacts associated withthesimulated rainfall. A largepropor
tion of these impacts (from drop diameters of 2.5 mm and
smaller) are at a lower energy level than that for natural rain.
The number of drops with diameter greater than 2.5 mm were
very similar for the simulated and natural rain. Due to lower
drop velocities associated with the simulated rainfall and a
greater number of impacts at the low energy level, it is difficult
to conclude that the simulated rain has detachment character
istics similar to those of natural rain. The question of whether
27 drops of 1 mm diameter having a mass equivalent to one
drop of 3 mm diameter would cause the same amount of soil
particle detachment needs detailed investigation before a full
assessment of simulated DSD is complete.

Drop velocity distribution

A comparison of the simulated DVD using the 12.7 mm (1/2")
30W fulljet nozzle operated at a height of 2.0 m, and the
modeled terminal velocity distribution reported by Gunn and
Kinzer (1949) is shown in Fig. 2. Results for all three locations
measured in the simulated rainfall are plotted on the same
graph for comparison, and the average has been represented by
a solid line. The simulated drop velocities are higher than the
terminal velocities for diameters between 0.15 and 1.35 mm.

These differences are due to the pressure used to drive the
drops in the downward direction. Small drops were most sus

ceptible to thepressure because of theirsmall mass. Operation
of thesimulator at greaterheightcouldcausethese drops to be
slowed to their respective terminal velocities. However, oper
ation of the simulator at a height greater than 2 m is not
convenient. Simulated drops having diameters greater than
1.35 mmfell with velocitieslower than their respective termi
nal velocities; and the velocities of simulated dropsreached a
peakat a diameter of approximately 3.3 mm, withan average
velocity of6.6 ms"1. In comparison, 5.0 to 5.5 mm diameter
drops falling at terminal velocity reach a peak velocity at
approximately 9.3 m s" , depending on temperature, pressure
and relative humidity (Laws 1941; Gunn and Kinzer 1949).
The maximum theoretical value of velocity, based on Gunn
and Kinzer's (1949) equation, is9.65 ms"1; and for a 5.5 mm
diameter drop, this equation generates a velocity value of
9.27 ms'1.

The larger simulated drops did not have enough fall distance
for gravity to bring them to terminal velocity. Gunn and Kinzer
(1949) found that the largest drops, starting from rest, require
12 m of fall distance to reach terminal velocity. More data on
the velocity of drops falling from different heights have also
been presented by Laws (1941). The velocity data for the drops
produced by the 12.7 mm nozzle operated at the 2.0 m height
lie between Law's velocity curves for fall heights of 3.0 to
4.0 m. Laws (1941) used a drop former to produce droplets for
fall velocity determination. The use of pressure in this nozzle
type simulator produced drops having some initial velocity at
the outlet of the nozzle orifice. Therefore, for this noz-
zlerheight combination, use of the 48.3 kPa operating pressure
accounted for approximately 1.0 to 2.0 m of fall height, based
on Law's findings. Other nozzle.height combinations exhib
ited similar results. The 3.2 mm nozzle had the lowest values

of average and maximum velocities, while the velocity distri
butions produced by the 9.5 mm nozzle were somewhat closer
to those of the 12.7 mm nozzle.

12.0
Nozzle: 12.7 mm 30W nozzle at 2.0 m height

Velocity

(ms1)

I ' ' ' ' I • ' ' ' I

3.00 3.75 4.50

-i—i i i

5.25 6.00

Drop diameter (mm)

Fig. 2. Comparison between simulated drop velocity distribution produced by 12.7 mm nozzle at 2.0 m height and
terminal velocity reported by Gunn and Kinzer (1949).
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The generalized MWV for the Illinois rainfall and rainfall
simulated by the GRS II, along with associated LWC deter
mined from Eqs. 1 and 2, are presented in Fig. 3. Both the
simulated and the Illinois MWV values increased with increas
ingintensity. However, the simulated rainfallMWV exhibited
a dramatic increase. The Illinois MWV had a value of 5.72 m s"
atarainfall intensity of10 mm h"1, and this value increased to
6.37 m s"1 at an intensity of 350 mm/h, an increase ofabout
11.25 %. Over the same intensity range, the simulated MWV
had a somewhat lower value of 2.70 m s at a rainfall intensity
of 10 mm h"1, and increased sharply to 5.70 m s" at an
intensity of350 mm h"1, an increase ofmore than 100 %. Mass
weighted velocities of the simulated rainfall depended on drop
velocity distribution and drop size distribution; these being
influenced by the intensitymozzle interaction. Generally,
larger nozzles had high simulated rainfall intensities when
operated at a constant pressure. The results indicate that nozzle
size had the largest effect on the MWV. The 12.7 mm nozzle
produced the widest range of drops, and had a higher propor
tion of rainfall in the larger drop sizes, compared to the two
smaller nozzles. This characteristic caused a large amount of
the rainfall to be falling at relatively high velocities, resulting
in high values of MWV, as shown in Table II. The 12.7 mm
nozzle also produced the highest average mass weighted ve
locity (averaged over height and position) of 5.08 m s . The
MWV for the 9.5 mmand the 3.2 mmnozzleswere3.95m s"1

Mass

Weighted
Velocity 4#5

(ins'1)

the 3.2 mm and 9.5 mm nozzles may provide better results
whenoperatedat a slightly lowerpressure. A decreasein their
operating pressure mightcreatea widerdrop sizedistribution,
resulting in an increase in mass weighted velocities, and an
increase in the number of large drops would increase the
MWV. However, further investigation is needed before con
clusions can be drawn. Limited simulated rainfall data collected
for a range of nozzle operating pressures (48.3 - 138 kPa) did
show significant effects on DSD and DVD.

Another potential benefit of decreasing operating pressure
is lower simulated rainfall intensities, particularly with the
3.2 mm nozzle. Water flow rate from the nozzle is directly
proportional to the operating pressure. An increase in the
number of large drops, with an associated decrease in inten
sity, would bring this particular nozzle in line with the DSD of
natural rainfall. Altering the pressure could also change the
spatial uniformity of rainfall (Tossell et al. 1987).

At an operating pressure of 48.3 kPa and a 2 m operating
height, the 3.2 mm nozzle produced approximately 52 % of the
Illinois MWV at an average (average of all positions) intensity
of 17.9 mm h" . In contrast, the 9.5 mm nozzle at the same
operating pressure and nozzle height produced 68 % (posi
tioned average) of the Illinois MWV. The intensity in this case
was 42.7 mm h"1. The 12.7 mm nozzle had the highest MWV,
about 83 %ofthe Illinois MWV, atan intensity of151.1 mm h"1.

Rainfall Intensity (mmti1 )

Fig. 3. Average mass weighted velocities and liquid water content of simulated and Illinois rainfall.

and 3.05 m s" , respectively.
The nozzle operating pressure of 48.3 kPa used in this study

may not be most appropriate for all nozzles. It may be more
practical to determine an optimum operating pressure for each
nozzle based on orifice size. At 48.3 kPa pressure the 12.7 mm
nozzle produced the widest range of drop sizes and velocities,
and the drop size distribution was quite adequate. However,
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Momentum and kinetic energy

Both momentum and kinetic energy involve the product of
mass and velocity. Momentum flux density is defined as force
per unit area, commonly known as pressure, and kinetic energy
flux density is a measure of power. It has been well recognized
that soil detachment by water erosion depends on rainfall
energy (Wischmeier and Smith 1958; Kinnell 1973). Indeed,
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Table II: Mass weighted velocity values based on pms monitored simulated rainfall

Run# Height Nozzle Position Mass weighted velocity
(m) Values Position

average
-l

Height
average

1 1.00 12.7mm 30W Centre 5.662
2 1.00 12.7mm 30W Left 4.683 4.975
3 1.00 12.7mm 30W Right 4.581
4 1.00 9.5mm 20W Centre 3.923
5 1.00 9.5mm 20W Left 3.857 3.768 3.922
6 1.00 9.5mm 20W Right 3.525

7 1.00 3.2mm 4.3W Centre 2.937

8 1.00 3.2mm 4.3W Left 3.054 3.023

9 1.00 3.2mm 4.3W Right 3.079

10 1.50 12.7mm 30W Centre 5.716

11 1.50 12.7mm 30W Left 4.914 5.128

12 1.50 12.7mm 30W Right 4.755

13 1.50 9.5mm 20W Centre 4.159

14 1.50 9.5mm 20W Left 4.063 4.046 4.102

15 1.50 9.5mm 20W Right 3.916

16 1.50 3.2mm 4.3W Centre 2.949

17 1.50 3.2mm 4.3W Left 3.380 3.130

18 1.50 3.2mm 4.3W Right 3.061

19 2.00 12.7mm 30W Centre 5.335

20 2.00 12.7mm 30W Left 4.961 5.138

21 2.00 12.7mm 30W Right 5.117

22 2.00 9.5mm 20W Centre 4.164

23 2.00 9.5mm 20W Left 3.866 4.047 4.065

24 2.00 9.5mm 20W Right 4.112

25 2.00 3.2mm 4.3W Centre 2.954

26 2.00 3.2mm 4.3W Left 3.120 3.010

27 2.00 3.2mm 4.3W Right 2.955

Nozzle Averages:

3.2mm 4.3W - 3.054

9.5mm 20W - 3.954

12.7mm 30W - 5.080

most of the work on particle detachment has been based on
total rainfall energy. Recently, some attention has also been
directed to the role of momentum in particle detachment.
Detailed work is needed to understand the detachment pro
cesses by individual drops. Until the role of kinetic energy
and/or momentum in particle detachment has been clarified
and some conclusion reached, about the major detachment
factor, both momentum and kinetic energy of simulated rain
fall should be documented on a drop size distribution basis.
Herein, due to lack of published results on natural rainfall
momentum, only kinetic energy will be used to compare natu
ral and simulated rainfall. Wischmeier and Smith (1958) and
Kinnell (1973) have related the energy of natural rain to rain
fall intensity. Wischmeier and Smith (1958) developed an
equation for energy for various rainfall intensities, applicable
to several U.S.A. Eastern states; and Kinnell (1973) deter
mined the kinetic energy associated with several drop size
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distributions of the Florida region. These energy-intensity re
lationships have provided a means for comparing simulated
and natural rainfall.

The comparison of kinetic energy, as determined by the
equations of Kinnell, and Wischmeier and Smith, and as pro
duced by the GRS II, are shown in Fig. 4. Both the Kinnell, and
Wischmeier and Smith, plots are very similar. The simulated
rainfall kinetic energy flux density (EFD) is consistently lower
than the densities estimated for natural rainfall measurements.

Further, these differences are not constant for all rainfall inten
sities. The ratio of the simulated rain EFD (SEFD) to the
natural rain EFD (NEFD) was determined using the data from
Kinnell (1973) and from Wischmeier and Smith (1958). This
ratio increased with an increase in the rainfall intensity.
Therefore, atthe lower rainfall intensities (eg. 50 mm h"1), the
simulator produced approximately 31 % of the natural rainfall
EFD. Athigher rainfall intensities (350 mm h'1), the simulated
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rain EFD approached 64 %and 67 %ofthe natural EFD when
compared with the Kinnell, and the Wischmeier and Smith,
extrapolated values,respectively.

Differences in simulated and natural EFD were due to the
lower drop velocities of the simulated rain, and the interaction
ofdrop size distribution (DSD) and drop velocity distribution
(DVD). The magnitude of these differences was partly due to
the third power on the velocity term in the EFD equation.
However, differences in the simulatedand naturalDVDwere
the major reason for the lower values of EFD at the high
rainfall intensities. High rainfall intensities produced by the
12.7 mm nozzle had small differences in DVD from the centre
to the left and right spray locations, with the DVD being
slightly higher for the centre spray. This accounted for some
differences in the ratio of SEFD to NEFD for this range of
rainfall intensities.

On average, the DVD of the 9.5 mm and 3.2 mm nozzles
were lower than that for the 12.7 mm nozzle, resulting in a
much lower EFD as compared to the natural rainfall EFD
reported by Wischmeier and Smith (1958) and Kinnell (1973).
The 3.2 mm and 9.5 mm nozzles produced the lowest rainfall
intensities; and for this reason, the ratio of SEFD to NEFD was
lower for the simulated rainfall intensities. Velocities of the
simulated rain drops could be increased by operating the rain
fall simulator at higher heights, to allow drops to travel a
sufficient fall distance to approach terminal velocity. Such a
situation is feasible only for laboratory conditions. Under field
conditions, the operation of the simulator at a height greater
than 2.5 m is very difficult, the drops from such heights being
more susceptible to wind effects. Operation of the simulator at
heights above 2.5 m also requires a heavier support structure
and a wind barrier, impairing the portability of the simulator.
Construction of the nozzle also has some effect on the transi

tion between the pressurized flow in the system and free flow

EFD

(JmY1)

at the nozzle outlet. Fulljet nozzles have an internal vane
designed to produce a wide spray angle and broad DSD. The
dramatic energy loss across the vane section likely affects drop
velocities.

SUMMARY AND CONCLUSION

Simulated rainfall produced by theGuelph Rainfall Simulator
II provides a wide range of drop sizes. Although published
DSD data for high intensity (150 mm h"1) natural rainfall are
limited, still the data available from the literature are very
useful for evaluating the performance of rainfall simulators.
More data are needed to understand the effect of geographic
location, seasonal variations and climatic pattern on drop size
distribution and drop velocity distribution.

The drop size distributions produced by the GRS II were
verysimilarto thoseof naturalrainfall for equivalent intensi
ties having medium to large drop sizes. The GRS II generally
producedmore smaller (1.5 mm) drops than equivalent natu
ral rain. Simulated drop velocities exceeded the terminal
velocity for drop sizes up to 1.5 mm diameter. Greater than
1.5 mm diameter simulated rain drops had lower velocity
than the terminal velocity. At rainfall intensities less than
50mm h'\ thesimulated MWV was about 50%lower than
the MWV of natural rain. However, the simulated MWV
increased faster than the natural MWV, with increases in
rainfall intensity. At relatively high rainfall intensity, 350 mm
h'1, the simulated MWV was about 89 %of the natural rain
MWV. Lower values of MWV for simulated rainfall were due
to smaller DSD.

The EFD of the simulated rainfall was also lower than the

EFD of the natural rain. The simulated EFD at a rainfall

intensity of 50 mm h" was about 31 % of the natural rain EFD.
At higher rainfall intensities, the simulated EFD approached
61 % of the natural rain EFD. The differences in the simulated

0 50 100 150 200 250

Rainfall Intensity (mmh1)

Fig. 4. Comparison of simulated and natural rainfall kinetic energy flux density.
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and natural rain EFD were due to the small DVD of the
simulated rainfall. The DVD of the simulated rain could be
partly improved by operating the nozzle at a higher height,
which is only feasible for laboratory conditions. Further im
provements might beachieved bychanging thenozzle design.
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