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CHAPTER 11.

RESULTS OF ANALYTICAL EXPERIMENTS,

11.1. ANALYTICAL PROCEDURE,

During the 1959/60 and 1960/61 reiny seasons simultaneous
measurenents were made of various forms of erosion, using the methods
described in éhapter 10, and of rainfall characteristics, using the
methods described in Part II, In this pericd there were-T75 rain
showers, of which 62 were recorded separately, as sometimes fhere
was insufficient time to change the apparatus between showers, In
some cases data is missing from one or more of the recordings owing
to electrical power failure in severe thunderstorms, or other
mechanical or human‘faults. Showers when the total rain was less
than 0,05 inches wers excluded from the analysis. The net number
of pairs of obgervations remaining for comparison is from 30-50 in most
cases, and gives a good sample of all types of storms.

The analysis consisted of trial and error correlation between
the recorded erosion and the rainfall parameters, but with emphasis
on the search for causative relationships rather than purely statis—
tical associatioms. For example; it is conceivable that in such a
mass of data a mathematical association could occur between amount
of erosion and wind velocity, but this would be meaningless unless
it could also be shown that the wind caused the srosion. If the
high winds were recorded in severe storms, such an association could
easily occur, but the essential problem is what property of the
"storm caused the erosion?

In such analysis the question arises of what degree of
correlation between two independent variables may be accepted as an
adequate explanation of the relationship between them, In the
present exsrcise the control conditions are progressively’relaxe& 38
additional variables are introduced, so the variation will tend to
increase. No hard and fast rules mey be laid down but it was
considered that in the case of the splash cups, with strict control,

a regression equation should account for at least 80% of the wvariation
before it could be accepted as adequately explaining the relationship,
i.e., in simple linear regressions the correlation coefficient should
be better than 0.9. At the other end of the scale i.e. field plots

with many variables, multiple regrossions are to be expected, .and one
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which accounts for 50 — 60% of the variation would be satisfa&tory.
The procedure followed was to first plot the dependent
variable, soil loss or run~-off, against each of the possible rainfall
parameters such as quantity of kinetic energy. Where associations
occurred the least squares regression equation was calculated in
the fomm
. Y (soil loss) =a+ b X
After the main factor had been identified, if the residual variation
was appreciable, secondary variables were tested in the forms.
Y=a+b X1X2 or
Y=a+b Xl + C X2 ,
In numerical analysis, the methods of Snedecor (172) were used, and .

for multiple corrclations the graphical methods of Ezekiel (173).

11.2. SAND SPLASH CUPS.
The weight of sand splashed out of the cups after each storm

was corrected using the procedure established in Chapter 10, and
plotted against all reasonable rainfall indices for the same storm.
When the association was strong,lecast sguares regressions were
calculated and the correlation coefficients are shown in Table 1l.1.
This trial and error procedure was started at the end of the first
season, and since a very positive result was obtained, the full
mathematical analysis was only repeated after the second season using
the best estimators.

The firet index used, the total amount of rainfall in the
storm, showed, as would obviously be expected, an association between
heavy falls and high splash losses, but the correlation coefficient
of the regrossion equation,; r,; is only 0.75 which is low considering
the precisely controlled conditions of the experiment.

The second storm characteristic selected was the total
kinetic energy of the storm. This was computed for each storm by
extracting from the intensity record the’amounts of rain falling at
various levels of intensity, end multiplying by appropriate values
of 'kinotic energy per inch' from Fig. 8.19. The correlation is
considerably improved with r = 0.856 showing that the total energy
of the rain gives a much better measure of its ability to cause splash
erosion than the quantity of rain does.

' It is logical tb expect that when rain falls at low rates, or
with small drops of low terminal velocity, thesc drops would have
insuffioient energy to splash sand out of thé cups. When observation
confirmed this, a spccial series of tests werc carried out to study
this effecct. Splash cups were exposed for 2 minute periods in low

intensity rains with small drop sizes, and whenever the intensity -
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TABLE 11,1.

CORRELATION OF SAND SPLASH WITH RATNPALL. CHARACTERISTICS.

Y (sand splash in gms.) = a + b Xn

Independent Variables. Correlation coefficients {(r).

Present Experiments Free

n = 20 n = 31 no= 59

A Sand  Seil

X, TOTAL RATN 0.750 0,72 0.42
X, TOTAL K.E. 0.856 0,82 0,58
x‘3 K.E.> 1 0.939 0.958 .
X, K.E.> 0.5 0.868 '
x5 K.E. >1.5 0.841
Xc RAIN >1 ‘ 0.874
x7 K.E.> 1 + WIND 0.955 0.977
Xq (K.Ee> 1) x :1:15 0.906 0.68 0,65
x9 (K.E.>1) x 130 0.926 0.69 0.66
X0 (K.E.> 1) x Ieq 0.900 0.68 0463
X, (TOTAL K.E.) x I, 0.895
X, (TOTAL K.E.) x I, 0.875
le3 (TOTAL X.E.) x I 0.861

Confidence limits of r

n = 20 (0.854« 0.939 - 0,975 (p = 0.05%
(0,807 ¢~ 0.939 — 0.981 (p = 0.01
n = 31 E0.914 «—0.958 — 0.980 gp = o.os,g
008915”0-958 — 00984 p = 0001

115 is 4 x the maximum amount of rain in any 15 minute period.

I3O is 2 x the maximum smount of rain in zny 30 minute period.

I6O is 1 x the meximum amount of rain in any 60 minute period.

12 ig the maximum intensity sustained for a period of 2 minutes.
13 ig the maximum intensity sustained for z period of 3 minutes.

15 is the maximum intensity sustained for a period of 5 minutes.
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remained constant throughout the exposure period the splash loss was
measured. The results are shown in Fig. 11.1. and it is clear that
although there is considerable scatter;, the general effect is that
there is a threshold level of intensity at which rain becomes erosive.
The least squares regression is |
Y = 0.96 I - 0.82

giving an average value of I = 0.85 at Y = 0, i.e. the critical
level of intensity is 0.85 inches per hour. The soatter is to be
expected because it was shown earlier that at low intensities there is
considerable variation in drop size distribution and hence in kinetic
energy. The intensity level dividing erosive and non-erosive rain
will thus vary from storm to storm. It will also vary if the splash
of different sands or soils is being measufed, or if the surface
conditions varied. Meteorological data on the quantity.of rzin at
various intensities is recorded in the intensity classesilesé than 0.1,
0.1 to 0.25, 0.25 to 0.5, 0.5 to 1.0 1.0 to 2.0 and more than 2.0 inches
per hour, so it would not be practical to use the figure 0.85 inches
per hour. The rate of 1 inch/hour was provisionally selected and the
kinetic energy computed of that amount of each storm which fell at
intensities greater than 1.0 inches/hour. This gave a correlation
coefficient of 0.939, showing that a good measure of ability to cause
splash erosion is given by this parameter which for convenience in
referring to it will be designated K.E.> 1. To check whether the
arbitrary choice of 1.0 instead of 0.85 materially affects the
accuracy, similar calculations were made using K.E.)» 0.5 and K.E. > 1.5
i.e. ignoring the energy of the rain falling at less than 0.5 and
1.5 inches/hour respectivelg. For K.E.>0.5 r = 0,868, and for
K.E.? 1.5 r = 0,841 showing that the level of intensity selected as
the threshold level is not very critical, and that 1.0 inches per hour
is the best of those. tesied.

Although the idea of a threshold level, below which rain is
not erosive, does not appear to have been previously investigated
there is some confirmation from the work of Ekern (202). When
studying the effect of drops of various sizes, he deduced by extra~
polation that drops smaller than 2 mm. diameter would not cause splash
erosion. Rain composed entirely of drops of this size would have a
kinetic energy of 535 ergs x 103/cm2/inch, which ig the energy
corresponding to that of natural rain at 0.85 inches per hour. Undue
importance should not be attached to the fact that this agrees precisely
with the value obtained in the present experiments, becausc Ekern's
figure of 2 mm. diameter was only an estimate obtained by extrapolation,
and drop sizes of 2,1 ard 1.9 mm. dismeter correspond to 1.0 and ‘
0.7 inches/hour. The precise value of the threshold level of energy

for given conditions iIs of loss importance than the fact that the
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agssociation belween energy and splash erosion is considerably more
precise when the non~erosive part of the rain is excluded from the
calculations,

The parameter K.E.> 1 thus gives a practical and accurate
assessment of erosivity, and accounts for 88% of the variation in the
regression equation; but before accepting this as the final answer
some other possibilities should be explored.

Since ignoring the effect of the kinetic energy of rain which
falls at intonsities less than 1 inch per hour materially improves
the correlation with splash loss, it is logical to apply the same
argument to the quantities of rain, Using X as the quantity of rain
at intensities more than 1 inch per hour, r = 0.874. This is a
considerzble improvement on r = 0.75 for total rain, but significantly
less than for (K.E.> 1), and so confimms both that the rain at less
than 1 inch per hour is ineffective, and that energy is a better
measure than quaatity.

When rain is accompanied by wind the terminal velocity is
increased, and hence the kinetic cnergy also increased. A greater
amount of sand will therefore be splashed out of the cups. To
eliminate this variable factor in thc comparisor of splashed sand
and kinetic energy, the measured values must be adjusted to a common
condition., The mean angle of inclination of the rain was simultaneously
messured as described in Chapter 6, so an adjustment may be made. The
inclined rain has a temminal velocity which is greater than the still

alr velocity by the factor 1 , where cos # is the angle of inclination

cosH ~
with the vertical, and the kinetic energy is similarly greater by the

factor ~—l§j. Applying this correction factor to the calculated
values EES(K.E.Z> 1) for each storms and computing the regression of
splash loss on this value, the correlation coefficient is improved to
r = 0.955, It was pointed out in Chapter 6 that this assessment of
the wind effect is not very precise, as only the composite rain vector
is detemmined by the three gauge instrument. In spite of this
weakness, the partial climination of variation due o wind does increase
the efficicncy of the estimator of erosivity.

There remains one further parametor which should be investigate
because 1t has been found to be of importance in America. This is
the so-called Y30 minute intensity" or 130 mentioned in Chapter 9.
Although the parameter is quite empirical, there is good reason for
predicting that under fileld conditions the correlation will be improved
by the introduction of a2 sccond factor of this naturc. The amount of
g0il splashed or detacﬁed will bo determined by & function of energy,
but how much of the splashed soil is washed away will depond on the
volume or rate of surface ruroff., A factor which provides some

asscssment of the run~off-producing capability of the storm may logically
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be expected 1o improve the prediction of field erosion from rainfall data.
In Wischmeier's studies in America all possible measures of the intensity/
duration relationship were tested, and for the field scale erosion with

which he was working, the I.. index was found to improve considerably on

the estimate based on energ?ovalues alone. At this stage of the.

present experiments, dealing with simple splash erosion, it is not éxpected
that a run-off factor will be important, but in order to explore all .
possibilities, indices of the 130 type woere tested at all stages from
splash only to field scale erosion.s In the present experiments the
maximum fall in any thirty minute period of each storm was caloulated

and converted to the units of inches per hour. Similar expressions

were 2lso obtained for 15 and 60 minute periods, and the method was

tested using 1159 130 and Iy in turn as a multiplier of SKE > 1),

The respective correlation coefficients were 0.906, 0.926 and 0.900.

I30 thus appears to be the best, but in all cases the correlation is
reduced to less than that with (K.E.> 1) alone. Thore is thus no
advantage in introducing a run—off factor at this stage, but the method
will be tested again when studying the soil losses mcasured in surface
rurn~of'f,

A marked feoture of the thunderstorm rain of Central Africa
is the large variations in inténsity over short time periods. It
was congidered possible that these variations were being masked by
considering 15, 30 and 60 minute periods, and so another characteristic
was tested - the maximum intensity sustained for periods of 2, 3 and 5
minutes. These were cach combined withthe total kinetic energy, but
the correlation was not significantly better than with total kinetic
encrgy alone,; so this approoch was not pursued with the more accurate
estimators (K.B. > 1) and (KiE.> 1 + wind).

All the previous calculations were carried out using the
results of the first season only, and since it is very clcar that the
best cstimators are (K.B. > 1) and (K.E. > 1 with wind correction) the
calculations were repeated on these, using additional data from the
seccond year. The date and regression equations are tbulated in
Appendix 8, and shown in Fig. 11.2. The correlation is improved by
the additional data in each cases for (K.E. > 1) r increases from
0.939 to 0.958, and for (K.E. > 1 + wind) from 0.955 to 0.977. The
imprcved cfficiency due to applying the wind correction is not quite
significant at the 5% lovel when measure&'by the correlation coefficilent,
but it does rocduce the positive intercept from O.éS‘Which ig just
significant, to C.43 which is not. Since the regression on (K.E.} 1)
without the wind correcction accounts for 92% of the variation, this is
very satisfactory, and %hile recognising that there is a slight improve—
ment when variations due to wind are adjusted, it would not be worth—
while to do so in practical calculations of erosivity. It was shown

in Chapter 8 that both momentum and kinetic encrgy have very similar
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relationships with intensity, and so momentum could equally well be used
as the intermediate link to compute erosivity from intensity.

Free (176) also carried out some of these calculations on the
date obtained from his soil pans, and the correlation coefficients are
ghown in Table 1l.1. For those indices tested the pattern is very
gimilar. The regression equations are not given by Free so 1t is not
possible to test whether the correlation would have been improved by
applying the concept of minimum energy values. Free also transposed
his data to the logarithmic form and suggested that splash erosion was

proportional to K.E. 09 for sand, and K.E. 1.46

for soil, but no
arguments are given for preferring this form of relationship.

To summarise the results of this section, all rsinfall
characteristics which might be expected to influence sﬁlash erosion
have been tested as estimators of erosivity. Several of these, alone
and in combination, give good correlations (in fact zll those described
are gatistically significant), and the best of these, which gives a
very precise fit tothe experimental data, is the kinetic energy of
the rain at intensities heavier than one inch per hour. The next

step is to test tkis when splash erosion is combined with surface flow.

11.3. B0IL TRAYS.

The next stage in the progression from the particular to the
general is to consider the soil and water losses from the miniature
run-off plots or soil trays. It would theoretically be prefersble
to relax only one variable at atfime 1.e¢. to make only one change, but
this would require an impracticably large number of intermediate stages.
In the soil trays there are in fzet two variztions. Firstly, soil is
substituted for the standard sand, and secondly, the size of the tes$
area is increased from 7 square inches to 420 square inches. The soil
loss measured is a combination of splash erosion and transportation, in
that the amount of soil looscened or detached will depend on erosivity
while the amount of detached soil actually carried off will depend on
the surface flow. The additional soil loss duc to scour of the run-off
water will be small in comparison with the detachment by splash erosion.
This is logical from theoretical considerstions of the energy values
involved, as was discussed earliery; and also has been demonstrated in
previous experiments. Free (150) found that the ratio of wash-off to
splash varied between 1 to 50 and 1 to 90, and Mihara (21) describes
splash as being "greater by two or more orders of magnitude". The
object is to study the relation between the two processes and sce
whether they mey be described quantitatively. The trays were exposed
. to storms simultancously with the splash cuﬁs and rainfall studies, so
the same rainfall parameters may be correlated with the soil and water

losses.
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1Te3.1. Run-off from Soil Trays.

Since the soil moisture of the trays is held constant, the
volume of run-off should be a linear function of the volume of rain.
This prediction is confirmed by the data shown in Fig. 11.3. and giving
the least squares regression.

' Y (run~off in inches) = 0.78 X (Rain in inches) - 0.07.

The correlation is very good at r = 0.95, and both constants may be
logically explained. The amount of run-off is less than the total ¢
rain because some rain is lost as surface splash and some is absorbeé
by the soil. The splash is naturally proportional o the amount of
rain, hence the constant 0.78 i.e. 22% is lost as splash, 78% measured
as run~off. The amount absorbed is independent of rainfall and an
expected value may be calculated. The volume of soil azbove the water
table is 0.25 cubic feet, and assuming a specific yield!or macro=pore—
space of 10% the volume of rain to fill this (i.e. to raise the soil
from field capacity to saturation) is equivalent ta a depth over the
soil surface of 0.1 }nch, which agrees very well with the value of 0.07

obtained experimentally.

11.3.2. So0il Loss from Soil Trays.

The next step is to see how the soil loss is influenced by
the introduction of run~off as the transporiing medium for the splashed
soil. Following the sequence used in the analysis of splash erosion
from the sand cups, linear regressions were calculated on the total
amount of rain, and on the gquantity of rain at intensities greater than
one inch per hour (Table 11.2.). For total rain the correlation co-
efficient is 0.790 (corresponding with 0.750 for splash only), and for
(Rain > 1) r = 0.845 (corresponding with 0.856). The pattern is very
similar, and a threshold between rnon-erosive and erosive rain is again
demonstrated. Using the estimator total kinetic energy, r becomes
0.860, and for (K.E.> 1) r = 0.919. Clearly the amount of soil
detached by splash action is still tho orimary factor controlling the
amount of soil washed off.

It was suspected e=rlier that the value 1.0 inches/hour which
was adopied as the threshold 1eVel at which rain becomes erosive may be on
the high side as the experimental value was 0.85. If this is so there
would be some contribution to erosion from that part of the rain falling
at intensities of less than one inch per hour. To test this,multiple
regressions were calculated of the fomm

Y (so0il loss) = a + bX, 1
icee (KEo> 1), and X2 is a subsidizry factor related to the rain at less

+ cxg where X, is the main factor

than onc inch. Values tested as X, were the amount of such ruin, the

2
kinetic energy of such rain, and the amount as a percentage of the total
rain. In none of these is the correlation significantly improved,

confirmming the hypothesis that this arbitrary choice of threshold value

is not introducing any error.
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TABLE 11.2.

CORRELATION OF SOIL L0SS FROM SOIL TRAYS

WITH RAINFALL CHARACTERISTICS.

Y (soil loss in gms.) = a + b X,

X r {n = 29)
Xl Total Rain , 0.790
X2 Rain > 1 0,845
XB Totel K.E. 0.860 '
X4 K.EB. > 1 0,919
(K.E.> 1) + wind 0.891

Confidence limits of o
.01)
.05)

n =29 0,793 = 0.919 — 0.970 (p
0,833 £— 0.919 — 0,962 (p

it

TABLE 11.3.

CORRELATION OF RUN-OFF TFROM FIELD PLOT.

Y (Run-off in inches) = bX + a

X Correlation Coefficient.

a) For all storms where run-off occurred {n = 23)

XI Total rain 0.809
X2 Rain> 0.5 0.892
X3 Rain >1.0 0.858
X4 Rain > 1.5 0.855

b) For storms when the ground was saturated at the

beginning of the storm (n = 8)
X5 Total rain 0.968
X Rain>0,5 0.981
X,? Rain > 1.0 0.982
XS Rain >1.5 © 0.975
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Next applying the correction which eliminates variation due
to inclination of the rain caused by wind, this reduces the efficiency
of the estimator at r = 0.891. The regression equations are

T = 0,612 X, + 22,96 and (1)
Y = 0.557 X, + 21.24
whe re Xlis (K.E.» 1) without the wind correction and X, is with the

2
wind correction. The data is tabulated in Appendix 9 and shown

i

i

graphically in Fig. 11.4. The difference is not significant, and
while 1t is not clear why eliminating the wind variable makes adlight
improvement in the case of splash alone, and a slight deterioration
in the case of splash plus wash, nevertheless the main conclusion is
confirmed - that wind effects do not materially affect the erosivity.

The efficiency of the best estimator so far i? slightly
less (r = 0.919) than for splash alone (r = 0.977). This may be
because the control conditions are less exact, or may indicate that
there is a secondary influence at work which is related to surface flow.
The introduction of the 130 index as a multiplier of (K.E.j> 1) reduces
the efficiency (r = 0.867) as it d4id for splash alone. Since the -
secondary influence (if it exists) is more probably related to surface
flow than to the incident rainfall, it should be partly independent,
and s0 a search was made for a second variable to apply fto the model

Y (soil loss) = a+ b (K.E.> 1) + oX_
Ezekial's graphical method was used in which the possible secondary
variables are plotted against y; - &, the difference between the
measured value and the value estimated from equation (1), An
agsociation between these departures and the values of any index shows
that it is worth pursuing as a secondary variable, Factors fested in
this way included the average energy of the storm, the average intensity,
the 15, 30 and 60 minute 'intensities', the quantity of run-off, the
percentage of run-off, the effect of preceeding rainfall, the proportion
of erosive rain to total rain, proportion of non-erosive rain to total
rain, and several combinations of these factors. In none of these cases
was there any indication that the regression on (K.E. > 1) would be
improved by the introduction of a second factor.

The conclusion ig that for the mintature run—off plots the
amount of total erosion is mainly determined by the splash erosion,
which is in turn detemined by the kinetic energy of the rain., The
detailed study of the subsidiary influences of run-off is better pursued
at the next stage which is consideration of the soil and water losses

from field size run-off plots.

11.4. FIELD SCALE PLOT.

At the next stage in the sequence there are asgain two changes

in the control conditions. The plot used was much larger (approximately

450 square feet), and the water content of the soil was not controlled.
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The length of the plot was the same as that'of the ficld scale plots
used for crop experiments, that is the aistance between conventional
contour ridges on this soil fype and slope, (in this case 90 feet), 80
no extrapolation is required to apply the results to farmed land. The
soll was similar to that of the run—off trays, with an initially locse
surface, lalter compacted by the rain, and kept free from vegetation.

In the absence of any moisture control the soil dried out between
storms to a varying degree depending on the amount of rain and the

intervals between storms.

11.4.1. Run~off Losses from Field Scale Plots.

The first step was to test the direct correlation between

run=off and quantity of rain on each of the days when ruﬁ—off occurred
(Table 11.3.). At r = 0.809 there were obviously other factors »
which should be considered. Some of the rain will infiltrate into the
soll during each storm, and the correlation was tested ignoring the
rain below various inbtensity levels. In each case the correlation
was improved, the best (r = O.Sé?) being total rain at intensities
greater than 0.5 inches por hour. This implied that the average

rote of infiltration is 0.5 inches/hour, but sufficient variation
remains to show that this is not the whole explenation. When simllar
tests were made on those run-offs which occurred immediately zfter a
run-off phoducing storm, i.e. those when the soil was saturated or
nearly so, the correlation was very good with zll values of r better
than 0.,968. This confirms the expectation thet the unaccounted
variation in run-off is due to the varying degree of saturation when
different time intervéﬁs oceurred between rains. Scveral simple
measures of this factor were tested, such as whether rain fell on the
preceding day, or days, and the total amount falling on the preceding
days two days, three days etc., but the inclusion of these did not
materially reduce the variaiion, and a more precise measure of the
moisture status was cvidently required. Several methods have been
developed by hydrologists for caleulating an "antecedent soil moisture
index" (A.S.M.) from rainfall records (Hartman et al. 203, Thames

and Ursic 204). The procedure used in this case uses features from
several methods. The basic principle is to carry a running total of
rainfall fo date, with amounts subiracted to allow for evapdration
and transpiration between rains. When this index rises above a
certain level, run-off should occur, and the amount of run-off is a
function of the surplus, or the rise above this level. The method
requires the selection of three variables; the critical level above
which run-off will occur, corresponding to soil saturation; the

shape of the depletion curve for ecvapotranspiration losses between

rains; and the proportion of the surplus which becomes run-off.
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The shape of the best depletion curve depends largely upon the type

of vegetation. With a heavy growth the transpirstion will be more

important than evaporation, and a nearly counstant rate of depletion

is suitable, with an initial loss due to interception. In this case,

with bare ground, only evaporation occurs, and the evaporation from

an initially saturated surface will decrease rapldly after a dsy or two.

"he evaporation curve which by trial and error was found to be most

suitable is shown in Fig. 11.5., and using this to estimate losses

between rains, the eritical level of A.S.M. at which run-off occurs

is 200 (units are hundredths of an inch). The calculated index of

moisture is plotted throughout the season in Fig. 11.6. After each

run-off the index starts again at 200, Although this method is
somewhat empirical it is evidently very accurate since there is only
one case where run—off occurs and is not predicted, one case where
run-off is predicted but does not occur, and in the other ftwenty-two
cases run—off occurs when predicted from the 4.S.M. index.

To catimate the quantity of run—off the least sguares
regression was calculated (Appendix 10) of the recorded amount of run-~
off on the 'surplus' i.e. the value of A.S.M. minus 200, The
equation is

Y (Run~off) = 0.61 X (rain) - 0.04 (inches)

The 'b' value is naturally lower, as there is more infiltration
on the large plots than on the small oncs with a water table Just
below the surface. The small intorcepts are not statistically
significant in either case. The high correlation (r = 0.948) shows
that using this method a very good estimate may be made from rainfall
records of both when run-off would occur, and the guantity. The
amounts of run-off predicted by applying this egquation are alsc
tabulated in Appendix 10 and shown graphically in Fig. 11.7. in
comparison with the recorded values. was tested

As an entirely indepcndent check the method/using the data
of the first part of the 1961/62 season. The running plot of the soil
moisture index is shown in Fig. 11.8. and the comparison of actual run~
off and predicted run-off in Fig. 11.9. There are discrepancies for
first few wecks of the scason when predicted run—off did not occur, but
this was due to the plot having been cultivated just before the rains,

- and the loose surface texture a«llowed abnormally high infiltration rates.
Once the surface had been compacted again the predicted run—off agreed
well with the setual run—off. On all 17 occasions when run—off is
predicted, it did occur, and the total amounts arc 4.64 inches actual
and 3.84 inches estimated. From this additional data (Appendix 11)

the regression of run~off on A.8.M. surplus is
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, .Y = 0,65 X - 0.005 (inches) (r = 0.938)
which agrees very well with the previous yearis
Y = 0.61 X - 0.04 (inches) (r
The equation from the pooled data of both years is
Y = 0,61 X - 0.02 (inches) (r = 0.948)
When sufficient information is available to determine a

0.948)

{l

suitable moisture depletion curve; and to establish the relation between
surplus and run~-off, the method allows fairly accurate estimation of both

occurence and quantity of surface run-off from rainfall records.

11.4.2. Soil Loss from Field Scale Plot.
As it has been shown both in the case of pure splash, and

for combined splash and wash-off ercsion on the smsll soil %rays, that
the main factor controlling erosion is the parameter (K.E.>» 1), this
is the obvious starting point for analysing the soil loss from the
field plot. The data is plotted in Fig. 11.10. and gives the least
squares regression

Y = 0,083 X ~ 2,6 (r = 0.943)
where Y is the soil loss in 1b., and X is (K.E. > 1) in ergs x 103/cm2.
The correlation is so good that this relationship is sufficiently
precise to estimate soil loss, but again the possibility of improvement
from subsidiary variables was considered. Variables clogely related
1o enérgy, and so tested as multipliers, were 130, the total rain, the
amount of rain at intensities grcater than one inch per hour, and the
duration of the storm, but none of these improved the correlation,
It was found in the previous section that run-off was influenced not
only by the amount of rain, but slso by the preceding rainfall, and so
as Tun~-off is to some extent independent of the rain in a particular
storm, it was combined in a multiple regression of the form

Y (soil loss) = £ (energy) + f (run-off).

'Listing variations from the regression equation on (K.E.> 1)
against quantity of run-off, and against average rate of run-off, both
showed a positive association, suggesting that either might be useful
as the secondary variable. Ezekiel's graphical method of successive
approximations {173) was used to cobtain a correction term for both
factors.” These are shown in Figs. 1l.l}.and 11.12. and are of very
similar form. The nature of the correctionis quite logical.

When the quantity of run-off, or average rate of run-off, is small,
all the soil detached during the storm is not transported, giving

low recorded values of soil loss. When the volume, or rate, is high,
the run—off acts as an eroding agent and picks up extra soil as well
ags that detached by the splash process. Either quantity or average

rate of run—off is equally eofficient as an estimator of this secondary
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effect. When allowance igs made fér the run-off effect, the regressions
(Pig., 11.13. and Appendix 12) become
T, = 0.0775 - 1.0 (r = 0.973) (run-off quantity)
and Y, = 0.0774 - 0.1 (r = 0.982) (run-off rate).
The differences are not significant and both give a very satisfactory

i}

]

explanation of the relationship. For the conditions of these experi~
ments, this method of introducing an allowance for the secondary effects
of run—-off is evidently more suitable than empiricel multipliers like
Wischmeier's "130“ index.

An interesting variation of the run-off effect appeared during
the 1961/62 scason. During unusually heavy November rains, a miniature
gully formed on the bare plot (Plate 11.1.). This concentrated the
run-off water, and increased its velocity and scouring action. The
secondary c¢ffect of the additional soil loss caused by scour was thus
more important than when the rurn—off was in the form of sheet flow in
previous years. However, the main relationship between soil loss and
(K.E. > 1) was still dominant.

The conclusion is that soil loss from the field plot is very
largecly determined by the (K.E.> 1) factor, with a secondary variable,
of minor imporitance, which depends upon the physical conditions con-
trolling surface flow. This sccondary variable only has a significant
efféct in the cascs a) when there is so 1little surface flow that the
detached soil is not all transported, and b) when the surface flow is
canalised by surface conditions so that is hos appreciable scouring

action.

11.5, THE U"DESIGN STORM" FOR A RAINFALL STIMULATOR.

The possibility'was discussed carlier of establishing a "design

storm" for a rainfzll simulator by dotermining the type of rainfall which,
in the long term, causes most erosion. A tentative solution to this
problem is shown in Fig. 11.14. A linear relation has been established
betwoen arosivity per unit rainfall and the cenergy parametfer (K.E. > 1).
(Fig. & from Figs. 11.2. and 11.10.). The relation between (K.E.> 1)
and intensity rises rapidly to approximately 3 inches/hour and then levels
off. (Fig. B from Fig. 8.19.). The relationship of erosivity per unit
rainfall to intensity therefore has the same form (Fig. C). Rainfall
records show that the relation between quantity of rain and intensity is
of the form shown in Fig. D. Combining Figures C and D gives the total
erosion for any given intensity (Fig. E). At low intensities the
iacrease in (K*E. > 1) is greater than the decrease in gquantity of rain,
s0 the product B x @ increascs. At high intensities the opposite occurs
and E x @ decreascs. The peak of B x @ determines the critical level

of intensity at which most erosion occurs. The exact value depends

upon the shape of Fig. D, and maywry slightly, but it will be close to

the point at which the (K.E. > 1)/intensity relationship changes, i.e.
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Plate 1d.1.

-215-

The bare soil plot of the mosquito gauze experiment.
(Plot 20, Experiment I/3). The small gully formed
during November 1961, after considerable erosion in
the previous eight seasons. The soil level is

about 6 inches below the originel level.
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about 3 inches/hour (Fig. 8.19.).

11.6. SUMMARY.

The sequence of analyses has shown that working progressively
from the simplest case of sand splash to that of soil loss on a field
scale, the mechanical process is essentially the same. The effect
described variously as the raindrop impact effect, splash erosion,
or particle detachment is the primary agent in the erosion process, -
piimary both in time and in importance. The sxtent to which rainfall
has the power 1o cause this effect is defined as the erosivity of the
;‘ain9 and may be quantitatively estimated from a function of the
kinetic energy of the rain. This is a major step forward and means
that the amount of erosion can also be estimated from rainfall data,
once the relationship is established between this potentiai ability
to cause erosion, and the actual erosion which occurs for a particular
set of soil conditions or soll erodibility.

Expressed mathematically, it has now been shown that

Erosion = b {K.E.> 1) + a
and the a and b constants have been evaluated for each of the set soil
corditions in the analytical experiments. As these conditions range
from simple splash to field erosion it is highly probable (though not
yet conclusively prcven) that the form of the equation will apply %o
all conditions, that is all erodibilities. But the constants will be
different for every set of soil conditions, and the quantity of ercosion
caused by a given erosive power will vary for different soil types;
slopes, or vegetative covers.

In Part IV this information forms the basis for the design
of an artificial rain making device which will allow the assessment of
any erodibility under suitable constant erosivity. In Part V the
information is applied to some of the results from the field scale
experimental plots to estimate the erodibility of practical soil and

crop conditions.
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PART IV, RAINFALL SIMULATORS.

CHAPTER 12,

REVIEW OF PREVIOUS RAINFALL SIMULATORS.

12.1. HISTORICAL DEVELOPMENT,

At an early stage in the history of erovsion and run-off
research, 1t was appreciated that the results of field experiments
could and should be augmented and amplified by studies using
artificial rain, either in the field or in the laboratory. Since
the early nineteen thirties many types have been developed and
constructed, and although the literature contains more references
to the design and operation of simulators than to results obtained
from their use, nevertheless several machines have been successfully
used for various specific purposes. The early interest indmulators
arose from their potential use as infiltrometers, i.e. to‘study water
intake rates, ratherthan to measure soil loss. Early types of
infiltrometer measured the intake of water enclosed in an open—ended
cylinder pressed into the soil surface. (Musgrave 205; Musgrave
and Free 206). Refinements of this technique included the use of
an outer cylinder to provide a buffer area (Nelson and Muckenhirn 207),
devicesd to maintain a constant shallow head of water, and a metered
water supply (Cox 208). This method is still widely used for
practical field tests of infiltration rates for irrigation studies
(Haise et al. 209). Realising that standing water with an
appreciable head is an artificisal condition, Pearse and Bertleson
(210) applied the water in the form of a thin laminar flow at the
top edge of a small sloping plot and measured the run—off in a
collecting device at the lower edge. However, unless the water

is applied as falling drops the effects of soil structure degeneration
| and surface sealing are not included, and only comparative infil-
tration rates may be obtained. In addition Free (211) and
Hendrickson (212) showed that the turbid water from natural or
simulated rain has much lower infiltration rates than the clear
water nomally used in ring infiltrometers. The next stage in
the development of infiltrometers was therefore to apply the water
a8 simulated rainfall, and after this had been done it was realised
that such 8 device could equally well be used to measure soil
erosion effects. The United States Soil Conservation Service and
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Forest Service developed a number of spraying type simulators during
the nineteen thirties. Some of these aimed at putting down known
guantities of water, others controlled both quantity and intensity,
and this led to discussions of the relative merits (Kohnke 213)

and the first comparative tests in 1940 by Laws (13). Realising that
the size and velocity of the drops has a profound influence on
splash erosion, Laws went on to his classie studies of drop velocity
(39) and of drop size distribution (119). Using this knowledge

of the characterisiics of natural rain, V.D. Young designed the

Type F nozzle (Wilm 214) which was used extensively for many years,
and only superseded a few years ago by the Meyer simulator (121,
215, 216, 217) which is based not only on suitable drop size and
velocity, but also on erosive power. :

Parallel with this dovelopment of spraying type simulators,
mainly for field use, several other methods were introduced, usually
for laboratory studies, or for a specialised purpose such as rapid
field tests of relative soil erodibility. In the present investi~
gation the object is to apply the new knowledge of subtropical rain
to design a general purpose field simulator forlocal use, (the design
requirements are given in Chapter 13), but since design features of any
simulator may be applicable to these requirements, it is convenient to
Vreview the more important carlier types according to the method of drop

production rather than by considering their purpose.

12,2, QSIMULATORS WITH TINDIVIDUAL DROP FORMATION.

12.2.1. Thread Droppers.

The rainfall applicator of Ellison and Pomerene (218)
was designed initially for laboraitory studies on the nature of
splash erosion, and enabled Ellison to carry out his pioneer studies
in this field (14). Water was allowed to drip (later sprayed)
onto a screen of opern~mesh wire netting covered with muslin. At
each pocket where the muslin sagged into the wire mesh a length
of cotton yarn was fastened underneath so that the water soaking
through the muslin formed drops which fell from the yarm. Various
thicknossos of yarn , wool, and other threads, were used to give
different drop sizes, and the whole apparatus could be suspended from
the 1aboratozy ceiling at any chosen height. To give a suitable
distribution of rain on the soil samples at floor level, the drop-
forming tray was vibrated by a motor-driven rocker. This fairly
successful design was also used by Woodburn (196) in laboratory

studies of the effect of soil structure on splash erosion, and
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by Goodman (219) to test the effect of chemical soil conditioners.
A larger machine using this methed of drop fommztion tc rain onto
soil tanks of 1/1,000 acre was usced by Basu, Puranik and Ballal
(220, 221,), in India. Although Ellison's first simulator was
designed for laboratory studies he later (27) designed a larger
version mounted on a truck for field usec. A telescopic frame
carried the shower hesd and gave a drop fall of about 15 feet,

and the rain could be applied to a plot 5 feet square. This
design was successfully used in Texas to test both erosion and
infiltration (Ellison 2223 Sreenivas ct al. 223). Osborne (224)
cbtained new deta on ground cover with an improved version of the
apparatus, also in Texas, and this same model was later transferred
to Wyoming for infiltration studies of forest lands, (Raﬁzi and
Zingg 225; Barnes and Costel 226).

The main disadvantage of this apparatus, and indeed of
any system which depends only on gravity to give the drops velocity,
is that it is seldom practical to use heights of fall of the order
of 25 feet, as is necessary to achieve the terminal wvelocity of
nabtural raindrops. A second problem with field instruments is

that screens must be provided to avoid interference by wind.

2le2e2. Nozzle Droppers.

As an alternative to forming drops on hanging threads,
many workers hove used small diamster tubes or nozzles from which
individual drops of constant size are produced. The simplest
variation consists merely of allowing single drops tofll from a
burette, as used by MeCalla (227) and Rai et al. (228) in laboratory
tests of structure. Large drops of the order of 5 or 6 mm.
diameter are formed and usually fall only a few foeet. Vilensky
(229) used a combination of tests to assess erodibility using both
single drops and a spray to measure aggregate breskdown. To measure
the breskdown of structure under conditions approaching those of
tropical rainfall, Pereira (230) required a high impact effect, and
allowed drops of 6 mm. diameter to fall through 2 metres onto soil
samples, assuming that extra large drops zchieving 50% of their
terminal velocity would have an c¢ffect comparable to smaller drops
falling at terminal velocity. Ten jets, made from thick walled
capillary tubing, applied rain at the rate of 6 inches/hour for
ten minutes to small test cylinders a few inches across. A very
similar principle was used by Adams (231, 232) for a portable
simulator designed for field tests of soil erodibility in the
undisturbed state. In this instrument one hundred nozzles in the
shower head gave drops of 5.5 mm diameter from glass capillamy
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quantitative measurements should be equally valid. Cradients of
soll characteristics may of coursc occur on test plots, but since
the chance of such gradients following concentric circles pay be
ignored, qualitative or comparstive results will not be prejudiced.

In order to give a picture of the proportiohs of the test
arca which are subjected to varying intensities, the percentage
arceas covered by class groups of intensity were calculated as shown
in Fig. 13.6. An intensity distribution curve along a radius was
drawn from the intensity histogram (1ine 2 in Table 13.4.) and the
radial limits of intensity groups are carried to cumulative percentage
of area curves drawn on the same base line for test arecas of diameters.
5, 6 and 7 feet. A similar exercisce was carried out for e:osivity,
and the results arc shown in Table 13.6. From these resulis a
quantitative measure of the lack of uniformity emerges, and further
information on the opbtimum test area. Considering distribution
of intensity, betwsen 2.5 and 3.5 inches per hour is received by
48% of a 7 foot dismeter test ares, and 61% for a 5 foot diamster.
However the next class groups of intensity on either side are more
evenly spread at 7 feet (19% and 28%) than at 5 feet (23% and 5%)9 which
reduced the inference that a 5 foot area is better,

Considering the distribution of erosivity, a larger
proyortionAofﬁhe arca is inecluded at 7 foot diameter than at 5 foot
in both the case of the range 20 + 2 and 20 + 4.  Since erosivity
is more important than quantity of rain, the conclusion is that a
T foot test arca is preferable unlcss, as mentioned earlier, préotical
considerations arising from field operation dictate otherwise. Given
the 7 foot diameter area, 48% will receive the design intensity + 0.5
inches/hour and 95% will reccive the design intensity + 1.0 inches
per hour. Also 24% will receive the design erosivity + 10% and
64% will receive the design erosivity + 20%.

The conclusions are 1) that lack of uniformity constitutes
the only known weskncss in this simulator, 2) that measures to
improve uniformity will introduée other less desirable departures
from the specification, and 3) that the hypothesis that the lack
of uwniformity will not mar the usefulness of the device should be

verified by the field testing.

13.6. PRACTICAL MODIFICATIONS AND FIELD TESTING.

The prototype simulator was built up on a commercial lawn

sprinkler because the nozzle attachments allowed adjustment of the
nozzles in scveral directions. The disadvantage is that thc water

scal in the bearing is not rencwable, and after extended use, wear
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NON-UNIFORMITY OF TINTENSITY AND EROSIVITY.
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TABLE 13.6.

INTENSITY CLASS GROUP

(INCHES/HOUR)
0-1
1-2

2.0 = 2.5

2.5 = 3.0

3.0 - 3.5

3.5 - 4.0

EROSIVITY CLASS GROUP
(cMs/100 cc)

10 - 14
14 ~ 16
16 - 18
18 - 20
20 - 22
22 -~ 24

4 OF AREA SUBJECT TO EACH CLASS GROUP OF

INTENSITY OR EROSIVITY WHEN WHOLE TEST

AREA DIAMETER IS

5 feet 6 feet T feet
2 1
9 4
23 16 19
52 36 35
9 361 8 344 13 348
> 31 28
160 - 100 100
49 34 25
19 15 11
2 ) 1) 10
7)) 9) ) 13) )
20 ) 39 ) 30
100 100 100
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might change the friction and so alter the speed of rotation.

To avoid this the production model shown in Fig. 13.7. uses the
barrel of a "Rainbird" irrigation spray, where the water seal and
bearing surfaces are plastic "neoprene" washers, available in bulk
and renewable in a matter of seconds. The adjustable plate to
control air resistance and rotation speed is no longer required,
and replaced by a fixed counterweight. The nozzle 1s soldered
onto the other arm, using an assembly jig to ensure accurate setting
angles. Control of pressure at the low operating pressure of

1%+ pes.ie is achieved by a constant head tank which eliminates the
need for valves and pressure gauges. A filter is introduced in
thistank so that water of poor quality may be used in the field,
but the risk of interference by grit is remote as the bearing is
very adequately sealed; and the minimum internasl diameter tﬁrough
the supply pipes and nozzle is 4 inch.

The provisional design for the whole field apparatus is
sketched in Fig. 13.8. The central tubular support will be either
telescopic or in jointed sections for ease of transport,; and carries
both the constant head water tank, and the arm supporting the
spraying head. This arm may be rotated in a horizontal plane so that
several replications may be madé in a circular pattern around each
position of the central mast, thus reducihg movement and assembly
operations, The rate of water spplied for a test area of 7 foot
diameter is only about 1 gallon/minute for ten minutes, so only a
small constant head tank is required, and may be supplied from a
mains supply where available, or if not by a hand pump or small
engine driven pump.

The operating details to be determined by field testing
includes
1) Size, shape, and construction, of the test plot boundaries

and collecting device.
2) Method of measuring and recording the quantity of surface
rur—off and soil loss.
3) Method for check measurements of intensity during operation.
4) Techniques for pre~wetting the test area.
5) Standard deviation in results of run—-off and srosion, and

hence the number of replications needed.
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PART V.

FIELD EXPERIMENTS.

CHAPTER 14.

BRIEF REVIEW OF METHODS AND DESCHRIPTION OF

PRESENT BEXPERIMENTS .

14.1. REVIEW OF FIELD EXPERIMENTS .

-

In Chapter 1 the historical development of field réseafch
stations was briefly sketched, showing how the first stations of the
United States Department of Agriculture established in the 1930's led
to the present network of experiments in America, and to similar field
experiments in other countries. Little would be achieved by presenting
a catalogue and description of the large number of stations now
operating, but rather the principles and techniques used will be dis~

cussed before describing the field experiments now being reporied.

14.2. EXPERIMENTAL DESIGN.

An important feature, common to all designs of field
erosion experimenis, is the difficuliy of having enough plotgs. 1In
agronomic experiments it is possidble to use formal statistical
designs suitable for accurate and detailed statistical analysis of
the results, and experiments with dozens or even hundreds of plots'
are quite common. In erosion experiments this is usually impracticable
because, in addition to the application of itreatmenis and recording of
yield just as in the agronomic experiments, there is also the large
capital cost of ﬁhe installation, and the high labour requirement of
the erosion measurements, The effect is that most designs are
limited to 10 or 20 plots, and only a handful of stations throughout
the world have 50 or more plots. In most cases then, even the
simplest formal designs such as factorials or Latin squares are
impracticable, and replication is usually either omitted entirely
or inadequate. This lack of precision in design is frequently
excused by the argument that "If it needs statistical analysis to
show the difference between two farming systems, then the difference

is of no practical importance" - aspecious argument which has led
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(a) Small plots, usually of 1/200 to 1/50 acrey; where
field treatments (e.g. ploughing) are not practical,
but all the run-off and soil may be coilected in
tanks or pits.

(b) Medium sized plots, usually 1/20 to 1/2 acre, where field
treatments are agpvlied as far as possible, and the
run-0ff and soil loss are continuously sampled with
a constant proporition stored.

(c) TField scale plots, usually %~to 4 acres, which are
farmed in the regular way.  Run-off is recorded but
soil loss is either not measured or limited to ad hoc
sampling.

All three types are used in the research programme now being
. + .

reported.

14.3.1. Flumes and Recorders.

The devices ordinarily used for gauging small flows of
water are not suitable for use in erosion ekperiments. Any type
of notch which requires a stilling pond and low approach velocity
is liable to be silted up by deposition of the silt load.
Critical velocity flumes, such as the Parshall, avoid this problem
but are not very sensitive at low flows. A flume was therefore
designed espaecially for crosion experiments by the Soil Conservation
Service of the United States Department of Agriculture, and has been
adopted in almost all fileld exveriments. These are known as
"H" type flumes and consist of converging vertical side walls cut
back on a slove so as to give o trapezoidal projection of the outlet
(Plates 14.1. and 14.3.). The advantages are that it may be made
in varidus sizes to measure flows from a trickle up to 100 cusecs,
and 1 constructed accurately to specification it does not require
individual rating, as rating tables have been prepared from
laboratory tests. Straight~through flow at the base of the flume
prevents the deposition of silt or the trapping of rolling bed-load.
Increased scnsitivity at low stage allows the accurate measurement
of the mors frequent low flows, while there is sufficient capacity
to pass the infrequent high flows,

A4 continuous hydrograph may be obtained from H flumes
by fitting a float-operated depth~of-flow recorder at a float-
well on one side of the flume. The rating curves allow for the
draw-down between the float-well and the discharge point. In
the present experiments special charts were printed so that depth

of flow was recorded directly as rate of flow in cusccs.

14.3.2, Sampling Devices.
When plot sizes bigger than about 1/100 acre are used, the
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size of the colleccting tank required to catch the whole of the
run~off becomes unmanageadly large, especially when tropical storms
are being catered for, and some method of sampling is required.
Again the Soil Conservation Scrvice have designed a suitable
instrument called the Geib divisor (Plate 14.1.). This consists
of a rectangular flume, through which the run-off passes, and with
a series of vertical rectangular slots at the downstream end.

The soll and water passing thrdugh one slot is retained, giving an
accurate and constant fraction of the total. The sample may be
from 1/3 to 1/12 of the total depending on the number of slots,

and two or more divisors may be used in mries for smaller fractions.
This device has also been very widely used, but in Rhodesia some
difficulty was experienced in having the flumes made with sufficient
accuracy, and alternative methods wcre also used. One consigtedxof a
series of ten 900 V notches which were bolted up and machined to
ensure uniformity, and then fixed to a flat plate (Plate 14.2.).

A later type consisted of horizontal and verkical rows of %-inoh
holes drilled in a stainless steel plate from a master template
(Plate 14.3.).

In experiments using field scale plots, where the flows
are too large to pass through Geib divisors, scveral samplers have
drawn off a small sample at right angles to the main flow., The
"Indiana' sampler has =z vertical row of circular holes drilled in
the side of an H flume, the holes being progressively larger
towards the top to give a falrly constant aliquot of the flow at all
stages. The "Ramser" sampler is simply a small rectangular notch in the
side of & rcctangular flume. The early Glonara experiments in Rhodesia
used a small 150 Cipoletti notch to take s sample from the stilling
pond behind the large 900 measuring notch. With great variztions in
bed load and suspcnded load, and in the distribution of these loads
across the flume or channcl, all these side sampling methods are
subject to considerable error in sampling soil loss, even if they
take a constant water sample.

Occasionally use has been made of mechanical sampling
devices which use the run-off water to operate a tilting-bucket
sampler, or water-driven rotary sampler. Such devices have found
1ittle favour because of the difficulties of catering for a wide
range of flows, and of ensuring reliability in a machine exposed

to 2ll weathers.

14.3.3. Prequency of Hecording.

If the object of ths experiment is only to measure annual
run—-off and soil loss, the cmptying of the taznks mey be done on

an ad hoc basis as and when necessary. If individual records for
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cach storm are required, the procedure must allow for complete and
rapid cmptying of all tanks. For anmual recording the usual
technique is to allow the soil to settle, then to pump out or drain
out the water, and rcmove the soil to a common container for
subsequent drying and weighing. When a large number of plots are
to be recorded after eachsorm, it is impracticable to store the
whole of the eroded soil, and some form of sampling is required.
The technique developed for the Henderson cxperiments was based

on the use of a highly efficient flocculation agent, This is a
proprietary brand chemical which is added to each storage tank
after rain. The suspended soil flocculates, and settles within
an hour, The clear supcrnatant water is measured and drained off,
and the sludge emptied into metal drums, leaving the tanks weady
for the next storm. The sludge is lator weighed and a suﬁsamﬁle

taken for laboratory determination of percentage solids.

14.4. DESCRIPTION OF FIELD EXPERIMENTS,

Comprehensive accounts of the design and operation of the
experiments, and of the crop treatments haove been published by the
writer as described on page XIT. The present descrintion is
therefore limited to those points which arerglevant to the
discussions of results in the following chapter.

Two sizes of experimentzl plots are used, ~ small plots
of 1/100 acre, known as the minor experiments, and 1/2O acre plots
for the major experiments. Both types of cxperiment are conducted
on each of four soil types, clay loam, clay, poorly drained
shallow sand, and well drained deep sand. The layout of each site
is shown in Figs. 14.1. - 14.4.

For the major experiments, removable plot boundaries are
used so that tractor cultivation is possible (Plate 14.4.). The
run~off is caught in brick~lined collecting troughs and piped to
the storage tanks. On the clay loam soil (Series I) three tanks
are used with Geibd divisors taking 1/? samples (Plate 14.1.). This
design was improved forthe clay soil (Series II) which has two
brick tanks and a ten noteh divisor (Plate 14.2.). Purther
improvements led to the design used on the sand soils (Series III
and IV) where the run-off is piped tc a building which houses all
the tanks. In this case two corrugated-iron tanks are used
with a 1/15 divisor (Plate 14.5.). These variations arc the result
of increased expericnce, and do not zffect the common principle
which is to store an accurate and known fraction of the soil and

water from each plot.



—260-

(Y

\
151

Plate 1400

FPlatet 1458

Plate 14.3.

The collecting tanks on

Geib divisor.

The collecting tanks of Series II under construction.

The improved tanks and divisor used on Series III and

IV.



Plate 14.4. The plot boundaries, of asbestos cement planks, are

removable for tractor cultiVation.

Plate 14.5. 1In the last oxpcriments to be installed, the run-off
from all the plots is piped to a central building,
housing all the collecting tanks.
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For the first three years, 1953 - 1956, only the annual soil
and water losses were recorded. Since 1956 separate measurements have
been made after each storm which causes run-off, The analysis of
results will be confined to the major experiments, except in the case
of bare soil where dgta ig taken from the mosquito gauze experiment

described previously.
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CHAPTER 15,

EROSIVITY AND FIELD EXPERIMENTS.

A vast amount of data has becn recorded from the field
experiments in the nine years of their operation.  Much of this
has been published in the form most suitable for its application
in land use planning, and = detailed examination of all the material
is outside the scope of this thesis. The present objectzis»to
demonstrate by a few chosen examples how the information on erosivity
and the mechanics of erosion developed in Parts II and ITI may be used
as a magnifying glass for the closer examination of the data. Any
trends or patterns so revealed may then be subjected to detailed
study under controlled conditions by the rainfall simulator. As
all the inferences are provisional, statistical tests are not applied

to the results of this chapter.

15.1. DETSEMINING EROSIVITY FROM RATNFALL RECORDS.

It was shown in Chapter II thet the erosive power of a

storm may be estimated from the kinetic energy. When it is
possible to extract from rainfall records the amocunts of rein
falling at various intensities, the kinetic energy may be calculated
by multiplying these amounts by the appropriate valucs of erergy
per unit quantity of rain from Fig. B8.19. Using the detailed
intensity records of the years 1953 - 1961 the value of (K.E.» 1)
Was computed for each storm, and summed togive monthly and arnual
totals. The intensity records allowed the estimation of amounts
at all intensities, but since the energy per inch of rainfall only
increases very slightly at high intensities, it was found that the
result is not significantly less accurate 1if o mean encrgy value
is applied to the amounts which fall in the intensity ranges

1 - 2 inches per hour, and greater than 2‘inches per hour. Sample
calculations of this are shown in Table 15.1. This greatly
increascs the.apglicatioh of this method of calculating erosivity
from rainfall records, because much information is available in
this form from the standard recording rain gauges of Meteorological

Departments.

15.1.1¢ Annual Variation of Erosivity.

In Fig. 11.13. it was shown that for individual storms
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the erosivity as meszured by (K.E. > 1) was directly related to the soil
loss from bare soil, Comparing the anmual totals of erosivity with
total annual soil loss an equally precise relationship holds (Fig. 15.1.). 3
The positive intercept, implying that no erosion ocdurs until the annual J
erosivity is of the order of 4,000 ergs x 103/cm2, is probably due to the '
energy of short duration periods of ruin, when the intensity momentarily
becomes erosive but there is insuffiéient volume of run-off to carry

away the soil. This secondary effect was evaluated in Chaplter 11, and
compensation for it can be made if the volume or rate of run—-off is

known, but the present object is to see whether annual soil loss could be
predicted directly from rainfall records. The very good correlation of
Fig. 15.,1. shows thal for bare soil such predictions would be quite accurate.
The relation between total annual erosivity and total annual amount of
rainfall (Elg. 15.2.) shows that considerable variation in erosivity can
cccur for a given annual rainfsll, and that ercsivity could not be pre-
dicted from the amount of total annual rainfall,

The clearcut relation belween erosivity, or the pokential

ability of the rain to cause erosion, and the soil loss which does
occur Trom the bare soil is materially modified when the land carries
a c¢rop. This is demonstrated in Fig. 15.3., While the annual soil v
loss from a malze crop follows the general pattern of the seasonal emsj:v:i.tyf“i
there are apparent discrepancies, particularly in the season of 1954/55. |
That this is not experimental error is shown by the fact that low soil
loss was recorded from all the plots with maize crops. The explanation

is that although the 1954/55 season had a high total erosivity, it was

unusual in that nearly all the heavy rains occurred late in the season.
By this time the malze crop was well grown and gave good protection to the
soil, hence a low soil loss, althbugh the bare soil continued to erode.
Conversely in 1956/57? a concentration of erosive min in the carly months
of the season gave a relatively high soil loss. The complicated nature

of the interactions of rain, scil, and crop, will be demonstrated later.

15.1.2, Geographical Voriation of ITrosivity.

Data on rainfall intensities was obtained from the
Meteorological Department for the years 1951 - 1956 at five meteo=
rological stations in Southern Rhodesia and used to compute monthly
and seasonal erosivity. A period of five years is too short to
draw firm conclusions, but the results are used to show the type of
information which may be obtained when sufficient data is available

from the congtantly expanding network of recording rain gauges.
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TABLE 15,2,

EROSIVITY AT FIVE METEQROLOGICAL STATIONS

IN SOUTHERN RHODESIA 1951 - 1956,

Grand Reef  Fort

Salisbury Que Que (Umtali) Victoria Bulawayo
Anrwal rainfall .
(inches)

a) Long term average 32-36 24 - 28 28 — 32 20 - 24 20 - 24
b) Average of 5 years 36,9 34.7 33,9 31.6 30.75

Total Erosivity .

1951 - 1956 » R

ergs x 10°/cn’ 49,480 37,015 36,560 36,980 31,445
Comparative

erosivity 100 748 ?3-9 T4.7 63.6
Erosive rain 51~56 (inches) 72.7 54.8 53.7 5542 46,5
% Brosive rain 39.4  31.6 31.7 3449 30.2
Average erosivity ,
(ergs x 10°/ca*/in.) 268 213 216 234 204

SEASONAL DISTRIBUTION OF EROSIVITY,
November December January February March

Salisbury 4,840 13,770 15,370 9,150 64350
Que Que 3,060 11,180 6,630 13,710 2,440
Grand Reef 6,510 11,140 10, 650 4,770 3,480
Fort Victoria 54550 10,520 8,980 8,880 3,050

Bulawayo 5,990 5,560 10,140 75500 2,260
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The results are tabulated in Téble 15.2.  Again there is a;general
association of higher erosivity with higher rainfall, but stations of
similar average rainfall amount can have considerable difference in the
seasonal pattern of erosivity. Comparing Salisbury and Bulawayo it is
clear that in this five year pericd, Salisbury not only received more
rain than Bulawayo, (which is to be expected from long term averages)
but alsg a higher proportion of erosive réin. This disproves the
widespread misconception that severe storms are relatively more fregquent
in regions of lowser rainfall, andin the months of lower rainfall at
the beginning of the season. The reason for this mistake is that a
few heavy storms are more noticeable, when they are isolated, than a
larger number of similar storms included in a greater total amount of
rain. In general the frequéncy of high intensities increases as the
aversge annual rainfall increases, so the average erosiviiy may be
expected to be higher in high rainfall areas. There‘wiii probably be
exceptions in certain areas of Rhodesia. Por exsmple the mountainous
Eastern border has a very high rainfall, but since much of this is
eithcr monsoon type or orographic rainfall the average erosivity may
well be lower, Again the low-lying vallecys of the south-east have very
low average vainfall, but what rain does occur is mainly isolated storms
assocliated with cyclonic disfturbances off the Mozzmbique coast, and the
average ercsivity may be unusually high.

The variations in seasonal distribution of erosivity
shown in Figs. 15.4. may also be significant if confirmed by further
data. Bulawayo appears to have particularly low erosivity in
the beginning of the season (Novembez and December). On the other
hand, at Grand Reef (Umtali) erosivity is high in the early months
but low in February and March. This could be helpful in choosing
the most appropriate time to carry out those reclamation works,
such as gully control, which may be done either at the beginning or
the end of the rainy season. The required conditions are enough rain
to assist in establishing vegetation, without excessive damaging
rain and run-off. The seazsonal pattern suggests that the beginning
of the seascn would be better in Bulawayo, but the end of the
geason in Saglisbury and Umtali.

The modern system of lard-use planning depends upon the
classification of land according to its vulnerability to erosion.
This would be much more efficient if allowance could zlsc be made for
the erogivity in different climatic regions,and fthis can now be done
when sufficient information isg available to map ercsivity in addition

to isochyets and isopleths.
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15.2. SOME EFFECTS OF CROP COVER. A
It has been shown (Hudson, 34) that relatively small

differences in the density of the cover of a growing crop can
cause large differences in the amount of soil loss, In com
parisons of average and above average malgze crops, the average soil
loss was reduced by the good dense crop to a guarter of that

from the average crop. In the mosquito gauze experiment the loss
from bare soil is of the order of 100 times that from soil with
100% artificial protectioh. The reason is that raindrop impact

is the main cause of erosion, and the extent to which the potentiazl
erosive power is allowed to expend its energy on the soil is
entirely dependent on the extent to which the soil is covered.
Although for convenience in publicising the prevention of erosion,
the stress is put on providing cover, the amount of erosion in
fact depends not on the amount of soll covered, but oq:the,amount
of soil exposed to the rain's er0sivity. With most agricultural
crops the small percentage of exposed soil is less than the
covered soil. Vertical photogrsphs of mature maize showed that
with 10,000 plants per acre approximately 60% of the ground is
protected, and_ﬁgfigxposed. With 15,000 plants per acre 90%

is covered, and 10% exposed. The soil loss is in the ratio of
the exposed soiiwg.e. 4 to 1 not the covered soil, 1 to 1%,

This explains why large differences in erosion are caused by
relatively slight crop differences.

The effect of progressive changes during the season as
the maize crop matures is shown in Fig. 15.5. The soil losses in
individual storms from the same plot, growing maize each year, are
plotted against the energy parameter (K.E.> 1). In each of six
years the storms have been grouped into "early" - the first one
or two storms of the season, "middle" from mid-December to mid-
January, and "late" in Februsry and March, Three different
relations appear. In the early storms, the soil loss is low
because the éoil is dry and uncompacted giving low run~off. This
is a physical condition varying little from year to year, so there
is no scatter. In December/Januany losses are much higher from
storms of similar erosivity becéuge the crop is only part grown,
but the initial conditions notlonger exist. There is the greatest
scatter in this group because the crop growth in mid-season varies
from year to year. Finally the end of thc season storms give
lower soil loss because the crop is providing good eover. The
scaﬁter is reduced because there is less variation in the density

of the mature crop.
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15.3. THE EFFECT OF SLOPE.

In the group of experiments on clay loam soil (Series I), .

identical crop treatments are applied to plots whose slopes are
6.5%, 4.5% and 3%, Taking as an example the plots growing continuous
maize at averege fertility, the soil loss from the three slopes
may be compared. Fig. 15.6. shows the losses from the two flatter
slopes plotted against that from the steepest slope, all during
individual storms in the last half of the season. Although there
is considerable scatter, the gereral relation is clear.

It is usually assumed (177) that the slope effect may be
assessed by an expression of the fomm

Soil loss = a x (% Slope)b (1)°
The constant a depends on crop treatment, and has the same value
for each slope in this case. ;

From the equation (1) and from Fig. 15.6.

Soil loss (43% = 0.65 x (Soil loss 63%) (2)

(4;5§b = 0.65 or b = 1,18

(6.5

Similarly from Soil Loss (3%) = 0.4 x (Soil loss 64%) (3)
b= 1.17 ‘
Combining (2) and (3)

Soil Loss (42%) = 0.65 (Soil loss 3%)
0,40

Hence b = 1.19

The close agreement between the three values of b, suggests
that this is a good evaluation for the effect of slope under these
conditions. However, bearing in mind the strong probability of
interactions between the variasbles, it is quite possible that both
the a and b constants would vary for other crops, or other soils.
This is one of the many cases; where the general trend may be
established from the field plots, but the rainfall simulator is
essential to obliain the final answer which covers all variations.

The relatively low value of b, (or the relatively small
differcrces in soll loss over large differences of slope); isg
explained by the fact that in the plot design some allowance is
made for the effect of different slopes. The length of plots on
each slope is the distance between conventional contour ridges,
using the standard formula

Vertical Interval between contours = 4 + % slope (feet)

This gives a closer spacing and a shorter length of plot
on the steeper slopes, and consequently less erosion per unit area
as there is a shorter distance over which the run—-off accumulates

velocity. A precise evaluation of this effect of length of slope
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is not required as the use of the contour spacing formula is
standard on all arable lands in Rhodesia. An éxﬁeriment was
laid down to test thé sultability of this formula, and showed that
it does in fact give good msults (Hudson, 33).:

15.4. INTERACTION BETWEEN SOIL TYPE, SLOPE AND CROP,

An example should be considered of the complicated

interactions which occur. The same crop treztment, average
continuous maize, was grown on plots on the three sites with
soils of clay loam, poorly drained shallow granite sand, and well
drained granite sand. The slope differed slightly on the three

sites so the soil loss figures were all zdjusted to a common

(slope) o« The adjusted annual soil loss is plotted agéinéﬁ annual
erosivity in Fig. 15.7. and appears to indicate that there is ne
significant difference between the soil types.

However when the same exercise is carried out using
the soil loss from the plots carrying a very poor maize crop, there
appears to be a considerable difference between the two sand soils
(Fig. 15.8.). Clearly there is an interaction belween the variabless
either the difference between the two soil types is significant for
a bad maize crop but not for a good maize crop, or the slope effect
is not the same for these two crops. On the evidence available from
the field plots either, or both, are ?OSSible, and again the trends
and indications need detailed study under controlled conditions using

the rainfall simulator.

15.5. SOIL IEGRADATION.

For some soils it 1s assumed that after a considersble

amount of the top soil has been lost by erosion, the exposed
subsoil will be less resistant, and erosion.will accelerate.
Alternatively%in other soil conditions the lower soll may be
harder and more resistant. Previously it was not possible to
test these alternatives on the field experiments, but now that
storms and seasons can be assessed guantitatively, comparisons

per unit erosivity may be made. The data from the bare clay loam
soil (Fig. 15.1.) is suitable because it showed 1little scatter,
and during eight years, several inches of topsoil have been removed.
In Table 15.3. the srosivity and erosion are compzred over eight
years, and there is no sign of a ohénge in erodibility.

However there are grounds for suspecting that a different
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TABLE 15.3.

TEST OF PROGRESSIVE DEGRADATION OF BARE,

CLAY LOAM S0IL,

on 4% SLOPE.

S Effective S0il Loss
gasonal Seasonal Frosivit or 1000 or
Year Erosivit Soil Loss . J P res
3/3 2 | toms/ (1.e. > 4000, |of effective
ergs x 10°/cm onsfacre ergs x 10°/cn”) erosivity
1953/54 10,500 65.1 6,500 1040
1954/55 13,500 91.2 9,500 9.6
1955/56 10,100 60.5 6,100 9.9
1956/57 10,100 59.1 6,100 9.7
1957/58 6,000 22.1 2,000 11.1
1958/59 12,500 9041 8,500 16.5
1959/60 44200 3.3 200 16.5
1960/61 9,400 5442 54400 10,0
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result might occur on the lighter sand soils.  These soils have

a veny low proportion of the silt and clay fractions and organic
matter, and it has been suspected for some time that this is
selectively removed by erosion, leaving a soil which becomes
progressively pobrer in these constituents. Since these malterials
are important in binding together soil into aggregates or crumbs,
their reduction could lead to greater vulnerability to erosion.
Under maize crops it is not easy to test this because the crop ‘
growth varies from year fo year, but tobacco crops appear to be

less variable, probably because the cover is less dense. Come
parisons of the ammual soil loss from two successive tobacco crops on
previously virgin land areshown in Fig., 15.9. after making allowance
for the different erosivities of different séasons. There is
strong evidence of an increase in erodibility, as the erosien from
second year tobacco is consistently three times that from f{rstn
year tobacco. A similar comparison may be made of the losses

from the same plots when tobacco was grown again after several

years of grass. The losses in individual storms from first,

second and third tobacco crops are shown in Fig. 15.10. The
degradation after the first crop is marked, but less so than

when the crop was grown on virgin land. This is quite logical,

as the object of the rest periocd under grass is to build up resistance
to erosion by increasing the bulk organic matter. A further

slight increase in erodibility appears to occur in the third season
when tobacco is grown.  Again these are general trends and roquire

further investigatibn.

15.6. CONCLUSIONS.

In this chapter several cxamples are given of how a
quantitative measure of erosivity allows useful information to be
extracted from the results of field plot experiments. The inherent
weaknesses of field experiments are shown; there are too many inter—
acting variables, and inadequate replication which arises from the
necessity of including so many variables. The primary purpose
of the field experiments is to provide practical answers to practical
field problems, but by applying the knowledge of the mechanics of
erosion, additional information may be extracted which was previously
concealed among the mass of data. Since the same knowledge of
erosivity allows the design of a rainfall simulator, the trends and
indications which emerge from the field experiments may be subjected
to detailed examination, in controlled experiments whose resulis

may be subjected to proper statistical examination.
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SUMMARY OF THE NEW CONTRIBUTIONS TO THE KNOWLEDGE OF
SOIL EROSION ADVANCED IN THIS THESIS,
WITH SUGGRSTIONS FOR FURTHER RESEARCH.

NEW CONTHI BUTIONS.

Chapter 5. A study of the control conditions required for
calibration of the flour pellet method leads to a new and accurate
calibration.

Chapter 6. New data is presented to show the effects of wind
associated with high intensity‘convective rainfall., In general,
higher intensities are associated with more vertical ragin.

Chapter 8. New data is presented on drop size and éiétxigution,
of thunderstorm rain at intensities not previously studied.

This information is also used to establish new relatidpships
between intensity and kinetic energy. Above 3 or 4 inches per
hour there are significant changes in drop size distribution not
grevidusly reported, which materially afféct the energy of high
intensity rain. -
Chapter 10. Significant improvements are made in the technique
of using splash cups to measurs the erosive power of rain.
Chapter 11, Using the results of simultaneous studies of rain-
fall characteristics and of measured ercsion, correlations are
established between erosion and parameters or indices of erosive
power, A sequence of erosion conditions progresses from the
particular case to the general by the addition of variables.
Throughout this sequence it is found that emsién may best be
estimated from the parameter (K.E. > 1), or the kinetic energy of
that part of the rain falling at intensities greater than one

inch per hour, The secondary effect of run-off is also evaluated,
and an empirical but satisvactory method for estimating run-off
from rainfall records is established.

Chapter 13. The new knowledge of rainfall characteristics and
the mechanics of erosion is used to design a rairfall simulator
suitable for field use in Africa., The design is taken to the
stage of a working prototype which successfully meets the required
conditions that it should be simple and portable while accuretely
reproducing the erosion effects of natural rainfall,

To demonstrate the practical value of the ability to calculate

erosive power from rainfall records,
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a) indications of amnusl and geogrephical variations in
erosivity are presented,
b) from the results of field erosion experiments a first assess-

ment is made of the effects of some soil and crop variables,

SUGGESTIONS FOR FURTHER RESEARCH.

The prototype rainfall simulator requires developing as a field
instrument and detailed field testing., The physical requirements
are a portable supporting framework, equipment for delimiting the
the test plot, and for collecting the run-off from the test plot.
The experimen{:al requirements are
1)  The methods of measuring and recording the smulated

rain, the run-off, and the =o0il loss. ; )
2) The best technique for obtaining a standard condition
of soil mpisture.
3) Statistical tests of the reproducibility and accuracy
of the results,

Having a similator suitable in all respects for field use, the
applicationg are almost unlimited, The proposed first step
will be to quantitatively compare its resulis with those of the
field experiments by actuelly using it on the field plots.

The indications already shown of the effects of soil, slope,and
crop will be tested; and then amplified in experiments of
factorial design which will cover practical mnges of each
variable and = al low the assessment of all the interactions.
Initially this should be done on each of the soil types included
in the present field experiments, and then extended to the other

soils of Central Africa. Some care will be required in extrapolating

the established rainfall characteristics to other climatic regions.
The reported rainfall shudies are relevant to the central water—
shed of Southemm Rhodesia which has a consistent rainfall
pattern, but before assuming that the reinfall simulator duplicates
the erosive power of rein in other regions, some study of the rain-
fall characteristics will be required. The lengthy sampling of
raindrop size distribution may be avoided by using the acoustic
recorder to test the kinetic cnergy/intensity relations}}ip.
Only where this relationship differs from that already established
will detailed s tudies be required,

Research using the simidlator isalso required in other
agricultural fields, Measurementsof infiltration rates are
required in irrigation planning, hydrological research, veld

management research, and the s tudy of tillage practices,
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VARIATION OF WMASS RATIO.
M = mass ratio d = drop mass P

pcllet mass.
¥ = ¢ '

A = ﬁﬁd +.,3£Ap
D SR

M o= M,d + J.p

- ad Ip
" var.(d) = (g_élg}z var.(d) + (D var.(p) + 2()MX)H covar.(d.p)
; ‘ Ip
From (1) = . and JM _ _ 4
S w7
Substituting in (2) : , ;
va.r.(M) = 12."&, . --:V %‘}vdp S
- [ e, - dp]
Now (u - p ) = % s

Substimte for 8° from (3)
P (1“ a) = t (V -2/‘V +/(,¢2Vp) -

[;u -2d )J -2 (Vd-a/&vé? +/u2‘fp) = 0
#2067 - tzvp) - 2l - ) 4 @ -

1
o

Salving this gquadratic foi"/u the roots are:

2(3p - v ) + [h(dﬁ - t )2 - W - tz'fg)(ﬁg - tzvd)

-

2(p° -tV )

Put g = t°V i.e. 1-34.—; 52 - tov.

| 5
The mts now 'becomé

(1)

(2)

(3)

(6

+'2v - ¢, 2 - ,
?(1-3 Stz(j-a 52(1-3 «/ ﬁzv - ’ *ap

2 - tzv v
- gV@ + t f 2V
(1-85 #(1-g) F2(1-g)

L —
Mo v t PSS + gv, -~ gv
or_w-i(_@)q, f’ Do = T

or

1-8  1-g 5 (1-g) | P |
or M+ghM _ vdp Jgs -glv, =¥ 2)
1-g -g ) i3(1-g) (d T:?’
or M+ g (M- N jp252-4 vV, -V 2)
1-g ( ﬂ) ?(1-3) g( ¢ '*i’?

L uhich is Fimey's eq:atim.




 Since g = tV :WhﬁregiscftInOﬁerofm-jor'lesa this

equation may be simplified to

1( + tﬁé_ | where
2 | Wy
= - + - 2MV,
£ o1 fra by - o |
o B .
In the present celibration g decreases froim 2.5 x 10 2

- for the smallest drop to 4.03 x 1‘0-5 for the largest drop and the
simplified equation has been used throughout. S
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APPENDIX 2.
(Chapter 8)

MOMENTUM AND TINTENSITY AVERAGED WITHIN STORES IN THE LOW

RANGE OF INTENSITY,

I X MV& Y
Average Intensity (log 10.I) Average Momentum  (log MVA)
(ins/hr.) dynes x 10~2/0m2
0.73 0.8633 247 2,3927
0.87 0.9395 285 - 2.5855
0.82 0.9138 346 ¥ 2.5391
1.15 1.0607 518 *2.7143
1.20 1.0792 562 2.7497
1.30 1.1139 720 2.8573
1.43 1.1553 701 2.8457
1.54 1.1875 653 2.8149
1.64 1.2148 798 2.9020
1.62 1.2095 825 2.9165
1.55 1.2672 864 2.9365
213 1.3284 1194 3.0770
2,20 1.3564 1166 3.0667
2479 1.4456 1385 3.1415
2,97 1.4728 1630 A 3,2122
3.16 1,4997 1660 3.2201
2.66 1.4249 1502 3.1767
337 1.5276 162 3,2106
2.77 1.4425 1485 1.1717
3.44 1.5366 1643 3.2156
3.17 1.5011 1507 3.1781
3.80 1.5798 2114 3.3251

1) Logarithmic regression
)

T x° = 1.007463 r = 0.988
Sy° = 1.38359 b = 1.15835
éixvg = 1.16703 a = 1.484845
Y = 1.15835 X + 1.484845
My, = 30.538 131’15835 (IA = 10 I to make logs
positive)
- 30.538 x 10-°198 ¢ {1158
MV, =439.74 11158 aynes x 107%/on® (8-1)
2) Linsar regression
b i° - 19.2171 r o= 0.987
Zmv = 5,903,004 b = 547.04
S mvel = 10,512.52 a = - 89.97
MV, = 547.04 T - 89.97 (8-2)

3} Analysis of variance.
Residual S.3. from egn. 8-2 153.673 g Not significantly
Residual S.S. from eqn. 8-1 179.857 ) different.
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APPENDIX 3.

(Chapter 8)

MOMENTUM PER SECOND AND INTENSITY AT {JIGH LEVELS OF INTENSITY.

i

#

X
Intensity

(inches/hour x

Y
Momentum per secord
10) dynes x 10_2/cm2

36

2050 ,
40 2180 :
48 2670 !
50 2768
51 2845
49 2600
52 2720
53 2830
48 2500
45 2245
53 2785
55 2910
57 2985
60 3105
66 3420
71 3600
73 3990
80 4075
90 4590
41 1975
44 2275
A7 2360
50 2675
52 2800
54 2795
57 2940
62 3345
65 3315
4,024 r = 0.989
10,258,942 b = 49.882
200,732 = 145.75
Y = 49.882 X + 145.75 (X = 10 I)
MV, = 498.82 I + 145.75 dynes x 10-2/cm2 ‘ (8~3)
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APPENDIX 4.
(Chapter 8)

ANALY3TS OF COVARTANCE.

MOMENTUM DATA,

1) Low range of intensity (O - 4 ins./hr.)
£i%-19.22  zn° = 5,903,004 Smi= 10,512.5 n = 22
M = 547.04 I - 89.97 ' (8-2)
2) High range of intensity (3 - 9 ins./hr.)
5i% - 40.24  Em® - 10,258,942 S mi = 20,073.2 n = 28
M = 498,82 I + 145.75 (8~3)
3) Pooled data, whole range
T 3% 220,93 Sn° = 57,681,603  Fmi = 107,768
M = 531.1 I - 43,12 L (8-4)
Deviagtion from
Regression
ar | 54° ¥ mi s ml 8 ar | s.s. | Mes.
1 |Low Range | 21 | 19.22 | 10,512 | 5,903,004 |547.0 |20 |153.674 | 7.684
> |High Range| 27 | 40.24 | 20,073 110,258,942 |498.8 |26 {245.887 | 9.457
3 | Within 46 1399.561 | 8.686
4 |Reg. Coef. 1 | 30.091 }30.091
5 | Common 48 | 59.46 | 30,585 |16,161,946 |514.4 |47 [429.652 | 9.142
6 | Adjusted
Means 1| 20,771 |20.771
7 | Total 49 202,93 |107,768 |57,681,693 [531.1 |48 |450.423 | 9.384
8 | Resid.
(7-3) 2 | 50.862 |25.431
Test 1. Difference in slope
F o= 30.091 = 3.46 f @ 5% is 4.05
8.686 h4 So not significant
Test 2. Difference in elevation

r

from each other.

Test 3.

20,771
9.142

The equations for high and low range are rnot significantly different

= 2027

Not significant

f2,48 @ 5% is 3.19

Efficiency of 2 separate equations or a single combined eguation.

Fom 259:43§4! = 2,71

The improved efficiency of the two equations is not quite significant

at

5%.
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APPENDIX Do
(Chapter 8)

KINETIC ENERGY AND INTENSITY AVERAGED WITHIN STORMS IN THE

LOW RANGE OF INTENSITY.

I X Y
Average Intensity log 10 I Average Kinetic Energy log K.E.A
(inches/hour) (ergs/cme/sec. )

0.73 - 0.8633 64 1.8062
0.87 0.9395 118 2.0719
0.82 0.9138 119 2.0756
1.15 1.0607 185 1.1672
1.20 1.0792 192 o 1.2833
1.30 1.1139 290 T 2.4624
1.43 1.1553 249 *1.3962
1.54 1.1875 213 2.3284
1.64 1.2148 280 2.4472
1.62 1.2095 293 2.4669
1.85 1.2672 303 2.4814
2.13 1.3284 494 2.6937
2.22 1.3564 458 2.,6609
2.79 1.4456 516 2.7127
2.97 1.4728 618 2.7910
3.16 1.4997 678 2.8312
2.66 1.4249 608 2.7839
3.37 1.5276 591 2.7716
2.77 1.4425 603 2.7803
344 1.5366 588 2.7699
3.17 1.5011 531 2.7251
3.80 1.5798 882 2.9455

1) Logarithmic regression
2

x5 = 1.007463 r = 0,970
;fyg = 1.835836 = 1.30945
Sxy = 1.319223 a = 0.85139
Y = 1.30945 X + 0.85139
KE, = 7.1021 I, 1.30945 (IA = 10 I)
KB, = 144.819 1130945 ergs/cmg/sec.
2) Linear regression
51 = 19.217 r o= 0.962
red = 1,022,003 b = 221.797
el = 4,262.29 a = ~66.79
KE, = 221,81~ 66.8

3)  Analysis of variance.
Residual 8.S5. from logarithmic regression 89,927 ) Not

Residual S.8. from linear regression' 76,641 { Significant
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APPENDIX 6.
(Chapter 8)

KINETIC FNERGY (A TORM) AND INTENSITY

IN HIGH RANGE OF TINTENSITIES.

Intzgnsity Kinetiz Ener
(ins/br x 10) (ergs/cmg/seg

36 ' 885

40 880

48 1085

50 1101 )

51 1158 .

49 1028 '

52 1056

53 1130

48 963

45 840

53 1070

55 1130

57 1150

60 1192

66 1300

71 1355

13 1678

80 ) 1580

90 1770

41 L7

44 865

47 880

50 1060

52 1150

54 1070

57 1135

62 - 1325

65 1265
5% = 4,024 r = 0,952
sy° = 1,621,155 b o= 18.91
Sy = T,682.5 a = T9.71

Y = 18,91 X + 79,71

KE, = 189,1 I + 79.71 ergs/cmz/sec.

e
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APPENDIX 7.

(Chapter 8)

ANALYSIS OF COVARIANCE. KINETIC FENERGY DATA.

.1) Low range of intensity (0 - 4 ins/hr.)
‘ $i° = 19.22  Fe° = 1,022,003 Fei = 4,262.29
KEA = 221.797 I - 66.79
2) High range of intensity (3 - 9 ins/hr.)
S17 = 40.24 §:e2 = 1,621,155 Fei = 17,682.5
3) Pooled data, whole range. , '
512 2 202,93 Fe° = 9,263,271 Tei = 42,784
KB, = 210.7 I - 35.56 (8-6)
Deviations from
Regression
2 : 2 Reg "
af &3 A el 2 e Coef. arf Sl M.S.
, . -l
1 |Low range |21 | 19.22 | 4,262 | 1,022,033 | 221.8 |20 | 76.942 | 3.847
2 | High range |27 | 40.24 | 7,682 | 1,621,155 | 190.9 {26 |154.435 | 5.940
3 { Within 46 1231.377 | 5.030
4 Reg. Coef. 1 12.536 12‘536
5 | Common 48 1 59.46 | 11,944 | 2,643,158 | 200.9 |47 |243.913 | 5.190
6 | Adjusted 11 7.583 | 7.583
Means
7 | Total 49 | 202,93 | 42,764 | 9,263,271 | 210.7 |48 |251.496 | 5.240
8 | Besidual 21 20,119 | 10.059
(7-3)
Test 1) Difference in slope
F = 12,53 = 2,50 N.S. £ 46 @ 5% 4.05
5.030 !
Test 2) Difference in elevation
F = 1.583 = 1,46 N.S. £, 470 5% 4.04
5.190 ’
The equations for high and low range are not significantly
, different.
Test 3) Efficiency of 2 separate equations or a single combined equation.
F = 10,059 = 1.92 N.S. f @ 5% 3,19
5.240 2,48

The improved efficiency of two equations is not significant.
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- APPENDIX 8.

(Chapter 11)

SPLASH TROSION DATA.

Y xl X

2
Splash ' (K.E.> 1) (K.E.> 1) with wind correction
(gm.) ergs x 103/cm2 ergs x 103/cm2
0.3 - 20 27
9 36 40
1.0 51 69
1.2 - -
1.2 28 34
1.6 16 8
1.6 88 90"
2.0 198 . 200
2.2 183 205
2.5 65 71
2.8 88 97
3.0 99 108
3.1 113 151
4.0 125 126
4.6 338 372
5+9 199 269
Te0 457 ' 461
11.2 407 550
16.5 795 800
6 13 14
3.6 82 85
3.8 159 185
5e2 211 : 224
9.9 364 423
5.4 218 227
T4 304 371
18.7 697 894
7.0 303 310
14.8 815 824
17.5 913 952
D 2 2 P4
s y© 833.41 Zx," 1,948,969 5%, 2,286,880
Z %y 38,598.9 Zxy 42,629.7

T = 0.0198 X, + 0.645 gnms (r = 0.958)

Y = 0,0186 X, + 0.432 gms (r = 0.977)

Test of intercept

for X, t = 6445 = 2.25 which is significant
2,864 (t29 = 2.05 @ 5%, 2.76 @ 1%)
for X2 t o= %.%46 = 2,01 not significant.

Difference between regression coefficients is not significant.
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APPENDIX 9.
(Chapter 11)
SOIL LOSS FROM SOIL TRAYS,

¥ X X
Soil Loss (K.E. > 1) (K.E.>»1) with wind correction
(gms) ergs X 103/cm2 ergs x 103/cm2
9. 65 | 71
10 ° 36 40
12 - 113 151
20 28 34
35 51 69
43 28 31
13 88 97
74 - -
107 183 205
112 457 461
132 88 90
143 99 108
147 407 550
148 198 200
184 | 199 269
197 338 372
231 125 126
623 795 800
144 82 85
38 13 14
140 159 185
147 211 224
252 364 423
162 218 227
116 304 371
438 697 894
300 304 kYl
502 815 824
670 963 952

$y° B4T,853  zx° 1,912,791 Ix,” 2,167,668
Zxy 1,169,798  Zzy 1,207,560

T = 0,612 X + 22.96 (r = 0.919)

T = 0.557 X, + 21.24 (r = 0.891)

Test of intercept

for Xl t

22.96 = 1.76 not significant (t27 = 2,05 @ 5%)

for X2 t = 21.24 = 1.42 not significant

Difference between regression coefficients not significant.
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APPENDIX 10.

(Chapter 11)

CORRELATION OF RUN-OFF FROM FIELD PLOT

WITH SOTIL MOISTURE INDEX (1960/61)

Y

Run~-off
(inches x 100)

170

161

Yy 86,991
Y

or ¥ =

i

X

ASM - 200
(from Fig. 11.6.)
inches x 100

16
35
21
160
99
95
19
2
343
63
91
27
209
15
-4
9
17
70
-3
33
13
68
338
54

lez

211,670

Xl

Estimated Run~off
(inches x 100)

17
%
56
53

204
34
51

12
123

25
38
16

201
28

S xy 128,672

0.608% - 3,90 (inches x 100) r = 0,948
0,61 X -~ 0.04 (inches)
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APPENDIX 11.

(Chapter 11)

ESTIMATION OF RUN-OFF FROM SOIL MOISTURE TNDEX,

(1961/62)

Y X X,
Actual Run-off "Surplus" Predicted Run—off
(inches x 100) -

5 ' 41 21

12 47 25

5 9 1

10 6 -

40 12 40

21 24 11

40 61 33

95 147 86

27 35 , 14

5 - -

18 31 15

39 58 31

63 68 37

84 122 70

s ¥° = 11,206 £x,° = 23,024 Ixy = 15064
Y = 0.654% = 0.5 (inches x 100)(r = 0,938)
orY = 0,65 Xl - 0’0005 (inches)

Pooled data 1960/61 and 1961/62

b3 y2 = 99,176 5 % = 241,017 5 xy = 146,225
Y = 0,607 % - 1.7 (inches x 100) (r = 0.948)
or Y = 0,61 X - 0,02 (inches)
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APPENDIX 12,

(Chapter 11)

CORRELATION OF SOIL LOSS FROM FIELD PLOT.

Y = P X + a
- (s0il loss in 1b) (K.E. > 1)
T, = Y+ ¢ (quantity of ruh-off)
22 = Y+ f (rate of run~off)
Y X ‘ Yl : Y2
s0il logs  (K.B.> 1) soil loss corrected soil loss correctsd
(lb,) ergs X 103/cm2 for .quentity of for rpte of run-off
run-off (1b.) “(1b.)
4.0 304 | 11.0 15.5
1.2 264 19.2 | 20.2
0.7 218 13.7 ' 15.7
0.5 161 17.5 135
1.3 148 N 1603 1603
88.3 1115 83.3 83.8
16.7 295 11.7 17.7
17.6 278 12.6 16.5
0.8 48 .0 o0
13.7 204 8.7 8.7
69.6 884 6446 66.6
3.4 58 4.4 T4
6.1 90 1.1 . 3.1
4.0 29 .0 .0
105.2 1263 100.0 99.0
548 29 1.3 1.0
43.5. 488 38.5 375
21.0 171 16.0 16,0
11.5 47 6.5 4.5
30.7 285 25.7 27.2
29.2 240 2442 257
48,2 366 43.2 4242
.2 e | .2
Yy 18,754.08 Fx 244234323 L=y, 153,805.1
Ixy 201,195.4 Eixyl 187,868.1 nyé 187,488.1
2
3V 15,030.55
Y = 0.0830 X - 2.6 (r = 0.943)
Y, = 0.0775 X - 1.0 (r = 0.973)
Y, = 0.0774 X - 0.1 (r = 0.982)
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