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. - SOIL ERODIBILITY INDICES FOR “
T . SOUTHERN QUEBEC SOILS DERIVED . '

. UNDER VARIABLE INTENSITY RAINFALL SIMULATION

- [

»
A atatlonary variable—-intensity rainfall simulator was conceived,

callbrnted and \xsed in a. 5}1(}, erodibility study on southern Quebec soils. The
apparatus smulates rainfall at any range,of intensities up "to 127 mm/h with
drop—sfées and impact velocities near those of natural rainfall.

A standard simulated raihstorm composed of four consecutive rainfall runs

of decreasing )intenaity was applied to eight experimental runoff plots in

L4 B ] Q
v . ‘agricultural fields of the Montreal nnd Eastern Townships regions. Rainfall
‘% enerkieé required to initiaste runoff, runoff rates, sediment concentrations in

runoff and cumulative soil losses were measured for each rainfall +un at each

@

site.. Soil erod1bil1ty Yndices for each soil were evaluated by linear regres-

a sion of soil loss and slmulated ralnfall eroa1v1t))§data Soil erod1b111ty in-

dices were found consistently higher when evaluated by combinations of rain-
fall runs ‘aﬁpli’ed on wet s8o0il as opposed to dry storm combinations. -The.
aforementioned dependent varisbles were related to si}e end soil physico—
chemical pr;)pérties using correlati,on and regression methodz}’. Soil particle- ™

size distribution, organic matter content and bulk density were found sig-

3

nificant contributors in explaining rainfall energies required to initiate

runoff and runoff rates among the sites tested. Soil aggregation staebility,

!

particle-size distribution and slope gradient significantly accounted for

variability in sediment concentrations in runoff and soil losses.
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Un -imliatéur de pluie station;mire a intens(ité variable fut congu,
calibré t;t utilisé au cours d’une étude d’érodabi'lité lxdes sols du sud du
Québec. Le simulateur reproduit sensiblement lesggrcsseurs de - goutelettes
d’eau, 1la vitesse & 1’impact et 1’'énergie de la pluie naturelle jusqu’é{fmé
intensité de pluie de 127 m;/h. N '

l;ne pluie—-type composée de quatre sessions de pluie mimulée a des in-
tensitél‘s décroiosantes fut appliquée sur huit parcelles expérimentales ins-
tallées dans des chemps agricoles des régions de Montréal ét de l’Estrie: Les
taux de ruiaselle?ent, de concentration du ruissellement en sédiment et de
perte de sol étaient mesurés sur chaque site a chaque session de pluie simu-
lée. Les indices d’érodsbilite du sol -étaient estimés par regression linéaire
des données de" 'perte‘ée sol en fonction des érosivités des pluies simulées.
Les indices d’érodabilité des sols pour des combinéisons de sessions de pl;xie
sur sol - détrempé se sont avérés sup;érieura aux indices évalués par des com-
binaisons de pi;ie sur sol s‘ec a4 tous les sites. '.‘Les vari;ables dépendantes
mentionnées ci-haut ont été mises en relation avec les propriétés physico-
chimiques des sols. La granulométrie, 1le contenu en matiére organique et la
densité apparente des sols & 1’étude ont contribué significativement a ex-
pliquer les variabilités observées dans 1’énergie dé pluie requise pour ini-
tier le ruissellement et les. taux de ruissellement. La stabilité des
a(régatp, la granulométrie des sols et 1’inclinaison de_la pente des sites opt
contribué a expliquer significativement les variabilités observées dans les

¢oncentrations du ruissellement en sédiments et les pertes de sol.
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This thesis contains an introductory chapter, followed by a—%iterature

review. Chaptér 3 and 4 discuss, respectively, the éevelopment of the rain-

General conclusions are

fall simulator and ifs use in a soil erosion -study.

-reported at the end of the thesis. ° . .
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1. ) INTRODUCTION

-

In the last thirty years, technological advances in most in-

dustrialized countries have lead to drastic intensification and concentration

of agricultural production. Fewer farmers cultivate larger areas more
intensively; economic incentives favoring wide—row cropping has greatly
reduced and sometimes eliminated crop rotations. In Quebec today, the total
farmland area in production 13 half of what 1t was in the 1950’'s, while the
average producer cultivates twice as muéh land. The last ten years have seen
a rise 1n popularity of row-cropping in Quebec: grain—-corn seeded farmland

has nearly tr;pled during this period.

These pressures on farmland have been recently associated with
degradation of the soil resource, not only in Quebec, but all across Canada.

The cost of so1l degradation in the country was priced at 1.3 billion dqllaré“

L4

per year, which represents 38% of the net revenue generated by each *hectare of
Canadian land (Science Council of Canada, 1986). In that perspective, 1.1

million hectares of farmland rn Canada could be lost due to water -erosion, by

-

the year 2008. .. %

“ - Soil erosion by waté} faces the Canadian agryrcultural communities
with a double problem. Besides jeopardizing the quantity ghd productivity of
4
tomorrow’s farmland, sediments and runoff exported from the fields constltut%

a major "non-point" source of pollutants. Thus, sediment and assoc%gted lost

A}

plant nutrients not only represents an economic loss to the Canadian farmer in

t

the order of 15 to 30 dollars/ha anﬁually. in terms of fertilizers

(Agricultgral Institute of Canada, 1980), but also become both a physical and

- )
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chemical pollutant in waterways. ‘ﬁ{q 3 ,

The most efficient and practical tool for soil loss prediction was
developed by U.S. researchers over the past half-century. The "Universal Soil

. e
Loss Equation" (USLE) was used successfully by the U.S. Sbil Conservation

Service to develop individual farm plans for controlling soil erosion. The

prediction model considers the rate of rainfall erosion to be determined by

climate, soil, topography, and plant cover. The two major lLimitations for the
Q

adaptation of the USLE to Canadian conditions atre the lack of proper eatima-

tions of both climatic and soil i1nfluences on soil loas.

‘ Although some soil loss data have been collected in the past on
. 1

LY

tunoff plots 1n‘Quebeé, no direct mehsurements of soil erodibility have been
; - . 4

reported. The main purpose of this research project "was to obtain soul

grodibility indices compatible with the USLE for typlcal agricultural soils of

southern Quebec. A rainfall simulatioh procedﬁre was selected in order to ac-

‘cumulate so1l loss data under standard rainfall conditions in a short-term ex-

periment. An original variable-intensity rainfall simulator was conceived

~

with the .purpose of respecting, as much as poassible, the common rahge Ln rain-

~

fall intensities “of southern @uebec.
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2." . " Literature Review
2.1, The Universal Soil Loss Equation ’ ’

a ' v “ "
2.1.1. ) Concept, development, and limitations . .

\

¥ ‘ "

The basis for using mathematical relationships to describe soil
erosion began sbout the mid-thirties in the U.S. Cook (1936) 'listed three
major factors to describe so1l loss: soil erodibility, rainféll and runoff

e

erosivity including the slope effect, and the'protection afforded by vegetal

cover.

a

The use of equations to calculate field soi1l loss began in the
Corn Belt when Zingg (19405 published an equation relating soi1l less rate to
length and gradient of slope. The following year, Smith (1941) added crgp (C)
and supporting practice (P) factors to the equation. The b—factor ;hen in-
cluded the effects of weather and séil as well as cropping system. This soxl
Jloas e;timating procedure, referred ;o as the slope-practice methodn was used
throughout the Corn Belt in the 1940’s. . The introduction of extensive tables
of factorjvalues for different soils, rotat}ons and siope lengths (Browning et
al. 1947) enhanced the field use of the equation. AN ' ;
s In an effort to broaden the applicab;iity of the Corn Belt equa-
tion, w national U.S. committeé reappraised the factor values and added a

»

rainfall factor. The so~called Musgrave (1947) equation included factors for:
rainfall, slope gradient and length, soil characteristics, and vegetal coyer
effects. However, the adequacy of the 2-year, 30-minute rainfall to the 1.75

power, adopted as the rainfall factqg in the Musgrave (1947)'E§uation, was not
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confirmed by subsequent research.

From computerization of over 7,000 plot-yeans and 500 watershed-

years of basic precipitation, soil loss, and related aag? (Wischmeier, 1959),
o~ ' :
a rainfall factor for the U.S. east of the Rocky Mountains was made possible

(Wischmeier and Smigh, 1958). Following the combination of craP rotation and
management factors 1;to a crop naiiagement factor (Wischmeier,’ 1960);‘ the
"Universal Soil Loss Equation" was first introduced 1in iés present form\by
Wischmeier and Smith in 1960. ‘Up to 1978, seyeral thougand addi}lonal plot-
years and watershéd-years of data augmented by data from erosiéh—plot research
using simulated rainfall were added\to the oraginal USLE‘datn bank as they be-

came available. The complete presentation of the USLE was revised by

1

Wischmeier and $mith (1978) to include these latest data. r"Additumnl develop-

ments to the 1960's USLE included a soil erodibility nomograph (Wischmeirer ¢ ot
' b N
al.,” 1971), topographic factors for irregular slopes (Foster and Wischmeier,

1974),- cover and managemedt effects of conservation tillage practice
~ "

(Wischmeier, 1973), cover factors for range and woodland (Wischmeier, 1975),
erosion predictiomr on construction areas (Meyer and Ports, 1976), improved

- evaluation of erosion control suppoft practices {Laflen and Johmnson, 1976),
&
and rainfall et051v1ty_data for -the western U.S. and Hawaii (Brooks, 1976;

L
¢

McCool et al., 1976). . O
" The current Universal Soil Loss Equation (Wischmeier and Smith,

1965; 1978) as converted tp SI metric units (Foster et al., 1981) is=

A=RxKx LSxCxP (1)
wherea A is the predicted soil loss in t/ha.y. It estimates the average
N annual rill pius xntgqrill erosion from rainstorms- for field-sized areas. It

&
does not.include erosion from gullies and streambanks but does include eroded

+
o

Vi

4 &



.

.
-

sediment subsequently deposited before it reaches downslope streans.
R is the rainfall and runoff erosivity factor for a specific loca-
- ’ ? K
tion,/expressed as average annual erosion index units (EI) in MJ.mm/ha.h.y and -

derived from individual storm rainfall energies and 30-min, maximum intensity
' [ s
products. .

K 18 the soil erodibilth/ factor for a specific soil horizon,
expressed as’soil loss per unit of area per unit of R for a uynit plot
(t.ha.h/ha.MJ.mmn). A unit plot 4s 22.1 m long with a uniform 9%‘slope main-

tained in continuous fallow with tillage when neceésary to break surface

crusts. -

LS is the dimensionless slope-length and gradient factor,,
expressed as the ratio of soil loss from a given slope length and gradient to
that of a 22.1 m long, 9% gradient slope under the same conditions.

C is the dimensionless cover ‘and management factor, expressed as a

ratio of soil loss .from the conditioﬁ of interest to that from a tilled unit
. g

plot condition. . , . Vur

[4

. N . H . N .
P is the dimensionless supporting erosion-control practice factor,

expreassed as a ratio of the soil loss with practices such as contouring, strip

cropping, or terracing to that with farming up and down phe slope.
] ' " J
*Ihe mathematical relationship between each of the USLE factors and
. .
soil loss was determined from statistical analyses of the assembled data. It

utilizel four d;men81onless factors io modify a basic soirl loss that 1is

described by dimensional rainfall and soil factors; ' regression lines and cor-

relation coefficients were key aspects of its development. Thus, the

relatiohships within the USLE are primar{ly statistical in form rather than

l

physical. The ‘equation ,computes long-term average annual soil losses for

9




>

P

specific combinations of physical' and managemént conditions (Wischmeier,
1971). Since the primary need was a relatively simple technique for predict-

ing average annhual soil losses as a working tool for conservationists, ~tech-

nicians, and planners, refinements:needed only for short-run predictions were

s . . . , . . P
sacrificed in the interest of canciseness and simplicaty. Direct use of the.

USLE for soil loss predictfon~pn an indi\idual runoff-event basis, for ex-

—

ample, is basically a misuse (Wischmeieir,/ 1976), since soil losses during

specific storms and in specific years are greatly influenced by 1rregulir,
4 ' T
temporal fluctuations in secondary parameters. '

I

The "universality"” of the USLE was «commented on by Wischmeier

(1972; 1976) 1in response to criticism of the term "Universal" 1n the USLE.

Wischmeier stated that'appllcat}on of the dSLE 1s limited to areas where 1n-
forpation ts-avéilable for,locai evaluations of U&e«eQuation’s individual fac-
tors., Wisch@eier (1972) also recognized exceptions to the validity of.the EI
parameter‘Cralnfall energy times the 30—m1q. peak intensity) as a méaéuke of
the combined erosive forces of rainfall and rﬁnoff. TQe work byﬂMcCool et al.
(1982) and Evans and Kalkanis (1976) 1n CaLifor;ia, Zuz;l et al. (1982) in the

2 .
Pacific Northwest, and Pall et al. (1982) 1in Southern Ontario clearly

' demonstrates that‘a more accurate predictorlof runoff-erosion potential needs

to be substituted as the value of R 1n their regions .respectively. In all

three areas, runoff derived from rainfall and/or snow was shown to contribute

a mnmajor portion of the erosive potential that 1s not adequately accounted for

by the rainfall kinetic energy and intensity parameters used to evaluate the R
factor in the central and eastern U.S.
» Although the indicated nature of effects of topography,’ cover, and

management variables was suggested universal by Wischmeier (1972),“}t has not

* q°

6 )
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been shown that the specific ratios for L, S and C derived in the central and
gastern U.S. are necessarily accurate in vast1y~different areas. McCool et
al. (1982) obt;ined markedly lower exponent values for L and S than those from
central and eastern U.S. data. - In California, Evans and,kalkanis (1976) coulh
not justify the assumption that LS is uniquely related to the length and
steepiess of the slope; £he soil moispure~soil temperature regime was used as
an ihdicator for selecting a proper Ls relationship to soil loss.” The effect

of slopes with gradients appreciably in excess of 20% is also a serious void
- o

in research 1nformation recognized by Wischmeier (1972).

3

2.1.2. ! Beyond the USLE

- v
[

-

"

' Current research on soil erosion by wate(vis putting emphasis on

obtaining a better understandiﬁg of the basic‘prlnciples and processes of ero-

sioh and sedimentation. Erosioh prediction in the future will likely be based

"more on fundamental; as -opposed to empirical, relationships derived on the

basis of mathematical descriptions of the erosion process. In terms of
modelling, the need for information about the basic erosion processes led to

two major research trends: the experimental modification of the USLE and the

-

derivation of new equations,
L

A system of subfactors for computing the C factor in the USLE was

introduced by Mutchler et al. (1982). These subfactors are multipliers that

—

represent the effects of land use residual, incorporated residue, tillage in-

tensity and recency, macrotoughness, canopy and cover. Since the use of a
X .

. single value for K in the original USLE resulted in a soil erodibility com—

ponent concealed in the_"C" factor, it became necessary._to repregent the hid-




tn

"den erodibility component in the division of the cover and management factor

"C" into subfactors. Mutchler and Carter (1983) proposed the use of coeffi-
e,cientsx "Kc" Fo be applied t; the conventional K factor based on the ménthlr
,vgriation of soil erodibility to enable the iffective study and use of the "C"

subfactors.

Using data from slope lengths up to 183 m under simulated rain-
fall, Mutchler and‘Greer (1980) proposed a new equation-for the slope .-length

factor "L" of the USLE better adapted to gqatle slopes:

L= (A/22.13)® - (2)
whereA = slope length inm , ¥ -
s m= 1.2 (sin 8)1/3

sin 8 = % slope/100
Following this résearch, a correction factor to feduce the USLE

erosion prediction on gentle slopes, "Rc", was proposed (Murphree and

Mutchler, 1981). —_— ' N

o

A major weakness of the USLE for short—term so1l - loss prediction
i

was highlighted in the 1970’s when erosion models for individual stérms were
developed. The failure of the rainfadl erosivity factor (R) to' adequately
express h&droiogy, particularly antecedent canditions, led to its modifica-

tion. Williams (1975) proposed a replaéemént for the erosivity factor of the

e *

USLE using watershed area, 'vplume of runoff, and peak flow.rate data. Siﬁbe
the equation was derived using watershed sediment yield, the erosivity factor

qufessed the effect of a,deliv;ry ratio. THa Onatad-Foster (1975) replace-

"

ment for "R" was expressed as:

Ro = 0.5 R + 3.42 Q gp 1/3 -

u

. .
4 » ;e
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\

where R is the annual USLE "R", Q is the volume of runoff (mm) and qp is the

peak flow rate (mm/h).
The Onstad and Foster (1975) concept of "R" was integrated as a

runoff erosivity factor for a new erosion equation framework derived from

osion principlgs’(Fostef et al. 1977a,b). The proposed equation is

based on the concept of dividing the erosion process into-rill and interrill
erosign according to the source of the eroded sediment (Meyer et al., 1975;

Foater and Meyer, 1975). Considerable research based on basic erosion prin-

ciples will.be requiredﬂto develop an operationél equéfion from the sophasti-

cated framework of Foster et al. (1977a,b). However, it 1as felt by the

2

-authors that improved soil loss estimates for single storm events and for

specific time periods can be’obtained from an operational equation :of' this

type.

4




2.2, "The definition of‘goil erodibility in the USLE (K)

>

" In early soil loss equations derived from runoff plot déta, the

effect of soil was first ;epresepted by subjectively chosen constants and con-
founded-with the*rainfall effect (Ziygg. 1340) and the cropping effect (Smith,
1941). A first expression ofﬁa soil factor relative to standard cgnditions
for tépography and rainfall was put forward by Musgrave (1347). The factor
system for soil loss computation, later introdueced by Smith and Whitt (1948),
first expressed the soilerodibility as a dlmen31oniess multiplier together
&ith slope, cropping practice’and conservation ﬁractice.

The gefinitién of a rainfall index by Wischmeier (1859) made it
possible to compa;e erodibilities of soilé from different climatic regions,
and develop the current form’of the so0il erodibility facter of the USLE
(Wischmeier and Smith, 1960). Altﬁ;ugh similar 1n format to the Smith and
Whitt (1948) factor approach, the USLE introduced substanti;l changes in the
soilg erodibility evaluation.  The cropping management reference was changed
from continuous corn to Fallow, the gradient ;eference Lncreased fébé 3% t; 93
and the length of slope shortened from 27.6'm to 22.1 m. The final expres~ }
sion for K, the soil erodibility factpr in the USLE, was then defined as the’

soil loss rate per erosion index unit for a sé¢c1fied continuously tilled fal-

a

Jow s0il as measured on a unit plot 22.1 m long with an uniform ‘SX alope
° ,

(Wischmeier and Smith, 1960). Instructions for establishment and maintenanZe
of cultivated fallow plots were also issued (Smith, 1961) and proved to reduce
considerably measured soil loss variations resulting from differenées'in soil
manipulation. Recommended plot preparation was as follows:

- plowing to normal depth and smoothing immediately by disking and cul-

<
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?°

tivating two or more tidgs
' - annual plowing at time row crop, plots afg plowed i

- cultivation routine of row crop and also when necessary to eliminate

. . 3
serious crust formation .

- chemical weed control if necessary

- up-and-down slope plowiné and cultivation. o

>

The fallow plot standards also reqhired the removal or decomposi-

tion of surface and subsurface organic crop residue. Generally, a 2-year fal-
- A
low period for eliminating organic residues was judged adequate for the warm,

humid regions of thg U.S. and tropicalbareas. The definition of K was élso
temporarily finked,to“climatic factors. The proposition that a rainfall cycle
in the continental U.S. averaged 20 to 22 years (Wischmeier and Smith, 1965)
emphasized the need for long-term determinations of K. In practice, an
average period of record for fallow plots slightly less than 7 years has been

used by Wischmeier and Smith (1965) in the publication of K values.

Implicit in Wischmeier and Smith’s (1965) definition, the USLE K

s
-

value appeared thus as a lumped "parameter” that integrated soil response Lo

-

several erosion and hydrologic processes over variable storm frequencies and
intensities, and variable conditions of antecedent moisture and surface rough-

ness through a season or a year. The USLE K value thus remains empirical 1n

nature: and. cannot be interpreted as a process-specific constant. As such, the

-

K value 1lumps together the soil response to allgspecific erosive mechanisms,

as described in deterministic approaéhes to soil erodibility (1.e. detachment

Y

and transport by raindrop impacts and overland flow shear forces).
U
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2.3, " Field evaluation of the USIE soil erodibility factor

2.3.1. K values from natural runoff plots

The evaluation of soil erodibility factors for benchmark soils has

l

been.particularly helpful in the estimation of K values for soils with similar
charécteriskics and to verify estimations from rainfall simulation or model-
ing. However, oniy a llmiteg number of direct measurements from natural
runoff plots in fallow condition have been published. In fact, only eight
s;ils on fallow plots; with periods of record ranging fn&p 3 to 10 years and
slopes from 5 to 18 % constitute the published data bank on soil K from fallow
plots (Olson and Wischmeier, 1963). : The "second generation" of benchmark K
values given by Olson and Wischmeier (1963) were computed from cropped-plot
data on 20 soil series. The data were adjusted on the basis of C values for
each crop given by Wischmeler (1960), ‘contouring factors, and length-slope
}actors. Direct comparisons of K values frgh the fallow plots with thoqy from
cropped plots yielded sim}lar estimations for three so1ls, while the K values
for two soils differed by 0.013 and 0.016 t.h/MJ.mm, respectively.

2.3.2. Rainfall simulation-based K values
A ) .

The need for rapid- and reliable estimates of USLE parameters has

-

favored” over the years the replacement of natural runoff plots by rainfall
[ S
simulator experiments, Besides its widespread use in the study of the effects

of cropplng and tillage on soil er081on, rainfall simulation has also been ex-

tensxvely used to collect soil erod1b111ty data. Larger plot—slzg studies

-
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(plots with a minimum of 10 m length) all used the same type of rainfall

¢ 4

simulator (the "rainulator") developed by Meyer and McCune 11958) but dif-
fered in plot preparaiigp and in the method of computing K values (Barnett et
al., 1965; Wischmeier and Mannering, 1969; Barnett et al., 1971; Wischmeier et

ak., 1971; Rcmkens et al., 1975; bangler et al., 1976; Young andLMutchler,

"1977). Rainfall simulator storms, however, have been somewhat simalar. Most

storms in North American studies have been applied at an intensity o}v6.4$cm/h
in two st;;m periods 24 h apart. ’Barnett‘et al. (1965) used two 30—@1n s?orms
at 6.4 cm/h with 10 min between storms, fgllowéd by an 1dentical session 24 h
laterf Wischmeier and Mannering (1969) and Romkens et al. (1975) applied a
60-min storm at the same intensity followed the negt day by zwo‘SO—;;h storms
15 min apart. Young and Mutchler (1877) followed ; similar procedufe, except
on the secgnd day when their rain Qac\continpous for 1 h., . Danglér et al.
(1976) applied 2 h of continuous rainfall,bﬁ each of two consecutive days.
Soil erodibility values have been determined in several different
ways by using soil loss data «from a series of rainfall simulator storms. Most
data have been adjusted by using USLE '1ength—slope and cropping management
factors, except in the W1séhmeier and Mannering (1963) study where regression
equations derived from the individual storm soil losses were used té ad just
data to unit plot specifications and average values of iimewdepcndent vari-

ables. After linear regression of the adjusted soil loss on EI from four rain

periods of 0.5, 1, 1.5, and 2 h, Wischmeier and Mannering (1969) represented

- the 8o0il erodibility factor by the slope of the regression equations, while ’

\

the negative intercept was primarily associated with surface deteption and in-
filtration. Barnett et al. (1971) also determined soil erodibility values by

using a similar regression method, but using data adjusted by USLE parameters.

13 ; .

a




°

> Barnett et al. (1965) introduced the storm weighting procedure for
the derivation of K values from ., simulated storms in the southeast United
States. The adjusted so1l loss and erosivity of the simulated rainstorms were

weighted based on the “storm frequency distribution relative to the eros';vi'ty

‘of the storms at each soil locafion and an grbltrary 50% probasbility that

storms of less. than 45 erosion 1ndex occur on dry soil, A simtlar procedure
was used by Wischmeie;' et al. (1971) in the developmeng of a soil erofdlbllity
nomograph. lisir;g the Wischmeier and Mannering (1969) data base from the Corn
Belt, soil loss from dry runs was more heavily weighted than that from less
fr;aquent storms on wet soil to‘yieldﬁ werghting factors of 13, 7, and 3,
respectively, for storms on 1n1t1a11y' dry, wet; and very wet soils. - fﬁo;nkens
e!: al. (1975) and Young and Mutchler (1977) usedlthe same weighing fa;:tors
(Wischmeier' and Mannering,” 1971) for studies on Corn Belt soils. Relatlvely‘
close agreement of tK values obtained with tﬂe rainfall simulator and from fal-
low naturpl (rfunoff plots from Minnesota (Young and Mutchler, 1977) gave fur-
ther credence to the weighting procedure. l

‘ Unfortum;tel'y no direct comparison between the regression and

)

storm weighting procedures for determining erodibility from simulated rainfall
data have heen p'ubll_s_z_lged:" While the regression procedure strictly expresses
‘the linear relationship° between so1l loss anél rainfall erosivity as defined by
Wischmeier (1959), it does not discriminate among soi1ls for ramf;all energy
required to initiate soil losas. The regression procedure may thgn farl to
express tlie;‘soil erodibility factor variations among soils of widely different
wgter regime.- Thé s'torm weighting. procedure, on the other hand, has merit/ for

e estimation of average annual or average seasonal K values since it ac-

countsd for antecedent soil moisture conditions. The problem of estimating K

™
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va‘lues, howe;ver, becomes one of selecting weighting factors for eaél)- simulated
atorm, an approach that remains partialI;r Isub.jecti:e‘ and redtfires an extensive
network of data on storm frequency distribution. The extrapolation of ‘ the
narrow band of information from simulation experiments to- the wide variety of
storms and antecédent soil conditions that occur over a year or a season thus
remains the major difficulty of simulation-based K values fastimatxon.'

\

.
&

2.3.3. , The relstionship of scil properties to erodibility

The erosion ratio concept derived by Middleton (1930) is one of
thq earliest attempts to determine the eroditg}il'ity of a goil from its so‘il
p‘roperties. The index expressed the quotient of the:_- dispersion ratio over the
rgtio of colloid-to-moisture equivalent and was designed to r;eflect erosional
characteristics and ability to absorb w;atet: by the soil. Organic ma'tter con—
tent and s\ilica—sesquioxide ratio were also identified as soil erodibility in-
dicators. Following Eé,}.ison’s (1947) identification of the four phases of tl'xé
:-:rosion process, research on the relation of soil properties to erodil;ility .
was mainly process-specific and largely dominated by the study of splash
detachment and transport pilases (Ellison, 1944; Mihara, 1951; k Free, 1960;
Bubenzer and Jones, 1971; Quansah, 1981; Savat and Poesen, 1981)3 Th% con-
tribution to detachment by overland“ flow, as a specific erosion proces;&;
(Ellison, 1947) has received very li;:t:le attention. Quansah (1983), however,
examined the relative contribution in soi1l loss from éverland flow and
raindrop impact. Soil texture was nc;ted 8s a major factor in the irosive

processes; the contribution to soil loss by splash as compared to overland

flow was noted to double from a sandy soil to a clay on a 7X slope.

15 N
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The development of 'the USLE, favoring an empirical rather than a L

-

deterministic expression of so0il erodibility, has led to several field studies
aiming at the modelling of K values based on soil propefties (Barnett and
Rogers, 1966; Wischmeier and Mannering, 1969; Wlschmlemr et al., 1971; Romkens '

et al., 1975; El-Swaify and Dangler, 1976; Young and Mutchler, 1977). All

. o +

studies were performed under similar rainfall-simulation experimental cond: -

-

tions reported earlier in section 2.3.2.
° %

Barnett and - Rogers (1966) identified 34 independent variables in
, . <
explaining the bdependence of the K value. Slope steepness, however, _was in-
cluded as*an independent variable, thus obscuring the effect of the intrinsic
! .

80il properties. Particle—size fractions, soil-water terms and combinations

°

&

thereof were used. The study by Wischﬁeler and Mannering (1969) involved 24

) independent variables consisting mostly of interaction terms of particle-size

fractions, organic matter, structure, and aggregation 1index. The effecz <;f
gpecific soil properties appeared highly dependent on mtera‘c'tlng properties.
The effect o'f s1lt: 1n increasing the so1l K value, for exanple, depended on
the other particle-size fractions, the organic-matter content, and the so1l

pH. From the gsame data base, Wischmeler et al. (1971) derived the so1l

. erodib1lity, nomograph in which a storm weighting procedure was usszd in the

derivation of the simulation-based K valuesa. Now widely accepted, the
nemograph made 1t possible to predict K values from standard so1l profile
descriptions, and particle-size and organic-matter laboratory analyses. The

textural parameter "M" of the nomograph (% "corrected" s11t) x (X "corrected”

silt + X "corrected"” sand) could account‘ alone for B85% of the K value varia-

" tion of the medium-textured Corn Belt soils under study. The finding that

very fine sand behaved 1like ' ' the silt fraction in the erosion processes

-
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precludes the merging of both fractions into a "corrected silt" class. The

-

variation in K values among-the §5 Corn Belt soils under study could \be ex—

plained by the follov}ing algebraic equation with a 95% confidence’interval of

+0.005 t.hm{m: \

759K = 2.1 x 109(12-0M)M!-14 + 3.25(S-2) + 2.5(P-3) ()
< L : 3
where -~ S and P are indices for stgucture and permeability (U.S.D.A., 1951)
' b

-~ OM.is the organic—matter content
- M is the textural paraneter "Corrected silt x {corrected silt + cor-

rected sand)"” (Wischmeier and Smith, 1978).

The accuracy of the Wischmeier ‘et al. (1971),_no°mograph was tested

+

by Young and Mutchler (1977) on 13 Minnesota surface soils using similar ex-—

perimental! procedures. Current nomograph values were shown to underestimate’

-~ .

the erodibility of six and overestxmat'e the K values of three of the 13 soils
tested. Young and Mutchler  (1977) indicated that the differences between

measured and nomograph K values were due to differences in «clay fraction

‘

(montmorillonite was dominant) andL the degree of aggregation between the soils
used in Wischmeier et al. (1971) and their study. Young and Mutchler (1977)
further suggested that the erodibility of Upper Midwest ‘soils could be more
accurately predicted wilt,}f " an expression which takes into consideration the
degree of soil aggriegatmn and type of ciay. ’ A regression of the measured K
values on ten soil ‘physical ‘characteristics explained 93% of the variatio;ns in
K using bulk density, di’spers‘ion g‘at/io, agéregate' ‘lndex,' .percent ailt and very
fine sand, and amount of montmorillonite as independent variables. Aggreéate

iﬁdex and percentaée of montmorillonite, although highly intercorrelated

(r2=0.70), alone explained 75% of the variation in Kp while the textural

4 .
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1
parameter "M" showed a simple correlation coefficient 6} 0.30 with K. It was
thus concluded that aggregation characteristics rather than textural soil
paraneters appe;réd as the importanf predictors of soil erodibility for the
well-aggregated soils in the Upper Midwest. “

° + The importance of so1l aggregation to the K value was also

stressed by Rgmkens et al. (1977) 1in their erodibility study on high-clay sub-

soils. Under standard rainulator tests, on seven cléy(/subsplls. citrate-

~

dithionite bicarbonate (CDB) extractable percent of Al203 plus Fe20a was shown -

as having an important erosion controlling effect and was related to péralle]
findings (Kemper and Koch, 1966) of enhanced aggregate stabilitysand reduced
soil erosion as 'sesquioxide levels i1n soils jincreased. Together with "M", CDB

extractable aluminium and 1ron oxides accounted for 30% of the variation 1n

3

the subsoil K values, The study confirmed the importance of "M" for estimat-

ing K values and favored the use of textural parameter-binding agent combina- -

tion as primary parametérs of soil erodibility factors.

In their study of Hawaiilan soils under standard\ralnufatér proce-
dures, El—Swalf; and Dangler (1976) ranked "M" as only the seventh‘most sig-
nificant variable in explaining K variability. Mineralogical class parsmeter,
mean weight diameter, suspension percentage, base saturation, and percent
unstable aggregates all yielded simple correlation -coefficients with
erodibility values higher than "M", The nomograph had l¥m1ted4/validity for
the tropical soils under study because of the low correlation coeffic1en§s be-
tween measured K and organfg'matter or structural/permeability classes as well

as the high clay contents associated with the soils.

.
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" From. the various studies.relating measured soil erodibilities to

&
soil properties, it appears difficult to predi/ct\i_&values from specific soil

9

v ~—

properties across a,wide range of soils. - Conseque t1y s he aforement'ioned

v

rainfall simu%ation studies appeal to prudence in adop_u't'mg doil erodibility

c

prediction equations developed within a definite "soils region" in a widely

different edaphic environment.

Py
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2.4. Rainfall simulation technique N
\ 5
) J
Rainfall simulators for studying infiltration, runoff, . erosion,

-

and sediment vyield have proiiferated.- Several devices have been used for

‘forming Eaindrop's under energy levels and intensities simulating natural con-

ditions. The size of simulators has varied from small laboratory systems to

those covering several acres. All models however have a common goal: the
closest pos:s,ib'le reproduction of natural rainfall chm;gcterlstim. This sec—

tion reviews the studies on rai{nf}all characterization that have been used as

-

éuidélines for rainfall simulator development, followed by a review of the

muin design criteria and concepts used in rainfall simulation over the past

[3

half—-century. ~ ’ ‘

z

2.4.1. !lllainfall characteristics important for simula'tion '

2.4.1.1. Raindrop size and velocity

°

Kinetic energy computations depend on the mass and velocity of
raindrops. It was shown that both mass- and drop fall velocity of natural ra Ln

are functions of its intensity. The reproduction of rainfall kinetic energy

s )

thus requires the expression of drop fall velocity and drop size spectrum of

natural rainfall with respect to intensity. ) £, v

DROP SIZE DISTRIBUTION

Studies of raindrop size characteristics as related . to rainfall

intensities have been conducted at various locations throughout the world

"~

-
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(Laws and Parsons, 1943;’ Hudson, 1983; Rogers et a{l., 1967; Carter, 1974).
The most widely used study in rainfall ;;in;ulator de\'relopment is that of Laws
and Parsons (1943) performed in Washington D.C. The data wéx,'é also used by
Wiachmeigr and Smith (1959) in the development of the‘energy»-intensity factor

in the US]B(E. lews and Parsons (1943) showed curves of drop size ~ volume dis-

tribution that appear to be normal fo’r-\ intensities up to 90 mm.h-' which was

' the highest intensity curve they gave. The following exgonential‘eqUation ex-

presses the .relation of median drop size (Dso) in mm and rainfall intensity

(I) in mm.h~ ! given by Laws and Parsons (1943): ﬂ \ .

Dso = 4.018 [0-182 : (5)

Hudson (1963) presented smoothad curves. for éouthern Zimbabwe that

\appear to be normal for intensities up té) 100 mm.h"t., For higher intensities,
the \ drop-size distribution approached a log-normal scale. Rogers et al.
(1967) compiled data that &ppﬁépr to fit thc; expénential" model for Dso up to
about 50‘mm.£}3"1. while Dso remains relétivelyf constant at higher intensities.
For the south-central U.S., Carter et al. (1974) found a cubic equatio.n of Dso
versus intensitie's up to 250 mm.h-1,; whilelindicating an ’increasing Dso up to
75 nm.h-t, McGregoré}nd Mutchlerl (1976) developed a three-term exponential
relationsh.ip to relate Dso to intensity for the Holly Springs data of Carter .
et al. (1974). The equation expressed a rapid rise in Dso for ini:enSJ.tiqes up

to about 40 mm.h-! followed by a slowly decreasing drop éize at the higher in-

tensities. - The continuous expression of Dso in mm for all rainfall inten-

. sities in mm- h-! reported by McGregor and Mutchler (1976) is:

#Dso0 = 2.’?6 + 11.40 e (-286.42 1> — 13.16 e (-29 72 1) . (6)
25.4 ’

Following Carter et al. (1974), Wischmeier .and Smith (1978) ap—

°
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parently recognized tt'xe bias in Laws and Parsons (1943) prediction that Dso

increases continuously with i}tgnsity and limited its application up to 64
m.h‘l in rainfall energy evaluation.

Despite the variation encountered in various drop si1Ze measurement
studies, the ~ overall results clearly indicate a rapid increase in mean d}'op
diameter. with intensity for rainfall rates up to about 50 mm.h-?". There is
also considerable evidence that the mean drop diameter tends to remain nearly

constant or decrease slightly at higher intensities.

1

FALL VELOCITY

Raindrop impact velocities have ‘g'énerally been assumed to be equal

~ -

to terminal vertical veloc1ty, in studies of raindrop erosion, thus neglecting

‘wind effects and effects' ‘of non—-normal impact. Terminal velocities of

‘wate’rdrops b‘ased on measurements by Laws (1941) and by Gunn and Kinzer (1949)

have been particularly well accepted by rainfall simulator designers.

o

Laws (1941) condu;:teri his extensive study of the fallixVGIOCLty of
water drops throu;;h st1ll air as a function of fall distance for drops with
diameters from '1 .2 to 6.1 mm. Gunn and {(inzer'sl (1949) work, although wusing
a different technique, substantiated Laws’' data in the drop'size range from,
0.08 to 5.8 mm. Since most simdlators have bt;pn designed on the basis of

these data, most simulated rainfall thus represents minimum vxmpart velocities
of similar sized drops 1in natural storms, the actual velocity of a raindrop
being functloon of wind speed (Van Heerden, 1964). It remains questionable

however if wind velocity makes an appfeciable change in the raindrop fall vec-

tor ' near ground level where wind velocities are generally the lowest 1n the .,

sgrfaée air mass (Mutchler and McGregor, 1979). . L
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2.4.1.2. R;infall intensity and storm characteristics

Rainfall intensity has been reported to depend on storm type,
location, season, and other factors. Thunderstorms are generally associated
with summer wnonths an%igh rainfall intensities while stagnate cold front
storms have lower intensities (Sé’ol, ‘1971). Orographic storms and combSa—
tions of the afor'ementioned types of_ storm have intensity patterns depending
on the particulaﬂr‘ combinations of atmospheric influences (U.S.D.A., 1941).
Th;eSe temporal and geographical variations in intensity are known to have an
effect on both the amount (zf erosion and runoff but remain poorly; documented.

The main contribution on the effects of regional diﬁferences in
intensity and storm characteristics oﬁ soil loss ha; be;an made b%/ Wischumeier
(1959), E_tudying indiyidual storms. The best single variable evofved from
multiple correlation analys}.s for prediction of soil los.s' from cultivated fal-
low plots was the total energy of a storm and its 30-min intensity. The "EI"
interactive variable was then selected as the rainfall erosivity Ffactor of the

]
USLE (Wischmeier, 1959).7 Hou_rever, when the intensity distribution within

a

‘rainstorms was studied by Wischmeier (1959), the davision of storms as ad-

vanced, intermediate, and delayed intensity stofms did not hélp him in ex—
plaining the variability between "EI" and soil loss.

The U.S. ° Soil Conservation Service generalized storm intensity
distributigons with two long-term average representations (U.S.D.A., 1968).
The storm patterns were later updated to four (U.S.D.A. 1973). These storm

iptensity distributions, appeariné closely Iassociatedhith climatic regions

and seaz;onal variations in rainfall intensity, were used by Ateshian (1974) in

4 »

the devélopme_nt of a rainfall erosion index based on a 2-year 6-h rainfall.
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. ilowevér, the realism - of using one—dimensional rainfall was seri;)usly
‘criticized by Renard and Simanton (1975) who com'pared the Wischmeier (1959)

and At—eshian (1974) methods of evaluating ~erosivity for various rainfall
c'events.
Elaboration of guidelines for selection of simulated rainfall in-

tensities have thus been primarily reatricted by the lack of documentation on
1

temporal variations of intensit}{.and its effect on soil loss. In fact, the

selection of a design intensity or a design test storm for simulator develop-

ment has been pramarily oriented by the objectives of the investaigators. For
erosion and hydrology studies, very low and very high intensities are not of
X S
o~ <d
major interest, due respectively to the former’s low contribution to anrfual

soil loss and thea latter’s \rare occurrence. Meyer (1979) 1dentified inten-
sities of about 10 to 100 mm.h"! as having the greatest importance for rain-
fall simulation. However, most simulators in use today do not allow research-

es to vary storm characteristics during a rainfall event and since the most

severe erosion problems have been associated with high intensity storms in the

)

U.S., most American si}n};;lators‘ he;ve been designed to apply water at reldfively

>
A

high intensities. The concept&a universal rainfall simulator Temains,
N . /

A
&

however, closely associated with considerations of regional differences 1in

rainfall intensity and storms characteristics. In areas such as southern

—

Quebec where a major portion of the annual so1l loss may be associated with

low intensity rain on thawing or snow-covered fields (Kirby, 1985),

cli_._matologic and hydrologic considerations are likely to be ?ntical.

~
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2.4.2, Design criteria for rainfall simulation

e

Ve

=<7

Cal

»3

.The first step in the design of a rainfall simulator for runoff
plots imlr'olves the development of a list of criteria to be met. As rainfall
si}.mulation tf;chniques improved and research needs evolved over the years, the
list of design criteria g;ew. Past z;nd current criteria can be sorted into
two groups: | ralnf;all characteristics criteria and technical criteria; the
first group being closely associated with experimental findings ©n natural

rain and the latter linked to the technical imperatives of runoff plot re-

search in the field. : . )

2.4.2.1. Rainfall characteristics criteria

L d

-
If a rainfal.l simulation study is to produce réliablev\indications
of natural rainfall effects, the equipment should closely approach natural
rainfall characteristicg. A first extensive series of c?inf‘all design
diteria was formulated by Meyer and McCune (1958) in the devel?pment of their
rainulator: ‘
" - Drop size dist'riliut"ion of natural rainfall
- Drop velocity at impact near terminal velocity .
- Uniform rainfall and random d.rop~size distribution
- Rainfall intensityacorresponding to natural cgndition;"

v

. The physical characteristics of natural rainfall used as
guidelines’ were those of Laws and Parsons (1943) and Tlaws (1941). Meyer
(1965) published two additional desirable rainfall characteristics:

" -  An angle of impact not greatly different from vertical for most -

' ) 25 .




USRI N
Tt ¥

drops

- A rainfall application nearly continuous throughout the study

LI 3
-

area"

Although implicit in Meyer and McCune’s (1958) criteris, Bertrand

« and Parr (1961) retained the total energy values of simulated raindrops as a

=S

design cr.i\terion. Finally, 1in the development of a rainfall simulator for
erosion research on row sideslopes, Meyer and Harmon (1979) included the
production' of a wide range of rainfall intensities as a desired characteris—
tic.l The rainfall continuity criterion was obtained by minimizing 1intervals
between intermittent rainfall to 10 s. ¢

In a survey of 28 developers and/or users of rainfall simulators,
Bubenzer (1979) reported that 90% of all responses indicated that mean drop
size, . intensity, and uniformity of coverage were selection crliteria for their
research. It appears, therefore, that the basic rainfall criteria fo;' simula-
tion are renerally well established. Moreover, this apparent unanimity on

rainfall criteria is highly desirable since the perfect nozzle or drop-forming

device has not been developed yet.

->
A

2.4.2.2. Technical criteria

5}

The need for economic, rapid and realistic runoff plot data from

1

field research under simulated rainfall has also imposed design criteria on
simulator designers. Early but still up-to-date technical criteria include
minimum wind distortion, portability and ease of handling, use on standard-

size runoff plots, and ability to reproduce a given storm (Meyer and McCune,

1958). Minimization of wind disturbance has been achieved in most runoff plot

26 &
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studies by the use of windbreaks or by limiting field trials to a threshco)ld
wind velocity. Since rainfall simulators are generally expensive to construct

and use, complete portability in minimal time has also been a prime concern’of

all designers.

N
" Application area criteria vary somewhat among various simulator
models. Initial rainulator experiments were carried on plots of 85 to 22 m2
by Meyer (1960). However, much smaller areas have "been used with field

simulators, but it is generally agreed that simulators which apply rain to ex-
perimental areas smaller then 10 m® are unacceptable for direct evaluations of
the terms in the USLE (Romkens, 13879). The use of an adequate buffer area
around the runoff plot was also identified as a technical cr"iterion by‘ Meyer
(1960) and Bertrand and Parr “\( 1961). Finally, a technical concept that
enables reproducibility of a standard test storm over varying plot and slope

conditions remains an essential design criterion of rainfall simulator models

‘ developed to date. ) ~r A

2.4.3. Conception of rainfall simulators for runoff plot reséareh

-4,

During the past half century of rainfall simulation, several dif-

4

ferent concepts of simulators have evolved.. These can be divided into two

o

groups by their means of producing rainfall: drop formers and nozzle types.

(-

/

el
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g:} 2.4.3.1. . Drop=former models . ) ‘

1 ~

N Early taanfall simulators used small pieces of yarn to form rain-
fall (Parsons, 1943; Ellison ang Pomerance, 1944; Barnes and Costell, 1957).
Morg recent simulators have used glass capillary tubes (Adams et al. 1957),
polyethylene tubing (Chow and Harbaugh, 1965), brass or stainless steel tubes
as drop formers (Blackburn et al., %974), and hypodermic needles (Romkens et
al., 1975). Most drop-former simulators produce drops of constant size;
. repa}ted ranges vary from 2.5 mm diameter (Blackburn et al., 1971) to 5.6 mm
(Adams, et al., 1957). Various sizes of raindrop, however, were produced by
Brakensiek et al. (1979) by using compressed air blowing around the drop
'formers. Most plot sizes associated with drop-former simulators are rela-
tively small (up to 2 m®). Notasble exceptions include simulators developed by
;gf . Chow and Harbough (1965) and the laboratory simulators located at burdue and
Utah State Universities (Bubenzer, 1979), which respectively cover plot sizes
of i44, 21, and 96 m2.

Although capable of producing rainfall kinetic energy close ko 1ts
natural range, the use of drop-former simulators in outdoor conditions has
been very limited. The main handicap has been the fall heirght required for
water droplets to achieve terminal yelocxties {up to 10 m f9r a 4-mm drop).

The relatively small coverage area of most models has alsp been a scrious

. limitation for use in outdoor runoff plot research.

_2.4.3.2. Nozzle models a
.« . ! o,
5[’ Several -different rainfall simulators with varying nozzles and in-

28 - .
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C terception mechanisms have -been used for runoff plot research. Four nozzles,"

however, seem to predominate in modern simulators: the Spraying Systems 80100
-and.80150 Veejets, the Spray Engineering 7LA, and the Ralnjet‘78c: - ’
The Meyer and McCune (1958) rainulator useé the Spraying Systems '
" 80100 Veejet nozzle. Lateral movement of the hoques acr;;s the slope _Sy
motorized carriage was used to limit rainfall intensity. Delays of up to 40 s
belween success1ve applicatipns were made necessary for a 64 mm.h-! rainfall
intensit&. Swanson (1965) used the same nozzle on a rotating boom, while
 lBubenzer and Meyer (1965) developed an oscillatory laboratory simulator out of
the 80100 Veejet nozzle. Seimens and Oschwald (1978)mconstructed a modified
version of the rainulator which was self-propelled. The oscillating nozzle
concept, which effectively reduces the rainulator intermittency, ﬁgs also becn’
incorporated into the inter-rill simulator of Meyer and Harmon (1979) and the

CF m;v'v rainulator developed by Fosterv'\ (1979), both using the B0150 Veeyet nozzle.

The kinetic energy level of the latter nozzle was found somewhat greater than

thgt of the 80100 model.

1

Bertrand and Parr (1961) introduced the use of the Spray Engineer-
ing Company’s 7LA nozzle for a stationary, continuous spplication rainfall
simulator. Several variations of the "Purdue Sprainkling Infiltrometer" . have

been used since then. _ Amerman et al. (1970) and Bawitz et al. (1972 used

slotted rotating disk units to reduce rainfall intensity. The concept of

-

-

- using.a rotating disk was introduced séme years before by Morin et al. (1967)

An connection with the Spraying Systems 1.5H30 Fulljet nozzle.

Rainjet 78C nozzles have also been used on large-plot stationary

" .

simulators (Holland, 1969; Lusby, 1977), Encrogv levels of the droplets,

c however, are smaller than those of simulators using the Veejet 80100 and 80150
’ ]
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* -
-nozzles. The same problem has been reported for other simulator models using
. q

the type F hozzle.(Wilm, 1853), the Spraying Systems .14 WSQ (Bubenzer, 1979)
and the Bete Fog SRW 303 (Shriner et al., 1977).

. It appears that the main handicap for realistic and efficient

-sipulatlon of rainfall with nozzles has béen the overcapacity of nozzles which

“are able to reproduce natural ralnfallldrop size and energy levels. Such

overcapacity required either highly sophisticated intermittence mechanisms or

i

the selection of nozzles with lower capacity-that reproduce only a fraction of

- ’
» »

the energy level of natural rainfall. ’ s

. R K - |

o
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3; , . Conception, design and calibration of a stationary, variable in-
tensity rainfall simulator for. outdoor r%noff plot research.-

. 3.1, Introduction

The collection of adequate research data for soil erosion studies

o

inyolving natural rainfall is very ‘time consuming because hydrologic processes

are so variable.- The need for rapid and efficient data collec%ion for soil

erosion has led to the development of rainfall simulators. In field studies,

nozzle-type rainfall simulitors have been primarily used over drop former type.

L
for practical purposes and also to simulate drop size distributions close to

natural rainfall. Available.nozzles producihg drop and energy-characteristics
comparable to those of natural rainfall have limited use in rainfall simula-
tion, however, ‘'due to their'high flow rates. The problen of high nozzle
capacity hus been resolved in most field simulator designs by elfher inter—

cepting a major 'portion of the spgay (Morin et al., 1967) or increasing the

c?gerage area by lateral or' rothtlona} movement of the nozzles (Meyer and’

" McCune, 1958; Swanson, 1965). However the intermittency of water applications

in rainfall simulator studies has been shown to have a significant effect on
thé) amount of rainfall or energy a so0il can absorb before runoff Eeglns
(Sloneker and Moldenhauer, 1974; Sloneker gt al, 1974)._ Délayed Surfécelsea—
ling an& varlab}el soil water pressure have also been associated with soil
shear strength increases and resulting soil splash decreases (Towner and
Childs, 1972). Consequenély, the need to relaﬁe rainfall simulator data to
natural conditions favors'a minimization of the on-off time in the nozzle-type

simulators as a performance criteria in simulator design (Foster et al., 1979;

Meye; and Harmon, 1979).

31 |
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With the growing interest in soil erosion estimates based on in-

o

dividual storms (Onstad and Foster, 1975) and separation of rill from inter-

ri{l erosion (Foster et al., 1977a,b), the understanding of the effect of rain

intensity variations within rainstorms becomes increasingly -important. The
\
new emphasis on soil erosion regearch demands more flexibilaty in rainfall in-

tensity from rainfall simulation equxpment.u Together with the minimization of
spray intermittence, the ability to vary tﬁe rainfall intensity from rainfall
simulation»apparatﬁs constitutes a design characteristic adapted to most cur-
rent research needs.

This paper outlines the design, * construction and caiibratlon of a

new nozzlé-ﬁype variable—intensity rainfall simulator for> runeff  plot re-

seaich.\ The apparatus was used in a soil erodibility study i1n southern

v

‘Quebec.

~ ' i ‘
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3.2. ﬁaterials and methods L

3.2.1. Design Considerations

y The concept of a stationary, intermittent nozzle spraying system

controlled by 3-way solenoid valves was retained as the basic design for the

siqplator. Such design presents many advairtages, namely: o
- It enables the operator to achieve complete control over simulated

rainfall intensity, “by  alternating flow to the nozzle or to a

(3=

return line.
) ~ It makes possible the recycling of unsprayed water.
- It excludes mobile parts from the apparatus design.

* Desired characteristics and performance criteria retained for the

,

» design, construction and calibration of the rainfall simulator included:

)

1. Wide range of intensities,
2. Minimum time between raindrop applications,

3. Drop size, fall velocity and impacg energy of simulated raindrops
‘ +

similar to that of natural rainfall,

4. Uniform rainfall and random drop-size distribution,

5. Complete portability and economy of construction.

v
o b

' — # .

3.2.2. Construction

Following a first selection of bressure regulation parts for an
experimental simulator unit, preliminary tests were carried out to study the

performance of various three- and four—way ASCO solenoid wvalves. Four—way
>
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~§]§ - valve 8342A1, modified to three-way, was finally selected for .the rainfall

simulator unit. Its relatively high friction flow factor (Cv), minimizing

-pressure variation in the system, and c0mpatibrlity’with desircd dischurgé

4 o
.

range led to its selection.

o
-~

quividualpunits of the simulator were then assembled using the

following principal parts: L
. S

¥ - 51 mm schedule 40 galvanized steel piping network

- 51 mm pressure regulator 20-350 kPa, Watts 264

0-200 kPa pressure gauge, Solfrunt series 1300 6"

51 mm 60-mesh two-way brass strainer, ASCO 8600 A2
. - -51 mm four-way solenoid valve, ASCO 834gAl, modified to three-

way. ) ‘

’

§§ ’ Gauges had toibe equipped with screw-checks in order to achieve
full protection and proper reaction time in reading pressure, since alternat-

ing flow from return line to nozzle causes minor pressure changes. Figure 3.1

AJ

illustrates the design of an individual simulator unit.
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59 . Fig. 3.1 | Design of the stationary, variasble—intensity rainfall simulator
i unit. o
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3.2.3. Nozzle spray characteristics evaluation

o

The main problem in developing a stationary, intermittent
simulator was the selection éf a small capacity nozzle with ‘%cceptable spray
characteristics. Commercially available nozzles ‘used 1n past rainfall
simalator models (Meyer and McCune,; 1958; Morin et al., 1967; Holland,, T1969;
Meye{ and Harmon, 1977) appeared not suitable for a statjonary design due to
excessive discharge aﬁd/or flat spray patts:ns. In order to select ; nozzlé@
compatible with the prescribed design, preliminary testings of intensity,
uniformity and drop size spectra at various operating pressurés were performed
on selected full cone nozzle models from "Spraying Systems Fulljet series” and

»

"Bete Fog MP and WL series".
méw «

Drop-size spectra, spray intensity and coefficient of uniformity
of selected nozsles, mounted on a simulator uniF providing 185 or 215 cm fall
height, were measured on a 2 X 2 m reference area. Coefficients of uniformity
(Cu) were computed using the Christiansen (1942) index from 439 sampling points
which were replicated three times. Spray intensity was e;pressed as the
average ;f rainfall intensities measured at all sampling points. Spray drop-

size sbectra were measured using Laws and Parsons (1943) flour pellets ‘method

— ~

for drop size measurement. The method consists of allowing simulated rain-
fall droplets tojfall into a layer 3 cm deep of freshly sieved flour, with a
smooth surface, contained in a shallow receptacle. Resulting épherlcal pel-
lets are air—dried, collected by sieving and finally oven-dried. Detailed
pellet size distribution is then obtained by sieving the pellet samples

through a set of standard sieves. Flour used for simulated droplets collec-

. 35
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%us tion was calibrated to relate pellet mass to the droplet/pellet mass ratio. -

-

Calibration yielded the following regressioﬁ equation at terminal velocity of
droplets, using reference droplets ejected from‘péraffin coatéd syringues and

micro pipettes mounted on a vortex shaker 12 m above reception pans: .

M.= 0.89 + 0.21 log (Mp) 12 = 0.86 h (")

where M = mass ratio = droplet mass/pellet mass
Mp_ = pellet mass .

° - '

-

Triplicate samples of simulated raindrops were collected on the 2 x 2 m

~ -

" reference area at four distances away from spray center. Spray -drop-size was

T
express7é/as the\EVerage of these four determinations weighted for rainfall
. ) , .

inggns{fy measured at these four sampling points.
//// When spray characteristics from a given nozzle at ; specific
:E X operating digcharge were acceptable, drop i1mpact velocity from the 215 é@ fall
height was computed. The computations were based on measured drop-size
spectra, nozéie aperture, discharge rate, and a mean fall angle againat verti-

- cal of 22.5 degrees. The computing program used’for droplet fall simulation

was provided by Schuepp (1984). . o
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The 9.5 mm MP156M model from Bete Fog Nozzle Inc. was finally selected for the

3.3. Results gnd d{squsaion

Lt

3.3.1. Nozzle selection

r

€@ . -

Preliminary estlmatiéns of drop—size spectra, Cu and:%ntensity of
tested nozzles are reported in appendix 1. All nozzles designed with ratio of
free passage diameter to orifice size equal or smaller than-50% were charac-
terized by much too small drop—31£e when drop fall velocity was desirable.
rainfall simulator because 1ts drop-size distribution was close to that 6}
natural rainfall at low operating pressures. Free passage diaméfer equal to

nozzle orifice diameter in the "MP gseries" was believed responsible for the

production of relatively }arge droplets at low pressure.

3.3.2. Design nozzle discharge selection
. / !
A detailed drop-size spectra evaluation was dndertaken on the
"Bete~ MP156M" nozzle at the design full height of 215 ‘cm to eval\mte‘tl'\e’ef-~
fect of nozzle discharge on drop-size distribution and its spatial
variability.  Five discharge rates and four distances away from nozzle spray
center were 1nvestigated in triplicates. Drop-size spectra measured at the
five discharée rates are illust;ated in appendix 2. Analysis of variance 1n a
5 x 4 randomized complete block design of the overall drop size data confirmed -
significant effects, at the 6.01 level, of nozzle discharge and distance ffﬁm
apray center; and their interaction on median drop éize {Table 3.1). Spray

median drop size (Dso) over the 2 x 2 m reference area at each nozzle dis-
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charge level were obtained by normalization of indivi&ualtmedian drop size

~

data for intensity and surface area associated with each sampling point.

’ Spray Dso was found,related to nozzle discharge by the following second degree
regression equation (Fig. 3.2): - \
Dso” = 12.0-2.8(Q)-0.19(Q)2 rg = 0.91 (8)
where D80 is the spray median drop—size\inumn,

Q is the nozzle discharge in liters per minute.

MEAN D50 {mm)

'

8 8.4 68 72 7.6
NOZZLE DISCHARGE (ipm)

- ‘ : ' . /

Figure 3.2 Spray median drop-size response to pozzle discharge.
Means with different letters are significantly different at the
0.05 level using the l.s.d. test. ‘

.-
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Table 3.1 Analysis of variance of nozzle discharge and distance from spray

center effects on Dso of Bete Fog nozzle MP156M. )

SOURCE ' pf F value Pr>F
{

Block R 2 1.08 0.3492
Nozzle discharge (Q) 4 42.46 *x 0.0001 X

S ) -

Distance from spray center (d) 3 38.90 *xx 0.0001

Q ¥ d interaction 12 6.11 #x 0.0001

kX Significant at the 0.01 level 2

, The 5.7 L.min"! nozzle discharge rate ;as selected as the design
discharge for the rainfall simulator since a spray drop size gpectra most com-
parable to high intensity rainfall was obtained (Fig. 3.4), while giving
droplet impact velocities from a 215 cm fall height close to terminal fallA
velocity. Figure 3.4 illustrates the impact velocities associated with the
various class sizes of the drop size apectra from a 5.7 L.min"! nozzle dis-
fharge, and respective terminal velocities 1in ;till air. Up to a drop
diapeter of 2.5 mm éhe vertical fall veloeity from 215 cm exceeds slightly
the theoretical terminal velocity, while larger drops achi;;e fall velocities
slightly lower than terminal.

l The klngtic\ energy of the spray ?t 5.7 L.min"! was evaluated by
congxning drop size spectra data and fall velocities simulation results to

"yvield a figure of 0.201 MJ/ha.mm. Referriné to Wischmeler and émiyh (1978)
estimation ofbrainfall kinetic energy per unit of rainfall, the simulated
rainfall at 5.7 liters per minute nozzle discharge is reproducing B0%X and 72%

of the kinetic energy of natural rainstorms of respectively 25 and 100 mm/hr.
i r

'
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Fégure 3.3 Mean spray drop-size distribution for Béte Fog MP156M 90 deg. full
cone nozzle at 5.7 liters per minute discharge rate.

]
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le

Figure 3.4 Drop impact vertical velocities as function of drop diameter from

, a fall hexght of 215 cm, 7.7 m/sec initial spray velocity and a

o mean spray angle against vertical of 22.5 degrees, as compared to
terminal fall velocities for Beté Fog nozzle MP156M at a discharge

rate of 5.7 liters per minute.
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3.3.3. Multiple—noizle operation Q

1

/A 150n spa{*,ing bei;ween‘nozzles was selected following optimiza—-

1

tion of the intensity d‘istri}?ution at various spacings. Spray_intermittence

a

/

levels were selected as 28, 50, 75, and 100 % of full flow directed at the

rfozzle (on—-time). Adjacent nozéle lines were paired on different solenoid
valve 'circuits/ (normally open and normally closed) in a total 40—sec%hd cycle
(Table 3.2). ‘Time delays beg:ween plot exposition to nozzle spray could thus
be limited to 10 seconds at thé lowest rainfall intensity (32 mm/h). In-
dividual simulator units were connected in parallel to return and feed water )

lines. To compensate for variations in nozzle capacity, the gauge pressures

of the simulator unig.s were individually calibrated against nozzle discharge.

!

o R o

¢
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‘5& Table 3.2 Simulated rainfall characteristics response to spray .intermittence.

Cycle duration Intermittence Rainfall X Energy of (1)

(sec) (X flow at the nozzle) Intensity natural rainfall
ON ' OFF . (me/hr) (%)
J ) |
. 10 30 ‘ 25 32 80.3 .
o 20 .« 2a » 50 . \’ﬁ,ﬁ < . 72.3
30 10 75 ’ 97 71.5 »
) 40- 0 . 100 ) 127 71.5°

(1) Based on the Kihetic energy of the spray (0.201 MJ/ha/mm) and Wischmeier .
and Smith (1978) estimations of rainfall kinetic energy of naturul rain-
fall (e) relatlon to intensity (i): -

' = 0.119 + 0.0873 log(i), where e is in MJ/ha.mm, .

. i is 1n mm/h




1
v

Intermittence was noted to have a significant effect on , average

spray pattern. Shortening on-time was r

in the spray center . (Fig. 3.5).

)

dgponsible fbr directing more droplets

Overall multiple nozzle_coefficient'of

uniformity averaged 7§x for single-row nozzle arrangement spaced at 1.5m.

0
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3.5 :Average rainfallJintensity distribution response to spray inter—
mittence at 5.7 liters minute discharge rate from Bete Fog nozzle

L . - MP156M 90 degrees nozzle. .

N .

[




¢

3.3.4. Fielg operation \

S A

+

SiLx units mounted in parallel were used on 1.75 mby 7.50 m plots
on slopes rénging from 1 to 25 % gradient, Typical test storms included four,
ssimulated rainfall intensities (Teble 3.2). A "™-lock” type alumin;nn struc-
ture supports the nozzle assembly lines and provides a frame for a
po\lyethylene wind shield, used to prevent aspray drift. Accessory ‘ equipment
includes a 5,000—-L portable water tank, a 1.13-kW pump, a pressure tank, an
electric generator, two independent electric timers and a quick-connect rubber
hose network. The runoff cpllection unit inf:ludes a steel flume and a ‘20
L/min capacity plexiglasg tipping bucket. An electric innnersion 'pump is used
to drain the collector pit. Two persons can readily assemble, opemt;z and
disassemblc; the equipment. Figure 3.'6 illustrates the rainfall simulator

.~

setup for an outdoor runoff plot experiment'.
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3.4, Conclusions

3

»

The use of a nozzle with orifice diameter equal -to its free pas—
sage has made possible the development of a readily portable stationary rain-

fall simulator. The apparatus simulates rainfall at any range of intensities
up to 127 mm/h with drop—sizes and' wmpact velocities near those of natural

rainfall. Field studies using this equipment have shown that it can provide

-

useful data on rill and i.nterzjtll erogsion as affected by rainfalL' intensity.
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4. - DETERMINATION OF SOIL ERODIBILITY INDICKES USING A VARIABLE-
INTENSITY RAINFALL SIMULATOR )

4.1, Introduction

The need for rapid and reliable data{on sorl erosion by water led
to. the development of rainfall simulation techn;ques as early as the 1930's.
Much of the more recent research on the estimation of USLE parameters using
réinfall simulation began with the dgvelopment of f@eld rainulators by Meyer
and McCune (1958) and later by Swanson (1965). Advantages provided by the use
of élmulators are numerous; rapid results, control of soil surface charac-
teristics and 'standard test storms. Rainfall simulation thus largely con-
tributed to the development and refinement of the USLE.

In the area of field research, rainfall simulators have been par-
ticularly well suited for the study of the effects of surface covers and til-
lage on so1l erosion. Studies of slope effects on soil loss, water pollution
froﬁ cropland, infiltration, soil particle movement and.erosion mechanics are
other current applications of rainfall simulation technology.

Srmalators .oo:o extensively used to stqdy the effect of soirl
charactertstics on erosion and to reflhe the soa1l efodlblllty factor of the
USLE (Barnett and Rogers, 1966; Wischmeicr and Munnering, 1969; Romkens et
al., 1975; E1-Swafy snd Dangler, 1976, Young and Mutchier. 1977). From miny
years of firld ;uinulatnr measurements, Wischmeier et al. (1971) developed the

"K. nomograph'", widely used for the predictiorf of soi1l erdlibility factor (K)

from soil properties in the American Midwest ever since.

The rainulator developed by Meyer and McCune (1958) has been used
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for most determinations of K in simulated rainfall studies. Most test storms
in North Ametrican experiments also consigted of two 60 min storm periods 24 h
apart at an intensity of 64 mmn/h. Two methodologie:, however, have heer; used
in the determination of K values. Soil erodibility has been ekpressed as the
slope of ‘the regression of 8soil loss data on simulated rainfall erosivity
(Wischmeie;r and Mannering, 1969; Barnett et al., 1971), and also by weighting
,soil l-oss and storm erosivity on the b;isls of natural storm frequency dis-
tribution (Barnett et al., 1965; Wischmeier et al.,1971; Romkens et al., 1975;
Young and Mutchler, 1977). Althou‘gh both methods present conveniences and
disavantages, no discussion or direct comparison of procedures has been pub-
lished to date.

This study used a varasble-intensity rainfall simulatf)i* to collect
runoff and soil losa data on outdoor runoff plots. The main purpose of the

[

study was to characterize the soil.erodibility of selected southern Quebec

-

soils. Specific objectives of the study were:
‘ ~-to estimate soil erodibility factors, compatible with the USLE,
using a variable~intensity rainfall simulation procedure; and

-to study the relations of so1l properties of the selected soils

" to runoff produyction, sediment concentration 1n runoff, soil,

_loss, and K value, under standardized storm conditions.

i . €
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4.2, . Materials and Methods a P

L

4.2.1. Site selection and preparation

Eight soils were tested using a variable-intensity rainfall
simulator on plots equigped with runoff measuring equipment. Table 4.1 lists
the site and selected physico-chemical characteristics of the soilé tested. A
s‘{ngle plot, 7.5 m long by 1.75 m wide, was prepared at each site. Although
duplicat 1on was judged highly desirable from a statistical stand;)omt, the
rainfall simulation runs were not duplicated in order to collect plot data on
the widest range of soils possible. Four of the selected sites on the Mac-
donald College Farm, namely the Arboretum, Dump, Highway, and Radar sites were
previously studied over a continuous Z2-year period by Kirby (1985), thus
providing valuable comparison data for the simulation trials. The Rudy and
Colemar} sites were also located on the Macdonald College Farm; while the Shel-
don and Coaticook so0il series were studied on the A¢griculture Canada Ex-

[ 4

perimental Farm in Lennoxville, Quebec.

-

All sites were either seeded to row crops ﬁnde}* conventional til-
lage or kept fallow for the preceeding two grov;mg seaaons.r All crop residues
and vegetation were remov;d from: the plot surfaces and pre-run surface treat-
ment included several pe;sses with a five-tooth harrow up~an‘d—(‘iyown slope to a
ciept"h of approximately 7.5 ocm in order to simulate a conventional seedbed
preparat 1on. Pre-run soil surface preparationé and rainfall simulations were
performed at a soil moisture content approaching field capacity. , After har-
rowing, plots were covered wif:h plastic sheets to avoid bias of results by

]

natural rainfall.
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Table 4.la. Site characterisi‘.ics: soil classification

SITE ARBORETUN COATICOOK COLEMAN DUKR «  HIGHWAY RADAR RUDY " SHELDON

SOIL or thic Humic _ 6leyed Gleyed Orthic Orthic Eluviated  Not

CLASSIFICATION  Helanic Luvic Soabr1c Soabric Humic Humo-ferric Helanic Available
Brunisol Gleysol Brun1sol Brunisol  6leysol  Podiol Brunisol

SOIL St-Bernard  Coaticook  (Chicot Chicot Rideau St-Damase  Chateauguay Sheldon!!

SERIES )

sk Sandy loas  Silty loam  Sandy clay Sandy loam Clay, Loany sand  Sandy clay Loam

PHASE Loan ‘ loas

SLOPE (1) : 1.2 4.2 6.2 6.5 1E5 26.0 8.0 12.0

(1) Soil series 1dent1fication at Sheldon site provided by Pesant (1985).
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Table 4.1b. Site characteri-stics: s0il physical and chemical properties
- (0—-15 c=m depth)

X

SITE ¢ ARBORETUM  COATICOOK COLEMAN DUNP HIGHWAY  RADAR RUDY SHELDON
SH}UCT'URE Hedium Fitie-sedium _ Fine-coarse Medium Fine sub- Single Fine-sedium Hedium-coarse
granular granular granular granular  angular grain  sub-angular granular
h blocky blocky
TOTAL SAND (X) 60.6 18.0 46.0 56.2 © 29.1 6.9 50.5 29.0
V.C. SAND (X) 0.7 1.5 1.5 0.4 0.1 0.1 40 7.0
‘C. SAND {1) 3.0 1.0 T30 25 0.5 0.6 9.0 5.0°
H. SAND (1) * 0.0 2.0 9.5 14.2 4.0 21.3 27.0 8.5
F. SAND (1) - 50.2 9.5 2.0 31.4 16.5 51.2 6.5 4.5
V.F. SAND {Z) 6.7 4.0 11.0 1.7 8.0 3.7 4.0 4.0
TOTAL SILT (%) 26.4 59.5 27.0 35.7 25.8 .H.l 26.0 48 0
TOTAL CLAY (X) 13.0 22.5 27.0 é.ﬂ 45.0 9.0 23.5 23:0
DRY MEAN WEIGHT  0.60 1.47 2.43 0.31 L0002 0.1 2.53"
DIAMETER (as) '
WATER-STABLE . :
AGGREGATES ) 1.0 mm 8.3 42.0 13.0° 16.2 12.3 7.8 T 15.5 45.9
DRY BULK DENSITY _
(Hg.#-3) 0-5 cn 1.31 14 1.28 1.33 1.3 .46
20-25 ca 1.13 1.13 1.20 - 1.22 1.1 1.33
SOIL HOISTURE ‘ )
(1 by mass) . 26.6 35.4 14.6 i9.4 28.4 20.5 13.7 21.8
WATER RETENTION
AT 10 kPa (I by mass) 2§.1 42.6 219 26.3 4.2 -13.1 20.6 " 20.8
AAILAIDLE WATER
AT 10 kpa {1 by mass) 7.0 7.8 6.9 8.4 5.7 3.8 8.3 6.8
ORGANIC HATTER (1)  3.75 4.87 1.53 3.13 3.07 «2.5 1.93 2.35
C.E.C. {meq/100 g) 15.80 33.28 4.11 7.36 14.30\ 4.48 8.72 5.22
EXCH. Ca 12.41 25.59 3.19 5.73 9.24 3.9 6.23 J 45
EXCH. Mg 2.89 5.19 0.30 0.9] 3.43 0.71 1.38 0.82
EXCH. Na 0.31 - 1.57 0.46 0.50 1.31 0.28 D.69 0.39
Fetal (1)
PYRO. EXITR. 0.23 0.52 0.14 0.39 0.15 0.39 0.32 0.31
D.C.B. EXIR. 1.05 1.06 83 0.82 1.10 0.89 1.00 1.08
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4.2.2. Rainfall simulation and runoff collection procedures

S The design test storm used was composed of four runs of decreasing

~ rainfall intensity. The first app]ica’tion was made under existing soil mois-

H

ture conditions (dry run) at a simulated rdinfall rate of 127 mm.h' for 15

min. The other. three applications (wet runs) lasted 30 min each, with respec-

" tive intensities of 97, 66 and 32 mm.h"!. Runs were separated by a 10 min

break. Duration-rainfall intensity combinations were selected upon long—term

high intensity rainfall statistics for the Montreal neteorological station
f E ]

(Segal, 1979).

A 20-L.min"1? capacity tipping bucket was calibrated in situ and
use;i to collect and measure runoff at each site. Appendix 3,rep6rts c'alibra—
tion data of the tipping bucket for the eight sites. Simple linear regres-
sions between plot runoff volume and "pairs of tips.min-1" of tt}é tipping
bucket were s»ignificar'xt at the 1% level with r2 greater than 0.99 at all
siées.l The number of a bucket’s pair of tips was recorded manually together
with time using a stopwatch. Runoff was sampled at maximum intervals of 1 and
2 min for the d;ry run and the wet runs, respe'ctively, at all sites. | Full
voiumes of the tipping bucket were collected 1n a 4-1 pail when .the bucket
emptied out, without interferring with the bucket movement. The cc\>11ected
runoff sample was then homogenized by quick rotational movement of the collec-
tion pail, and a 750-ml fraction of the sample was immediately transferred to
a glass jar. Sedilqent concentration in runoff was determined by oven Arying

the runoff samples. After evaporation of most of the runoff water, sediments

were left in the oven at 105°C for 24 hours before final weighing.
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4.2.3. Measurement of soil properties -

.

Selected soil chemical and plgsical properties were'meesured on
s0il samples from eacl'l plot. Samples for ;‘g;regatrsize distribution and
stabilitf? deternminations; 0-15 cm depth moisture content, textural and chemi-
cal anaiyses were collected immediately prior ‘to’ the first rainfall simulation
rgn, while the soil profile bulk density was me;asured using Troxler gamma-ray
probe a few days following the r‘ainfall simulation sess1onq. A description of
the surface physico—chemical properties of the eight sites studied is given 1in
table 4.1.

So1l particle-size distributions were determined 1in duplicate,
using the hydroﬁxeter inethod._ Triplicate size-distributions ‘\of dry aégregates
smaller than 8 mm were measured using a nest of 4.75~-, 2.00~, 1.00- and 0.75-
mm sieves operated mechanically for two minutes by a motor giving 40 strokes
per minute. A Yoder (1936) type sieving machine using the same nest of sieves
was used to determine water—stable aggregates. Duplicate samples, | where haampsu
of so0il greater than 8 mm were broken to pass through the 8 mm si1eve but’
retained on the 4.75 mm sieve, were wetted at atmoapheric pressure within. 3
seconds. Sieving was started 10 min after the samples were wetted, ff)r a
period of 10 min at 50 strokecs.min-! and a 2—cm amplitude. After dispersion
in sodium hexametaphosphate solution, material retained in each size class was
hand sieved to allow correction for sand and coarse fragments.

Organic carbon was determined in duplicate using the Leco combus-
tion method. Pyrophosphate and citrate-dithionite bicarbonate extractable
iron and aluminium werelv’analysed in duplicate following Agriculture Canada

-

(Sheldrick 1984) standards.
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c 4.2.4. Data analysis ' v PR

4.2.4.1. Soil loss computations

' Runoff hydrographs and temporal yaria;i»on of sediment concentra-
» tiom in runoff for each simulated rainfall run were computed based on in situ

manual re;ordlngs of the calibrated tipping bucket and the sediment concentra-

tion data' determined in the lab. By pobling instantaneous data on runoff'and
’ ~' . sediment concentration for identical time 1intervals, soi‘} loss estimates as a
| ’ function of time were obtained. Runoff hydrographs, temporal variation of
sediment concentration 1in runoff and evol’ution,‘ of cumulative soi1l loss with
time for all sites under the four runs of the testaétoi‘m are reported in Ap-

r . N ‘
pendix 4. .

L . | A \
 4.2.4.2.  Soil erodibility indices computation
' Since estimates of percentage ;iistribution of storm sizes for the
-areas under study were not available, a representation of annual soil loss per
. unit of rainfall erosivity by a storm weighting procedure (Barnett et al.,

v

1965; Wischmeier et al., 1971; Dangol'er and El-Swaify, 1976) was (éot

Site erodibilities therefore w'ere compu.}ed through linear modelling by

c. and Mannering (1963). After correction for the slope length and gradient fac-
tors of the USLE (Wischmeier and Smith, 1978), the slope of the soil loss - EI
linear regression, was interpreted as the erodibility factor K as defined for

the USLE (Wischmeier and Mannering, 1969).

¢
' »
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The following computational procedure was adopted for the deriva-

tion of the K factor for each site.
{1) -~ Data sets including measured SKI losses in t.ha~' and as-

sociated storm erosivities (EI) in MJ.mm.ha-'h-! for all possible combinations

of the rainfall simulation runs were created. Table 4.2 summarizes the storm
erosivi‘ty computational procedurg for each run éombinatmn. A constant rain-
fall ‘energy per unit of rainfall (e) of 0.201‘MJ.ha‘1mm‘1 was used throughout
storm energy (E) computatiods in or"der to reflect the actual kinetic energy of
the simulated rainffla/ll.

(2)/‘—/‘The data for the ten possible storm combinations were split
into ‘two"data subsets. One "subset, designated as the dry run data set, s
composed of all run combinations that include the first simulator run on dry

soil. The wet run data set includes all other possible run combinations. The

data for the four storm s1ze§fprovided by the dry run data set and the six

© storm sizes provided by the wet run data set werm then fitted by a least-

N

squares technique to the linear ‘model:
A =mEI +b (9)
where "A"’ is the soil loss in t/ha and "n" is the apparént erodibility of the

site, as estimated by the dry or wet run combinations.

- (3) — The apparent site erodibility values were subsequently ad-

justed to the standard of 9% slope gradifnt and 22.1 m slope length to be com-
)

patibl\e with K as ‘defined in the USLE.
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Table 4.2 Storm erosivities associated with each @ombination jbf simulated
rainfall runs.

Run # Ppt B Tao 2} o R
combinations . (mm) (MJ.ha-?) (mm. h-?) % . (MJ.pm. ha-1h-1)
Dry run subset(4’ ‘ N
1 31.75 6.38 64 - 405 P
1 +2 80.25 16.13 11z 1807 -

L+2+3 113.25 22.76 112 ' - 2549
1+2+3+4 29725 25.98 112 A 2910 -
Wet run subset!?’ . e . Ve
2 48.50 °  9.75 e 947
2 +3 81.50 16.38 97 .1590
2+3+4 97.50 “Hs,go e 1901
3 q 33.00 6.63 66 azg
3+4 49.00 ! 9.85 ' 66 650
4 16.00 ., 3.22 32 103
(1) Stodn energy (E) = Ppt . e SN
where Ppt = total runs combination precipitation (mm)
e = rainfall energy per unit of rainfall
= 0.201 MJ.ha-'mm-? for the simulated raindrops
(2) Jao is the maximum 30-min rainfall inten;ity. .

For a duration less than 30 min, Izo = 2 x Ppt
(Wischmeier and Smith, 1978)

(3> Storm erg&iV1ty (EI) = E . Iso
(%4

(4> Run #1, 2, 3, and 4 were applied at the respective intensity of "127, 96,
66 and 32 mm.h-!. Run #1 has a duration of 15 minutes, runs #2, 3, and 4
last 30 min. each <

3
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4.2,4.3. Soil properties in felatfon to erodibiliiy

5
'

To attempt to understand how particular properties of the soils
studied affected their erodibilitiesi the following dependent variables were

studied: (i) rainfall energy required to initiate runoff, (i1) end-of-run
v

runoff rates, (11ii)‘end-of-run sediment concentration in runoff, .(iv) total

soil loss for the run.é and (v) soil K. End-of-run runoff rates and sediment

concentrations were computed by averaging the ponctual data ;émpled'in the
last Biand 5 min of the dry and wet runs respectively.' . o,

The meraits of the various soil properties as 1indicators \of the
aforementioned dependent variables were explored by simple correlation .and
multiple-regression techniques. The final parameters and transformations used
in the-analysis were selected by intuitive Jjudgement, trial runs, and review
of previous rainfall simulation studies (Barnett and Rogers, 1966; Wischmelier
and yannering, 1969; Wischmeier et al., 1971; El-Swaify and Danglert 1976;
Young and Mutchler, 1977; Luk, 1979). Table 4.3 summarizes the varimbility of

the soil 'propertles used in the correlation and regfessxon analyses. When

o
-

studying a given dependent variable, the probability levql of 50 ¥ was the

threshold level for accepting an independent variable in the correlation/

' kel

regression analyses. In the derlvation of multiple linear regression equa-

tions, care was taken to exclude parameters that were intercorrelated or were

" subjective. Numerically-coded soil properties, 1.e. soil structure or per-
) & ,

meability class, were thus excluded from the statistical analyeié.
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Table 4.3 Varlabilxty in selected physico—chemical propertles of ‘the eight
’ : soils analyzed for, the erod1b111ty study.

)
»

/

. : ’ Standard Range in values

‘Variable . ) ‘ Mean ' deviation least greatest
Organic matler (%) 2.0 1.06 1.53 4.87
Very coarse sand (%) -« . o 1.9 2.4 0.1 7.0
Coarsé sand (X) . SN 3.1 2.8 0.5 9.0
Medium sand (%) . 10.8 9.5 0.0 27.0 °
Fine sand (%) - . ot 23.8 18.7 4.5 51.2
Very fine sand (%) ) ' " 6.1 2.7 3.7 11.0
Total sand (X) - o T 45.8 18.5 18.0 76.9
Silt (%) ) o -~ 32.8 14.5- 14.1 59.5
Clay.(X) ' ' ’ 21.4 12.0 8.0 45.0
Dry mean weight diameter (mm) 3 1.19 0.89 0.26 - 2.53
Water Stable agg. > 1 mm (%) . - - 20.2 - 15.0 7.8 45.9
Soil moisture 0-15 cm (%.by mass)’ 22.6 7.3 13.7 35.4
_Water retention at 10" kPa (X by mass) 25.5 8.4 13.1 42.6
Avallable water at 10 kPa (% by mass) 6.5 1.4 3.8 8.4
Dry bulk density 0-5 cm (Mg.m—3) 1.36 0.12 1.14 - 1.51
Dry bulk density 20-25 cm (Mg.m-3) 1.25 0.13 1.13 1.46
Dry bulk density ratio (0-5 cm/5~10 cm) 1.106 0.032 1.041 ¢ 1.149
Exchangeable sodium (meq/100 g) 0.69 0.49 0.28 < 1.57
Exchangeable magnesium (meq/100 g) ; 1.95 1.71 0.30 5.19
Exchangeable calcium (meq/100 g) 8.63 7.58 3.19 25.59
Cation exchange capacity (meq/100 .g) 11.68 9.76 4.11 33.28
DCB exchangeable Fe + Al (%) 1.10 0.31 0.82 1.83
Pyro. exchangeable Fe + Al (%) 0.31 0.13 0.14 0.52-
Slope (%) 9.5 7.6 1.2 26.0
0 ?




4.3. Results and discussion , .

oA
‘ , : »

In order to ease the presentation and interpretation of the
results, the data and associated statistical analyses were split 1n three sec-
tions. In a first section, hydrologic data are presented and discussed. The

second sSection focuses on sediment content of the runoff and soil losses.

Finally, soil erodibility figures are presented And discussed. -
4.3.1. Runoff characteristics

Runoff rate and quantity induced by natural storms have a definite
l v

*

effect on soil detachment and transport, and have been used as a basis for
soil-loss modelling (Onstad and Foster, 1975; Williams, 1977). An understand-
ing of the soil-loss simulated-test-storm relationship would thus remain 1in-

complete without a description of the runoff patterns induced by the simulated

rainfall. Since total runoff induced by each simulated storm 1i1ntensity 1s

s
proportional to the required rainfall energy to initiate runoff and observed

runoff rates, 1t is also desirable to oblain a Eiﬁgsz\jﬁggg{;tandlng of how

particular soil properties affect these latter dependent variables.

N

4.3.1.1. Runoff pattern induced by the test storms

Runoff hydrographs for each of the eight sites tested under the
standard test storms are reproduced in Appendix 4. Common characteristics are
shared by the observed runoff patterns which can be largely attributed to the

A
test storm characteristics and plot preparation procedures. A typical runoff
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. ”
hydrograph, camputed from Sheldon site data, is illustrated in figure.4.3.
.o .

‘
+
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runoff (cm/hr)
~
1

Run #4

¥ 1 I i I i 1

60 80 100 120 140

time (min)

Figure 4.1 Runoff hydrogréph computed from Sheldon site data under the stand-
ard simulated test storms. (Rainfall intensities for rwn #1, 2,

3, and 4 are: 127, 97, 66 and 32 mm/h¥ respectively.)

The relatively loose structure of the top 5 cm of the soil sur-

face, as a result of harrowing of the runoff plot beforle the test storm, con-

veys to the tested soils a very high initial infiltrability. However, the in-

tense rainfall used in the first simulated rainfall run provided a supply rate

large enough to induce runoff at all sites. It can then be concluded that the

infiltration and runoff processes became surface or profile controlled during

the first run of the test storm at all sites. Consequently, all sites were

sub jected to preponding infiltration and surface storage periods of various

at;ration before runoff occurred within the first run. Variation in time to

produce runoff can be related to soil surface pmpe{'\ties affecting soil in~

o/

b
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- filtrability variation over time and soil surface storage capacity. On all

sites, however, a monotonic increase.in runoff rate was observed during the
first simulated rainfall run. The runoff rates observed, although diverse 1in

mégqitude& failed to achieve an equilibrium rate durings the first run at all
; j
sites, suggesting thatl thé infiltration had not reached a steady state.

’ Runoff rates near equilibrium were achieved at all sites during
the second and third simulated rainfall runs. A gradual decrease in so1l in-
filtrability to approach asymptotically a constant rate (Hillel, 1980) under
partiél sealing of the soil surface by crust fo}mation, possible mgration of

pore—blocking particles, swelling of clays, and entrapment of air bubbles can
explain in th;ory‘the observation of near equilibrium runoff rates in the wet’
runs. The absence of runoff observed on the fourth run at the Dump and Radar
sites indicates that the soil infiltrability exceeded the rainfall delivery
rate; thus supgiy-controlled, non—ponding conditions were assumed. Data for

the fourth run from these sites were treated as missing values for the pur-

poses of the statistical analyses.

4.3.1.2. Rainfall energies required to initiate runoff
The variability ipm rainfall energy required to initiate runoff at

the eight sites  for each of the consecutive simulated rainfall runs s

reported in Table 4.4 Highest variability among soils was observed during the
first run, where the Coaticook silty loam (Coat%cook si1te) and the Rideau clay
(Righway site) required a rainfall energy of 5.97 and 4.45 MJ/ha, respec—
tively, before yielding any runoff, while the Sheldon sandy loam (Sheldon

site) and the Chicot sandy loam (Dump site) yielded runoff, respectively,
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after only 1.45 .and 1.72 MJ/ha. . A very marked decrease in rainfall energy

required to 1nitiate runoff was observed during the second run. Decreased in—

.filtrability due to higher initial surface matric potential and partial seal-

ing of the soil surface, associsated with decreaseg surface storage capacity
due to g decrease in surface roughness and rilling contributed to this sharp
decrease 1in the soils’ ability to delay the production of runoff. A general
tenaency to reduced energy required té initiate runoff was also observed
during the two subsequent runs for six of the eight sites studied. The effect
of réduced infiltrability and surface storage capacity during these runs may
however be masked by the intermittency of the water application which can af-
fect the amount of rainfall energy before runoff occurs (Sloneker et al.,

1974).

w

Table 4.4 Variabiiity in rainfall energy required to initiate runoff at the
eight sites studied for the four consecutive simulated rainfall

runs e
g ‘

Site Simulated rainfall run #

1 2 3 © 48

Rainfall energy (MJ/ha) )
Arboretum 2.67 0.69 0.70 0787
Coaticook 5.97 0.85 0.56 0.27
Coleman 2.58 0.50 ° 0.39 /%0.28
Dump 1.72  0.65 0.84 -
Highway 4,45 0.68. 0.64 0.45 -
Radar 3.97 0.86 0.81 - : '
Rudy 2.50 0.71 0.37 0,38
Sheldon o 1.45 0.54 0.47 0.29
Mcan 3.16 0.68 0.60 0.42
Std.Dev. 1.52 0.13 0.18 0.23 )
Min. : 1.45 0.50 _ 0.37, 0.27 .
Max. ~ 5.97 0.8 0.84  0.87

0nly six observations were recorded for the fourth run since two soils
failed to produce runoff. : -
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Table 4.5 reports the coefficients of simple correlation of the

selected soil properties to the energy required to initiate runoff Ffor the
four, consecutive simulated rainfall runs. Reported in Table 4.6 are the best

simple linear regressions significant at the 0.05 level explaining the

F

) var}ability in rainfall energy required to initiate runoff for the first, dry

run and the last, very wet run. Data for runs 2 and 3 were excluded from the
liﬁear regression study because of relatively 1low variability of dependent
variables.- Data for runs 1 and 4, besides presenting a larger variability,

are also represeintative of "extreme case" soil surface conditions.

I
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Table 4.5 Coefficients of simple correlation significant at the 50X level
for energy required to initiate runoff as dependent variable
» - " Pearson corrglation coefficients and swsociated probability
\ Independent variable - run run #2 run #3 run #4

T Organic matter 40.63 0.096  +0.59 .0.125  +0.43 0.204
1 Silt + V.F. Sand/Organic matter -0.46 0.247 -0.81 0.016* -0.73 0.039¢ -0.¢8 0.137
1 Sand X I Organic létter +0.40 0.329  +0.78 0.021% +0 97 0.001*¢
Clay ratio/X Organic matter -0.52 0.185 -0.63 0.09 -0.41 0.424

“ I Clay +0.31 0.455 -0.51 0.19¢  -0.37 0.474
1 Sand rat1o 40.43 0.284  40.57 0.578  +0.78 0.066
1 (S1lt + v.F. Sand)x(Sand 'V\KSand) -9.71 0.646‘ +0.38 0.355  +0.58 0.227
Water retained at 10 kpa +0.39 0.345
Dry bulk density 0-5 cn -0.69 0.060 -0.67 0.069  -0.54 0.168

C Dry‘bulk density 20-25 ca -0.60 0.116 -0.80 0.017% -0.73 0.040% ‘-0.5;6 0.248
Exchangeable Sodium Percentage -0.53 0.176  -0.49 0.215 -0.68 0.138
(Slope)? * -0.66 0.150
% Signifycant at the 0.05 level
s+ Significant at the 0.01 level
&

I Qﬁ%’
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While the soil properties affecting surface roughness would likely

play a major role in delaying the occurrence of runoff during the first run by
mitigating the beating action of raindrops and offering a large surface
storage capacity, their importance was considerably reduced {ﬁ the last run
when infiltrability-related properties largely determ1neg‘rthe infaltration/
runoff rates in surface-sealed conditions. Encegres 1oquired to initiate
runoff observed at the Coaticock site provided an interesting 111ustratlo; of
this phenomenon. While this site required the highest energy to produce
runoff on the dry run (5.97 MJ/ha), 1t also required the least energy (0.27
MJ/ha) to produce runoff during the very wet run 4. A stable granular soil
structure at the soil surface combined with an 1mpeding clayey subsoil are
likely responsible for this paradoxical behavior. However, absence of data on
evolution of the water—content profile time during the test storm does not

permit any conclusion on any soil layering effect for the soils studied. The

\anJ information on the initial water content stai;é of the soils was provided

by the measurement < the 0-15 cm gravimetric watér content, which correlated
positively with the energy required to induce runoff on the first run. A
pos;live correlation between initial moisture content and energy to 1initiate
runaoff on,  the first run (r = 0.72) 1s likely the reflection of the strong cor-

relation observed ‘between organic matter content of the soils and thqir ini-

tial moisture content (r = 0.91, significant at the 0.01 level).
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Table 4.6 Best simple linear regressions significant at the 0.05 level for
rainfall energy required to initiate runoff as debendent variable

for simulated rainfall runs 1 and 4.

|

v

, Parametee
Run # Variable estimate Prob)(T)¢1?
1 X (Silt + V.F. Sand) (Sand - V.F. Sand) -21.99 - 0.025%
Organic matter percentage Q.77 0.045%
Intercept 3.89 . '
Model F value: 9.841
prob > F: 0.0185
R-square: (.80
1 X (Silt + V.F. Sand) (Sand - V.F. Sand) -25.61 0.0021%
Dry bulk density 20-25 om - 7.49 0.0043%
Intercept 16.01 '
Model F value: 27.69%4
prob > F: 0,0020%x
R R-square: 0.92
4 X Sand x X O.M, 3.68-10-3 0.0011%x
Intercept 2.90-10-2

Model F value: 69.045
prob > F: 0.0011%x
R-square: 0.95

¥ Significant at the 0.05 level
*x Significant at the 0.01 level

(1) Associate probability with the T value.

™
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§:§ The effect of so1l texture on energy required to produce rhnoff in

the "dry run" 1is best described by the combined parameter "Silt + very fine

) sand x Sand ~ V.F. sand" or "corrected silt x corrected sand” (Wischmeier,

| . ' 1971). Together with organic matter content or.subsoxl_bulk density, 1t could
‘ explain respectively 80 and 92% of the vériatlQn 1n energy requited to induce
runoff on the dry run (Table 4.7). The signs of percent clay correlations

>with energy to initiate runoff were found opposed 1n dry run versus wet runs:

A potential explanation for a positive correlation in the dry run‘would be  an

effec: of so1l texture on initial surface macroroughness of the sites, Int -

tial dry mean weight diameter of the tested surfaces appeared, 1n fact, posi-

tively correlated, although not at a 5% significant level, with percent clay

[]

(rf+0.45, prob.=0.186). The correlét1on of clay percentage would then turn
negatfﬁe, when percent élay would no longer promote 1nfil£réb11ity in the wet
Ei& runs, but r;Eher be associated to lower soil hydraulic conductivity.

The high level of intercorrelation between organic matter and top—
s soil and subsoil bulk densities, r(0.M. - Topsoil dens.) -0.93 (sxgnxfiqaﬁt
K at the 0.01 level) while r(0.M. '— subsoil dens.) = -0.76 (significant at the
0.05 level), prevented a clear identification of their respective effect on
energy required to induce runoff. Organic matter appeared conaléténtly posi—
tively corée%gted with the Lftter dependent varia51e in the first three runs
while both bulk density %igures remained negatively correlated. Likewise, the
positive correla?ion between water retention at 10 kPa and energy required
to produce runoff is compromised by a correlation significant at the 0.01

level between water retention at 10 kPa and organic matter (r = 0.74).

The ratio of sand, to organic-matter percentage explains at a very

o high level-of significance'the energy required to . induce runoff during the

.
» ®
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fourth run (Table '4.6). The ability of this}poﬁbined parameter to explain
variation in soil dinfiltrability is likely the reason for its high correlation
with energy required t6 produce runoff on the very wet run. The sand ralio

alone explained over 60% of__xariabillty in the latter dependent variable.

.Percent slope showed 50% significance only in the fourth run indicating a

dominance of soil characteristics over slope gradient 1n governing rainfall

energy required to induce runoff among the soils teested.

4.3.1.3. Runoff and seepage rates

&

-

The variability in runoff rates among the eight tested sites, as

measuyrcd at the end of each rainfall simulator run, 1is reported in Table 4.8,

. Highest runoff rates were achieved for all soils during the second simulated

- rainfall run at'97 mm.h-! rainfall intensity, with the exception of the Dump

9

sité where the test storm peak runoff rate was observed on the first run at
127 mm,h-! rainfall intensity. Excessively high infiltrability of the tested
soiis on the first run prevented the attainment of'peak runoff rates. Steep
hydraulic—ﬁead gradients established immediately beneath the so1l surface when
intense rainfall began on the relative{y dry soils favored very high initial
inffltration\rates, thus minimizing runoff.  As rainfall continued during the
following simulated, rainfall runs, near-surface hydraulic gradients decreased

as the "wetting front" moved deeper and ponding was maintained at the soil

surface; the infiltration in the wet runs was then more likely controlled by

subsurface hydraulic propertics.
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Table 4.7

\J

y
Variability in runoff and seepage rates measured at the end of
each simulated rainfal¥l run for the eight sites tested.

Site

/"

Simulated rainfall run #
(1) © (2) (3) (4)®

hd i
Runoff and seepage rates? (mm.h-1)

"~ Runoff Seepage Runoff Seepage Runoff Seepage Runoff Seepage

. Arboreétum
Coaticook
Coleman
Dump °
Highway
Radar

Rudy .

Sheldon

Mean
Std.Dev.
Min.

Max.

61.3 65.7

67.5 29.5 41.4 24.6 12.4 19.6
20.4 106.6 58.6 38.4 46.2 19.8 27.8 4.2
26.2 100.8  48.0 49.0 42.8,.23.2  20.3 1L.7
54.3  72.7  38.8 58.2 23.6 42.4 - 32.0
21.3 105.7  21.3 75.7 41.9 24.1 18.6 13.4
13.1 113.9 19.0 78.0 13.4  52.6 - 32.0
31.7. 5.3 16.5 508 30.6 35.4  13.0 19.0
26,4 100.6. 74.4 22.6 50.6 15.4 24.9 7.1
13.8 - 113.2 46.7 50.3 36.3 29.7 19.5 12.5
17.0 20.1 12.7 6.2
13.1 - 65.7 19.0 22.6 13.4 19.8 12.4 4.2
61.3 113.9 74.4 178.0 50.6 52.6 27.8 19.6

a Seepage rgte = precipitation rate - runoff rate

b only six

observations were recorded for the fourth run since two soils

failed to produce runoff.
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A comprehension of variation in runoff rates observed during the

four consecufive simulator runs is best acheived by comparing the effective
"seepoye rates’” on the tested ;1ots at the end of each run. Seepage rates
have been calculated by subtracting from the applied rainfall rate the
measuretl runoff rates (Teble 4.7). The term "seepage rate"” is used rather
than "infiltration rate” to describe the proportion of water applied that was
nog collected at the lower end of ithe plot, which is truly representative of
the natural so1il inf}ltratlon rate. Compared to nat:}al conditions, numerous
factors lead, in fact, Po an overestimation of the amount of}water infiltrat--
ing into the so1l profile in a rainfall simulation-based plot study. /The
relatively high plot border to plot area ratio (1:1.42) of the test plots con—-
tributed assurqdly to edge effects on infiltration rates. Intermittency and
non—unf?ormity’ effects of the applied rainfall enhénceg variability in soil-
water pressure across the plot surface; minor variability in intended rate of
water application cannﬁt be excluded either. Coﬁ%ination of these experimen-
ta} factors}seriously limit the representativity of the seepage rate data as

1

natural infiltration rate.

Observed end-of—-run seepage rates show a gradual decrease from the
firs? to fourth run at all sites (Table 4.7). Although runoff data for the
“fourth run at the Dump and Highway sites were not collected, thgir potential
secpage rates were assumed to be equal to the applied ralnfall rate
(32 mm.h-1). Consistently decreasing seepage rates during the post~pond1né
pefiod is consistent with near-surface hydraulic gradients decreasing more
rapidl& than soil hydraulic, conductivity increases during rainfall infiltra-
tion (Amerman, 1979).. -Lowest seepage rates achieved in the fourth run ap-

proach typical values of steady infiltration rates reported by Hillel (1980).

4 R
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‘Coefficients of simple correlation significant at 50X relating

sampled soil properties to end—of-run runoff rates are reported in Table 4.8,
T

Best simple linear regression significant at the 0.06 level explaining the

variability in final runoff rates for runs one, three and four are reported in

Table 4.9. For the dry run, the combined textural parameter 'corrected si1lt x .

corrected sand" explains alone 80% of the variability in runoff. Since the

runoff rates measured at the end of the first run were markedly on an upward

trend, their amplitude remains largely time—dependent and associated with
energy required to initiate runoff (r = ~0.52). The last two dependent vari-
ables thus share the same textural variable as the best predictive parameter
on the dry run. Negatively correlated clay 'content and 1nitial aggregate mean
weigt;;‘; diameter are likely associated with the effect of surface roughness on

surface gtorage capacity during the dry run.

Table 4.@ Coefficients of simple correlation significant at the 50% level
for end-of-run runoff rates as dependent varisble

¢

Pearson correlation coefficients and associated probability

Independent variable " hup 31 Run #2 . Run #3 Run ¥4

1 Clay -0.43 0.283 10.57 0.142

I (Sand - V.F. Sand) ' -0.35 0.402 -0.83 0.010* -0.89 0.0i8%
1 {Silt + V.F. Sand) +0.62 0.104 10.680 0.065 . 40.92 0.008%¢
1 (Silt + V.F. Sand)x(100-X Clay)(%? © 40,66 0.075  +0.47 0.244  40.78 0.065
I (Silt + V_F. Sand}x(Sand - V.F Sand) . $0.81 0.014¢ ~0.39 0.334 -0.58 0.225
Hean Weight Diameter -0.34 0.414

Dry bulk density 20-25 ca 10.37 90,428 40.39 0.333

(Slope)®-3 -0.70 0.052 -0.62 0.098 -0.53 0.178

(1) M parameter (NWischagler and Sarth, 1978)

* Significant at the 0.0§ level ‘
s Significant at the 0.01 level )
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"Table 4.9 Best simple linear regressions significant at the .05 level for
end-of-run runoff rates as dependent variable for the four consecu-

tive rainfall runs.

)

Y
Run # Variable

Parameter
Estimate

Prob > (T)<V)

1 % (Silt + V.F. Sand) (Sand - V.F. Sand)

3.11.10-2 0.014%

Intercept -10.19
Model F value: 11.598
prob > F: 0.0144x
R-square: 0.66
3 X% (Sand - V.F. Sand) . 0.54 0.010x
Intercept 57.59
Model F value: 13.475 !
prob > F: 0.0104x%
R-square: 0.69
4 % (Silt + V.F. Sand), 1.34
Intercept 4.35-10-1 0.008%x
Model F value: 23.693
prob > F: 0.0082%x
R-gquare: 0.86 !
4 X (Sand - V.F. Sand) .3.57-10-1? 0.018x%
Intercept’ 31.14

Model F value: 15.029
prob > F: 0.0179%
R-square: 0.80

{

* Significant at the .05 level
*¥ Significant at the .01 level

(1) Associated probability with the T value.



L ) Textural parameters dominate thé table of correlation coefficieﬁts

fo ’ the wet simulator runs (Table 4.8). Sand fraction excluciing the very fine

and and thg silt fraction including the very fine sand zfppear respectively
negatively and positively correlated with runoff rate 1n simulator runa
Qtwo,three and four. The "corrected sand” fraction explained 69 und 80% of the
variation in runoff rates respectively in runs three and four, while the

. "corrected silt" fraction accounts for 86% in the fourth run. Subsoil bulk

&

density was noted positively correlated with runoff rates 1n runs two and
three, but failed to improve the probability level associated to the textural
predictive parameters. The textural parameter "M" (% silt + very fine sand x

100~ % clay) described by Wischmeier el al. (1971)‘, achreved fair [)(;51t.1vo

correlation (not presented) with runoff rates in the wet simulator runs.

¢d

The observed negative correlation between s]\ope gradient and
runoff rates in the three first runs is assumed ac/gidﬁtal 1n nature. Ac-
tually this correlation does not bear any physical',/;neaning, sipce so1l  1n-

, filtrability 1is inversely proportional to slope gradient for constant so1il
4

conditions (Hillel, 1980); nevertheless, 1t indicates the dominance of intrin-

sic soil properties over slope gradient in accounting for variations in runoff

]

rates.

4.3.2. Sediment concentrations in runoff and soil losses
In simple terms, the soil loss observed within a given rawnfall
event 1s the product of the i1nduced runoff and ils mean sediment concentra-
$ tion. Although not independent of each other and largely controlled by a

similar set of so01l and test storm properties, 1t becomes useful to i1nterpret
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separately these two dependent variables in order to furthér our understanding
of f;he erosion process. By isolating the variability in sediment concentra-
tion in runoff, it is possible to focus on the properties affecting the soil
detachabi1lity and transportability components (Ellison, 1947; Meyer and

"Wischmeier, 1969) of so1l's erodibility.

4.3.2.1. Sediment concentration |,
' 51

Variability in measured sediment concenlration in runoff at the
end of each simulated rainfall run is reported in Table 4.10. Figure 4.2 11-
lustrates the evolution of sediment concentration in runoff at the Sheldon
site through the four consecutive simulated rainfall runs; evolution of sedi-
ment concentration levels for all other sites is. reported in Appendix 3. ’

Highest sedlme:nt concentrations were measured on the first f{un\ at
all sites except for the Arboretum site. Highest so1l detachability by rain-
fall and runoff, conferred by the initially loose, freshly harrowed soil,
favored a wide availability of detached soil for transport and is 1likely a
major factor in achieving peak sediment concentrations in the first run. A
more intense so1l detachment by rainfall was also favored by higher rainfall
intensmity in the first run, assuming that soil detachment by rainfall 1is

roughly proportional to the square of the rainfall intensity (Meyer and

Wischmeier, 1969).

73




Table 4.10 Variability in sediment concentration in runoff at' the eight sites
studied for the four consecutive simulated rainfall runs.

Sediment concentration in runoff (g.L-1!)

1

Site . ~,Simulated rainfall run # - '
~ (1) (2) 3 (4 :
Arboretum 27.15 28.15 11.87 4.17
Coaticook , 8.01 6.91 4.01 2.35
Coleman 35.21 ' 36.95 24.91 7.26
N Dump 47.15 43.78 33.44 -
Highway  119.10 91.41 39.86 13.90
Radar 165. 65 131.17 127.72 -
_ Rudy 63.99 59. 81 47.72 12. 22 \
. Sheldon | 37.37 24.01 13.26 . .6.30
Mean 62.95 52.77 37.85 R 2 {1
Std.Dev.  53.02 40.63 39.26 . 4.51
Min. 8.01 6.91 “4.01 2.35
Max. 165.65 131.17 127.72 "~ 13.90
a Only six observations were recorded for the fox'xrth run since two 8oils

failed to produce runoff.
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Figure 4.2 Evolution of sediment concentration in runoff at Sheldon site
through the four consecutive simulated rainfall runs. (Rainfall

Y intensities for run #1, 2, 3, and 4 are: 127, 96, 66 and 3Z2mm/hr

respectively.)

Subsequent simulated rainfall runs yielded consistently decreasing

sediment concentration in runoff. Besides reduced detachability of the soils

as the test storms progressed and continuous erosion of the more easily

detached and transported soil, decreasing rainfall intensity andn runoff rates

likely contributed to diminishing sediment concentration in runoff. The

direct proportionality of rainfall intensity to transport capacity of rainfall

(Ekérn, 1953) and rainfall detachment (Ellison, 1944) added to the direct

proportionality between runoff .rates and transport/detachment capacity of

runoff (Meyer, 1965) support in theory the observed trend in decreasing sedi-

ment concentrations.
The range in sediment concentrations reported in table 4.10 is

’

fairly comparable with interill erosion da-td collected by Meyer and Harmon
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(1984) on 0.9 w? runc;ff plots. Mean sediment concentrations observed by
Meyer and Harmomn (1984) varied from 16 to 145 g.L-! on a dry simulated rain-
fall run and from 21 to 93 g/1 on a subsequent wet run at the same 77 mm/h
rainfall intensity. 'A theoretical explanation for the observation of similar
sediment concentration range on a 0,5- m slope length (Meyer and Harmon, 19824
and the 7.5 m =slope length of the present study may be found partially in
Meyer and *Wiscvhmeier’s (1969) mathematical simulation of soi1l erosion
processes, which demonstrai;ed tha’; belo\w a slope 'length of 7m and a slope
gradient of 12%, 'sediment loa(’.“equaled the transport capac1€y of rainfall and
runoff. Following this int(erpr'etation, the available detached soil could have
exceeded the transport capacity of tfle test storm in both thé Meyer and Harmon
(1984) and the present experiment, thus sediment concentration and soil loss
dat%a could possibly be "transport" controlled rather than "“detachment" con-:
trolled. Although the p;‘esent stu‘dy provides no grounds to conclude on the
relative " 1mportance of the erosion phases taking place, the relatively high
range and low variability in sediment concentration observed 1in the first
three runs on Coleman, Dump, Radar, and ‘Rudy sites, while the rainfall inten-
sity decreased by 50%, likely support Meyer and Wischmeier’s (1969) mathemati-
chl interpretation, at least for these sites,.

' Variability among soils for each élmulated rainfall run clearly

reflect the effect™ of slope gradienl on soil detachability and transport

capacity of rainfall and runoff. The steepest sites were subjected to highest

sediment concentrations in runoff in all rainfall runs; the Radar and Highway

&

sitgs experienced peak end-of-run concentrations of 166 and 199 ¢g/1, respec—
tively, in the first run. As shown in table 4.11, tabulating co:szicients of

simple correlation significant at 50% level between site properties and sedi-
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. ment. ¢concentr tions, slope appears highly correlated with end-of—run sediment

- ) / N * '
concentration in runoff during all runs. The ‘-square-root. of the slope
gradient alone significantly explained at the .01 level 71% of the variation
in sediment concentration in the first run while significantly accounting for

64% and 69% of the variation, at the 0.05 level, in runs #2 and 3 respec-

2

tively.

Percent water stable aggregates larger than 1.0,mm showed consis-
tent negative correlations with sediment co;lcentration in runoff an all simu-
_lated rainfall runs (Table 4.11). Its association with slope gradient as a
predictive parameter for sedi!nent concentration in runoff yielded the best in-
dependent vari\ables combination for the simulated rainfall runs 1, 2, and 4.
Table 4.12 reports the simple linear regression figures. The significance of
aggregation stability in explaining concentration in runoff stresses - the im-
portance of the aggregation characteristics in affecting particle detachment

“

and transport by rainfall and ‘surface flow among the tested soils; samilar
conclusions using rainfall simulation were reached by Young and Mutchler
(1977) on Minnesota soils, by Luk (1979) in Southern Alberta and E1-Swaify and
Dangler (1976) in Hewaii from soil loss data. A fairly high correlation be-

tween water stable aggregates and mean weight diameter (r = +0.60) restricts

however the interpretation of the initial aggregate size distribution’s cor-

N

relation with sediment concentration in runoff. The sand ratio-slope gradient
predictive parameters combination, best accounting for variability in sediment
concentration in run 3, also indirectly includes the effect of water stable
aggregates, the latter variable being negatively correlated at 60% with sand

ratio.
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Table 4.11 Coefficients of simple correlation significant at 50% for sediment
concentration in runoff as dependent variable

Independent variable

Pearson correlation coefficients and associated probability

run #1 run 2 run #3 run M
@ Ordanic matter u -0.36 0.478  -0.34 0.410 -0.34 0.416 -0.55 0.25
Fine + Very fine sand +0.35 0.389  40.40 0.323  +0.45 0.267
Very coarse + Coarse sand -0.35 0.395 -0.35 0.398
Clay ratio 10.73  0.099
silt ratio -0.62 0.0%6 -0.76 0.054 -0.60 0.119  -0.65 0.164
Sand ratio +0.66 0.075 ;0.71 0.052  +0.86 0.006%+
Hean weight diameter -0.47 0.245  -0.51 0.194 -0.52 0.190
-~ ¥.5. aggregates )1.0 s -0.52 0.191 -0.61 ©0.110 -0.51 0.192 -0.47 0.JM
»3 Cation exchange capacity -0.41 0.312  -0.44 0.270 -0.46 0.251 -0.47 0.343
Exchangeable sodium percentage 0.61 0.201
Pyro. exchangeable Fe + Al -0.54 0.270 _
Hater retained at“ 10 char - -0.74 0.036
(31008)"';_ +0.84 0.009%% 40.80 0.017¢ +40.83 0.012% +0.65 0.166
' ' \Significant at the 0.05 level

#¢ Significant at the 0.01 level
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Table 4.12 Best si

le linear regressions significant at the

.05 1level for
sediment concentration in runoff as dependent variable for the four
consecutive rainfall runs.

Parameter
Run # Variable estimate Prob > (T)(V)
1 (X Slope)9-5 36.50 0.002xx
Water. stable aggregates >1.0 mm -1.61 0.017%
Intercept -9.32
Model F value: 27.474 N
prob > F:  0.0020%% R
R-square: 0,92
2 (X Slope)o:5 ., 26.32 0.001xx%
Water stable aggregates >1.0 mm =1.50 0.003xx
Intercept ~0.84
Model F value: 43.390
prob > F:  0.0007%*
R-square: 0.95
3 (% Slope)® S " 17.49 0.009%%
Sand ratio 23.32 0. 005%%
Intercept -38.79
Model F value: 40.653
prob > F:  0.0008%x
R-square: 0.9
4 (X Slope)9-5 4.40 0.0176%
Water stable aggregates >1.0 mm -0.20 0.0275%
1.08 M‘

Intercept

Model F value: 14.991
prob > F:  0.0274%
R-square: 0.91

¥ Significent at the .05 level

% Significant at the .01 level

(1) Associate probability with the T value.
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] The consistent negativé cox:relations of organic matter and cation
exchange capacity (C.E.C.) with sediment concentration during all runs cannot
be isolated from each other due to high intercorrelation of these independent
variables (r = 0.89), significant at the .01 level. The influence of organic
matter content on sediment concentration can likely be related to its well-
ogumented promotion of aggregate stability by minimizing stresses caused by
wetting and rain drop impact (Imeson and Jungerlus, 1976); a positive correla-
tion of 32X was evaluated between percent water stable aggregates and organic
matter content of the tested soils. The C.E.C., very weakly correlated with
clay percentage (r=+0.17) dad moderately correlated with percent water 'stable
aggregates (r=+0.40) and Jsediment c;mcentration duriing all runs (41 <r <47)
may possibly reflect an effect of the mineralogical properties of the soils,
High C.E.C. montmorillonite soils have been associated with better aggrega-
tion and ‘lower susceptil;ility to erosion on the aggregated Upper American Mid-
west soils (Young and Mutchler, 1977). Meyer and Harmon (1984) also strongly:
correlated negatively interill erosion rates with C.E.C.; the latter, however:
was in turn highly correlated with clay and organic matter percentages. Un-
fortunately, the absence of mineralogical data on the soils tested under the
present study prevent any conclusions regarding a potential effect of
mineralogical properties on sediment load. ,

The soil texture influence on sediment concentration in runoff was
best described by the variation in sand and silt ratios among the tested sites
during the first three simulgted rainfall runs. However, the ‘observed trends
in correlation. of these textural parameters with sediment, concentration

measured in runoff are opposed to the nomographic model of soil erodibility

(Wischmeier et al.,1971). The nomograph reflects a general increasing trend

&
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C ’ in erodibility with greater 'silt content and lower sand content. '%’he in-
fluence of so0il aggregation, however, was not apparent from Wischmeier et
al.’s (1971) data on medium-textured Midwest soils and neither was included in
the nomograph. Young and Mutchler (19:77) demonstrated the peed to consider
aggregation characteristics in using textural predictive parameters for well-

1

aggregated soils in Minnesota and could significantly explain 75% of variation

in soil erodibility with aggregate index and percentage of montmorillonite
alone. In the present study, the aggregated nature of the high-silt soils is
clear. The two soilla studied in the Eastern Townships, the Coaticook and Shel-
don series, were both characterized by the highest silt percentages of the
soils studied (respectively 59.5 and 48X) and also by the highest percentage
of water—stable aggregates larger than 1.0 mm (respectively 42 and 46%). Both
series were also c"haracterized by clay contents over 20% and thevvcéaticook
c ‘ series showed highest organic matter content (4.87%) of the soils studied, two
" properties generally promoting aggregate formation and stabilization respec-
tively (Emerson, 1859). The rgsultant high correlation between silt content
ax;d water stsble aggregates obs;rved among the soils studied (r = 0.92, sig-
nificant at the .01 level) thus conveys on the silt fraction a negative cor-
relation with sediment concentration in runoff. Sand content, appearing posi-
tively correlated with sediment concentration in runoff, may reflect the ef-
fect of sand on aggregate stability (r = -0.G2 between sand ratio and water
stable aggregates X). In his study of erqsion by wash and splash on Southern
Alberta soils? where“soil aggregation was the most gignificant variable ex-
plaining soil loss, Luk (1979) also observed positive correlation of sand con-

tent with the soil loss variables examined over a wide range of soil environ-

ments. When looking specifically at cultivated Prairie socils, Luk (1979) ob-
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served however a significant positive correlation between clay content and

soil loss\as a result of the unaggregated nature of the <clay colloids.
Li!tewise, the positive correlation between clay content and sediment con-
centration in runoff observed in the fourth simulated rainfall run of the
present study, may reflect the maximal disruption of surface aggregation at-
tained by the tested so0ils in the fourth run. Lower transport capacity of
runoff \for coarser than clay sediments, related to lower rainfall erosivity

than the‘preceeding simulator runs, could also favor a pc?{sitive correlation

between clay content and sediment concentration in runoff during the fourth

run. ;
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4.3.2.2. Soil losses

Cumulative soil loss evolution over time for the t‘ested soils un-
der the standard test ;tom are presented in Appendix 4. Figure 4.3 il-
lustrate the data for the Sheldon site. Table 4.14 summarizes the variability
in soil loss observed on the eight sites by presenting individual run subto-
tals. The highest so0i1l losses were measured during rumr 2 on all soils.
Highest rainfall erosivity, applied in run 2 combined to reduce infiltrability
ando surface storage capacity due to surface sealing,’ and rilling contributed
to the achieving peak soil loasses. However, the soi1ls studied demonstrated a
fair variability in soil losses with respect to run sequence. Highest soil
losses observed for the first run at the Arboretum (2.5:7 t/ha) G{Id Dump (3.07
t/ha) sites are likely linked to the runoff rates and energy required to in-
duce runoff observed at these sites,u respectively the highest and lowest ob-
served among the sites (Table 4.2 and 4.5). Relatively high soil losses ob-
served at the Sheldon (1.76 t/ha) and Rudy sites (1.82 t/ha) are also likely
runoff-related as they ranked next in terms of observed runoff rates and rain-
fall energy required to induce runoff. A significant coefficient of simple
linear correlation at the 0.05 level between runoff rate and so1l loss depen-—
dent variables observed in the first run (Table 4.14), statistically reflects
the importance of runoff intensity in affecting soil loss during the dry run.
In the wet runs, the variability in soil losses among the sites is distinct
from the dry run. Runoff intensity does not appear any more as the dominant
parameter in explaining soil loss variability among the sites. The i{ighway
and Radar sites were respectively subjected to highest soil losses during runs

LY

2 and 3, and the overall trend in soil losses observed among the eight sites
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appeared predominantly associated with sediment detachability and transpor—

tability, as suggested by a négativg correlation with runoff rates and consis-

tently increasing correlation of soil losses with sediment concentration in

1

runoff (Table 4.14) through subsequent Wet runs; during the very wet run 4,

sediment concentration in runoff appeared significantly co}related at the 0.05

L]

level with soil loss (r = + 0.85).

N U+ 00N O 0 O

-

o 20 40 60 80 100 120 140

time (min)

Figure 4.3 Evolution of cumulative soil loss at Sheldon site through the four
consecutive simulated rainfall runs. (Rainfall intensities for
run #1, 2, 3, and 4 are: 127, 97, 66 and 32 mm/hr respectively.)

IS
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Variability -in soil losa at the eight sites studied for the four
consecutive simulated rainfall runs. - 7

. Site Soil loss (t/ha)®
S ' (1) (2). 2T qd) ~ (4) ' Total A
?; fimulated ramfall run : -
W ArboFetun 2.5~'7°' 9.36 1.88 | 10.20  14.01 S
Coaticook 0.13 1.38 0.90 ., 02 z.68 k
Coleman  1.05 7.34 3.99 0.66 /13.04°
Dump 3.07 9.02 3.68 - sm
" " Righway  2.18 ' 27.16 7.60 . 0.85 37.79
Radar 1.40 9.90 6.6 - 17.66 oS
Rudy 1.82 10.96 4.60 0.96 18.34 \ ’
Sheldon  1.76 8.01 S 319 0.79 13.75 -
D Mean 1.75 "10.39 4.03 0.62 -
Std.Dev.  0.91 7.38 2.20 - 0.32 7
Min. 0,13 "1.38 0.90 0.20 W
Max. 3.07 27.16 7.60 . 0.96 )

<

2 Only six observations were recorded for the fourth run since two soils
failed to produce runoff.
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‘Table 4.14 Coefficients of simple correlation between soil loss and the, other
\ observed dependent variables for the individual simulated rainfall ~
Gun. ) . . - | . ,
1' - A
I
Co / Pearson correlation coefficients with soil loss dependent variables
Yariable run #1 run §2 TurE 43 _run M4
End-of-run Tunoff rate . ‘ 072" 058 ERTE o .
Rainfall energy required to induce runoff  :0.64 | -0.11 . 101§ " 0,48 ‘ ¢
- ) N
‘ Sedisent concentration in runoff +0.14 +0.56 10.67° +0.85¢

y 3
v v

p

% Significant at the 0.05 level

b .

) The correlation and regression analyses of t!axe measured. pixysico—

1 ! \

chemical soil properties with.soil loss reflects a combination of the previous .

. anaiysis performed on runoff and sediment concentr:étion (Tabie 4.15 and 4.186).

- ’ . \
( As with runoff rates the correlation of "corrected silt x corrected sand" and
; .

aggregate mean weight diameter with 30il loss showed 50% signi;fic’ance “during
- . - %

k4 -

. t\he‘- -Elry run only, reflecting the dominant g‘ffect' of runoff intensity on the_

‘dry run lsoil loss. The correlation analysis of soil loss data rfo,r the dry run
f also highlighted indeper;dent variables previou;sly associated witl’1 sediment
| ' . concentratic;n in runoff, namely: water stable aggregates, C.E.C., silt ratio,
| ,

. - ,
and water retention at 10 kPa. No combination of independent variables ‘ex-

plained at- the 0.05 level of significance the variation in soil loss during

4

the dry'erun.

ral
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’ Tab}‘; 4.15 Coefficients of simple correlatiorn Significant at the " 50X level

H for soil loss as dexjndent variable
' - ° N
\ N H
I - Pearson Correlation Coefficients & Associated Probability
» Independent variable | , rup &1 run §2 3 T

-

1 Organic matter -0.51 0.199 " -0.75 0.082

Clay ratio 6 L0 S QA P52 0T

s
‘Silt ratio | S 068 053 005 068 0.0 04l 04
1 (silt +( V.F. sand)x(sand - V.F. sand) +0.65 0._(;79 ’ - . . . )
‘Hean weight diameter -0.4;3 0.230 .
1 W.5. agoregates ) 1.0 as -0.46 0.248 -0.44 Q.272  -0.53 0.180
1 W.5. aggregates ) 1.0 am X H).H: ) -0.58 0.;28 -0.49 0.22 -0.62 0.099 -0.41 0.413' s
Clay ratio/7 WsS. a&gfegates }1.0 m 10.40 0.330 ,40.§9’ 0.338 ' ' 10.76 0.082
*Water retention at 10 kPa . “ -0.74 0.036% -0.79 0.019¢ ‘-0.78 0.023¢ -0.7(} 6.121
. Cation exchange capa'city . ] " -0.45 0.258 -0.5‘2 0.184  -0.66 0.157¢
Exchangeable sodiua percentage - $0.34 0.405  +0.56 0.149 ':0.’77 0.075
Pyro: extractable Fe + Al -B.SSJ 0.418 ‘;’ -0.61 0.105' -0.44 0.270,‘ -0.36 0.484
(Slope)?-% ~ 40.72 0.043+ 40.87 0.0248
L5- Facebr ‘ \ ' . 0.5 013 1078 0.067 ,
¢ Significant at the 0.05 level . \ ,
‘ (o« /
. » R ’ )
A )
1 a ' :
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c L. Table 4.16 Best simple linear regressions signif\icant at the .05 level for .
soil loss as dependent variaple for the four consecutive simulated
C . rainfall runs.
2 o K = ‘ : o Parameter . .
’ ‘U Run # Variable — Estimate ‘Prob > (T)<‘U (
) 2 Clay ratlo/w S. Aggrega-tes > 1.0 mm 3.24 0.005%%
(Slope)e-s . . 1.26 - 0.328
Intercept ) » 1277- 10! .
=~ Y . L/

Model F valve: 12.225 . ‘
prob > F: 0.0119% . .

.
v N .

sR-square: 0.83 - ) s ‘
"3 Clay ratio R 4.37- 102~ 0.008%%
W.S. Aggregates > 1.0 mn . ~7.11-102 . 0.007%x% . _
(Slope)°-s , 1.22 0.002*xx
Intercept ‘ 6.30-%101 ¢
) " Model F valve: 35,118 . ‘
prob > F: 0.0025%x%
. R=square: 0.96
4 Water retamed ,at 10 cbar = ~1.70- 10-2 0.0682 °
c (Slope)©C-5 2.71- 10-1 0:0157%

Intercept ’ ‘ - 3.95-10! -

‘ Model F valve: 20.823

, prob > F: ‘0'0174*i . 1S
L H—-square 0.93 . :
4 W.s. Aggregates > 1.0 m x X O.M. 1.68- 103 0.118
(Slope)o. 5 . - 3.03- 10! 0.017%
Intercept ’ . 3.05- 10-2 - .
Model F valve: 14.482 ke ] ‘ R
. prob > F:  0.0288 . . ’ '
. R-square: (.91 . i - .
. 4 X Organic Matter -+ -1.09-10-* __ 0.139 -
N (Slope)©, 5 2.32- 10! 0.055 -
’ Intercept ‘ ' 3.46- 10+ s

Model F valve: 12.981 : N
prob > F:  0.0333% * . .
R-square: 0.90

x Significdant at the .05 level
.. *x Significant at the .01 level

o L Ass‘ociate probability with the T value.
88
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‘;@ ; For the wet runs, 8oil loss correlated best with independent vari-

ables ‘already identified as being: closexly associated with sediment concentra-
; p

tion in the previous section. Percent organic matter and cation exchange

capacity remaivned negatively correlated with soil ioas at a 50X level of sig-

nificance in runs three and four while percent water stable aggregates nega-—

[ » &

tively’gorgelateq with soil loss in wet runs two and three.- Clay ratio, ex-
‘changeable sodj.um percentage, :pﬂsrgophosphate extractable iron and aluminum and

water retention at 10 kPa are all linearly correlated at a 50% level of sig-

nif::tcance with soil loss for the three wet runs. Consistent 1indications of

! scorrelation with soil loas for*these independent variables in all wet runs

' ~ likely bears the same physical meaning regarding soil detachability and

‘0, ' trans‘po'rtabiliti'. pointed out in the previous _sec,txon. The S;Enificance of
water retention at 10 kPa in-explaining soil loss cannot be interpreted physi-

. } ‘ cally becauae‘of its high level of correlation wi,th orgaric matter (+0.44) and

4

water stable aggregates 'a(:rO.SB), both significant at the 0.05 level.
. Table 4.17 summgrizes‘ thé best simple 1iﬁ%:r regreasions, aig-
nificant at the\O'\QS level, for soil loss as %he dependent variable for the
three wet runs.  As for the regreasion study on sediment concentration in
runoff, the slope gradient is included in all significaxvxt r?gressioris. Per-

cent water stpble aggregates is also part of a significant regression for the

" ‘-three wet runs; combined with clay ratio in explaining soil loss for run two,

3

it contributes as an individual parameter to the Abest regressions for runs

three and four. Clay ratio, a significant contributor in rups 2 and 3 regreus-

!

sions, and with association to aggregation -in explaining soil loss, emphasizes

that the relation of so0il loss to percént clay depends to a considerable ex-

tent on the aggregation status of the soils studied. Organic matter is only

0 | v

v
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part ~ of a regression gcplaining soil loss on run 4, although its regression

parameter estimate is pot significant at the 0.056 level. N
. [\

/

n : S
| \

4.3.3. - Soil erodibility indices . ‘

The soil erodibility factor of the USLE for each- of the eight

soils tested was determined directly from soil-loss data. The slope.s of the

computed least—quares regression lines of soil loss on storm combination EI

&

values, but "corrected to a*standarfi unit plot .condi'tion, w’eregconsidere,d as
'tlt; value.of the factor K for the tested soils (Widchmeier and Manneriq:g, '
1969; Wischmeier, 1972) . Table 4.17 summarizes the regression data for the
eight sites and the two storm combinu,tions, preyipusly described as "dry" and
"’wgt;" coullbinatior:s -in section 4.2.4.2. Appendix 4 illustrates g-raphically

regression data f‘or all sites. Sample data for the Sheldon site are

. 4
reproduced in Figure 4.4,

LR

14
. 13 4
12
11 4
10 4

(t/ha)

s0il loas

<
-]
—

2.4

N 4

1.2 1.6
Thausands)
MJd*mm /ha*h)

——@——dry k — et — ~weat k

Figure 4.4 Soil loss, versus rainfall erosivity for dry and wet runs combina-
’ tions of simulated rainfall runs at Sheldon site.
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Simple linear regression of soil loss data over rainfall erosivity

yielded ‘first degree equations (linear model Y = Bo + B: X) significant g_t the
0.05 level for all sites and storm combinations, except for the wet s‘torm com-
bimation at the Radar and Dump sites. The absence of runoff during the
fourth run for these sites left only three observations available for the
regression of soil loss data over storm EI, thus providing exceasivelz high
critical F ‘vadnes for the statistical.analysis. Grax;hica\l if’bﬂﬁ{rgéion of
so*il loss and stor\xyn EI data for these sites (Api)endix 4) demonat;ate, however,
that the observed individual stor'm' erosion losses are proportional Lto thea
rainfall paremeter RI.

L

Table 4.17 Simple linear regressions of soil losses on storm erosivities, for
both storm combinations and associated statistics.

"y

Run © Ba " Bo Model
Site Comb . (- 10-3) (Intercept) F value - Pr>F R2 c.v.
Arboretum . Dry 4.73 1.52 27.9  0.0340 0.93 16.23
Wet 7.00 -0.53 27.2 0.0064a 0.87 34.37
Coaticook  Dry 1.04 - -0.30 ""799.9 .».0012 >0.99  4.18
Wet 1.23 0.27 320.9 0.0001 °'0.99  7.46
Coleman bry  4:95 -0.78 " 251.8 0.0039 >0.99  6.87
Wet 6. 31 - 0.73 178.1 0.0002 0.99 1101 _
Dump ey 6.00 0.80 2567.3 0.0396 >0.99  5.58
Wet 7.74 0.79 32.8 0.1101 0.97 13.03
Highway Dry 14.73 -1.69 - 43.8 0.0221 0.96 16.08
Wet 21.00 © -0.84 40.8 0.0031 0.91 26.68
S ) ]
Redar ¢ ~_  Dry 7.52 -1.08 386.0 0.0324 »0.99  5.43
Wet 8.64 2.26 108.0 0.0611 0.99  6.27
Rudy Dry 6.79 1.59 143.5 0.0069 0.99 7.44
Wet 3.00 0.61 118.3 '0.0004 0.97 14.14
- ({ ’
Sheldon . Dry, 4.90 0.15 140.6 0.0070 0.99  8.31
: Wet 6.49 0.43 ° 115.1 0.0004 0.97 14.36

. ) . 91 - i



Differences in observed values of Ro und By between dry and wet

storm combinations are related to differences in antecedent moisture and sur-

; f;aée conditions.” <Consistently higher B: values, or slaope of the regression

lines, were observad ~f‘or the wet storm combinations. This indicates that soil

]
erodibility, as related to sustained infiltration rates and a soil's ability

to resist particle detachment and transport, was ‘inf‘luenced by so0il surface

" conditions, The observed trend for higher B estimates in the wew storm com-

1]
binations ig_.compatible with the concept of K variability over varying surface

-~

conditions during the year, illustrated and . observed on natural plots by

Mutchler and Carter (1983) and Kirby (1985).

The magnitude of Bo in regression equations for erodibility
studies has been primarilj; related to initial infiltration rate and surface
'retention (Wischmei'gr and Mannering, 1969)_._ Within the present s{udy the
fairly high positive correlation between l}o and runoff rates measured :sll:“1 the
end of the dry run (r =.40.69; Prob: 0.060) illustrates this coﬁceptdal rela—
tion. However, the magnitude in Bo observed here appeared much larger than
the range reported by Wischmeier and Mannering (1969) in their r)ainulator
study. . While the absolute values of the negative intercept were in the
general range of 10 times the slope B: in the latter study, Bo values appeared

30 t& 300 times larger than Bi within the present study. The physical meaning

of this difference in'Bo amplitude is difficult to evaluate, since different

. -;thodologies were used for data treatment in Wischmeie‘r and Mannering (1969)

. v
and the present study. While Wischmeier and Mannering (1969) used statisti-
cally "adjusted” data for antecedent surface conditions in their regression

study of so0il loss on simulated storm EBI, no prior data adjustment was used in

.

the present study. The amplitude of the Bo estimates evaluated within the

I
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pt:esent s}udy stresses, however, the impoftance of time-dependent variables,

—

such as antecedent moisture and surface condition, in affecting soil losses on

the basis of EI for specifig storms.
A P -

+

Soil erodibility factors for the tested 'sites, as evaluated by
linear regression and corrected for slope length and gradient factors of the

< o«

USLE, are tabulated in Table 4.19. Estimations using the X nomograph
, .
(Wischmeier et al., 1971), based on profile and sample physico—chemical

1

characteristics are also reproduced in Table 4,.19. For mogt so1ls, there is a
considerable difference between the measured K value and the n::mographic eg—
timatiop. With the exception of the Arboretum and Highwa;' sites, the
nomograph value is larger than the field measurement at all sites for both
simulated storm combinations. Failyre of 'the nomograph to reflect tl;e field
measured K can possibly be interpreted by a dominant influence of aggregation
in explain.ing soil loss (Table 4.16),?\while s0il aggregation stability was ab-
sent from Wischmeier et al. (1971) erodibility model. The inclusion in the
study of soils high in silt but demonstrating stable iaggregation (Coaticook
and Sheldon series), emphasized the importance of structuraé characteristics
over soil particle-size distribution. In fact, both Coaticook and Sheldon
soil series w;are rated as the mosat erodible by t-he nomograph (K = 0.035 and
0.034 t.h/MJ.mm respéctively after correction ior 1S), but demonstrated very
weak erodibility under the simulated rainfall (K < 0.007 tn.h/ha.mm after cor-—

LY

rection for LS).

P’
N
‘F\
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Table 4.18 K values as evaluated by linear regression of runoff plot data and

A

" as predicted by the nomograph }
: )

K .from field data(l’

°

K from nomogr:aph< 2)

Site; Dry comb. Wet comb. -
. (t.h/ha.mn)
» =
Arboretum 0.053 0.078 0.017
Coaticook -  0.004 - -0.005 0.035
Coolman 0.014 0.018 0.029 7
Dump, - 0.016 0.020 " 0.028 Y
Hi ghway 0.00  0.025 0.025 )
Radar 0.002 0:003 0.008
Rudy /‘ 0:014 0.018 - . 0.020  * ’ \
Sheldon 0.005 0.007 0.034 : 1

(1)  Four linear regression of dry storm combination (i.e.: run #I, 1+2,a
© 1+2+3, 1+2+3+4) and wet storm combination (i.e.: rumn 2, 3, 4, 3+3, 2+3+4,

3+4).

(2) From Wischmeier et'al. (1971) and measured and described profile and

physico-chemical characteristics of the si;es. ‘
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The slope adjustment factor LS could also ﬁave‘ contributed to the
lack of agreement between nomograph and field estimates of K. As atr;assed by
Laflen (1979), plots ‘on identical soils at different slopes can have different
K values under rainfall simulation because of the slope adjustment. The rela-
tively short slope length used within the pregsent study (7.5 m) was much smal-
ler than the unit-plot specification (22.1 m) and could possibly biss the

' slope adjustment of K values. The use of plots with slope gradient out of the
' "secure range” of the USLE (Radar: 26%, Arboretum: 1.2%) also possibly con-
ﬁtributed to biased XK estimates (Wischmeier and Smith, 1978). In fact, the use
of slope gradients raised to the half-power, as an independent variable,
likely appeared as a better predictor of soil loss than the USLE LS factor fo;:
the tested sites (Table 4.15 and 4.16). ,.

-

When studying the correlation and regression of the LS-corrected K

Ry

§
! field estimates with the selected set of independent variables, no.single com-

1

!
i

bination of selected independent variables could significently explain K
variability for bothﬁ storm combinations. Failure of simple linear regresasion
and correlation techniques, in significantly explaining the veriation in
mgasured K values, is largely imputable to the low number of observations used
in the analysis. Previous statistical equations for significently predicting
soil loss per EI n_eeded from 5 to 9 independent variables (Wischmeier et al., ‘
19;71; Barnett and Rogers, 1966); and up to 99 plots trials (Barnett and
_Rodgers, 1@66) . Since failure to conform to unit plot conditions of slope
length andwgradient within the present study also possibly introduced some
bias in corrected K valu;. the indications given by the correlation analysis °

4
on intrinsic soil properties, ss they affected the erodibility, should be con-

sidered with reserve. Table 4.19 reports the coefficients of simple correla-

95




tiop significant at the 50X level for LS-corrected K from the two storm com-

-

binations as dependent variables. The highest correlation was obtained for

the 0-5/5-10 cm ratio of soil bulk density as sampled after the simulated -
storm event. When regarded as an index of structurél stability through the
simulated rainfall event, this bulk de;sity ratio would likely express the im-
portance of aggregation stability in reducing soil erodibility within the
present study. The physical meaning of the correlation between soil K values
and ﬁgrcent water stable”aggregates, percent pyrophosphate extractable iron
and aluminium, and soil texture-related independent variables likely agrees
with the previous correlation and regression analysis of runoff and soil 1loss’

variables. Fine to very fine sand fraction appears positively correlated with

measured K. values (r = +0.51), while the coarser sand fraction correlates
negatively. The negative correlation of the silt fraction with measured K
values (r = -0.33) follows the indications given by\the statistical analysis
‘of sediment concentration in runoff and soil loss dependent variables. The

positive correlation of the combined independent variables, using Wischmeier
et al. (1971) corrected silt and sand fractions, illustrates, however, that
the relation of erodibility to a given particle size percentage depends on the
remainder of the soil mass. Although high-silt soils demonstrated low K
valu;s (likely inherited from aggregation characteristics), when combined with
sand fraction as multiplier, the corrected silt fraction (Wischmeier et al.,
f§71) appeared™ positively correlated with Eeasured K values. Pyrophosphate
extractable levels of iron and aluminum, negatively correlated with measured K
values, indicate the potential for organo-metallic complexes to have affected

negatively the erodibility of the tested soils and is consistent with its

/‘
negative correlation with soil loss ‘dependent variable at all simulated rain-

{
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fall runs (Table 4.15). -Better correlation with K values for the last inde-

pendent variable than for total organic carbon may suggest an active role of

iron and aluminum ions in structure stabilization of the tested, soils.”

. L. e - g = g -

v e -

Table 4.19 Coefficients of simple correlation, signifjcant at the 50X level,
for measured 8011 erodibility factor‘gor both storm combinations

and corrected for LS, as dependent variable.

Pearson correlation coefficients
and associate probability

Independent variable

Dry storm comb.

Wet storm comb.

X Fine to Very Fine Sand +0.51 0.200 . +0.51  0.193
X Very Coarse toWMedium Sand -0.38 0.358 -0.39 0.343
Silt ratio -0,33 0.424 -0.32  0.435
%(Silt+V.F. Sand)x(Sand-V.F. Sand)  +0.43 0.288 +0.41  0.314
Mean Weight Biame::er -0.28 0.499 -0.28  0.496
X W.S. Aggregates > i.O mm -0.46 0.249 —0.45\ 0.262
Ratio Bulk Density 0-5 cm/5-10 cm +0.59 0.121 +0.59  0.127
Pyro. Extr. Fe+Al. -0.44 0.272 -0.44 0.280
\ _
. ™
-2, ’
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4.4. Conclusions

The use of a variable-intensity rainfall simulator on outdoor
rﬁnoff plois made possible the collection of runoff and sediment concentration
data from various soils under a standard simulated rainfall event. The data
collected provided a basis for direct comparsion of a soil’s response to con-
secutive simulated rainstorms in terms of runoff production and timing, sedi-
ment concentration, soil loss, and soil erddibilityﬂfactor. —

The highest variability in rainfali}energy required to initiate

runoff was observed during the dry run among the soils tested. Under

saturated conditions, a soil’s relative ability to delay runoff production

differed widely from those observed on initial dry-surface conditions. A tex-

7

tural predictive parameter (silt+v.f.sand x sand-v.f.sand), used with either

organic matter percentage or bulk density parameters, significantly explained

reapectively 80 and 92X of the variation in energy required to initiate runofd
- ¥

during the dry run. The product of sand by organic matter percentages, used

as a predictive parameter in the fourth run, significantly explained 97% of

the variation in rainfall energy requir;d to initiate runoff. ‘
Calculated se:hage rates were c;;racterized by a gradual decrease

from the fipgt to'fourth run at all sites, which appears consistent with

EY { ~

decreasing hydrauiic gradients and intensifying soil surface sealing. N Since
sustained seepage rates were not reached during the dry run, their amplitude
remained closely as;ociafeqlwith rainfall energy required to initiate runof?.
The combined textural parameter (éilt+v.f.sand x sand-v.f.sand) significahtl}
‘explained 66X of the variation in runoff rates in the dry run. During the wet

runs, negative and positive significant correlations of measured runoff rates

< 98 : -
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were observeé, respectively, with soii. articles coarser than very fine asand
and combined (éi1t+v:£.sand) fractions. Likewise, the texturalﬂparamefer "M
f;om Wischmeier et al. (1971) achieved fair, although hot aignificants po%i~
tive correlation with runoff rates in the wet runs. Slope gradie;t was not
positively correlated with runoff rates among'the sites tested.

A diminishing trend in sediment concentrations in runoff was ob-

i

served from the first to the fourth run at all sites. The observed trend ep-
Q

pears consistefit with reduced detachibility of the soil, continuous erosion of
the more easily detached soil,' and decreased transpari and detachment
capacities gf‘rainfall and runoff, as the test‘séorm‘progressed with decreas-
ipg rainfall inten51tie$. ’Relatlvely high leQels and low variability of sedi-
ment concentrations among the firs; three runs at individual s{tes likely in-
dicates that soil losses observed were "transport" controlled rather than
"detachment" controlled.

The slope graéient parémetér (% éloée°*5) appeared\ positively
éorrelated at a pignifiéant levéi with sediment concentration 1in runéfﬁ during
the first three 'runs, likely as an effect of transﬁort and detachment capacity
of the runoff. Percent<;atér-stéb1e"éggregates larger thgn 1.0 mm ‘showed con-
sistent negative cénrelation with sediment concentrations during all runs.

When used with slope gradient as a predictive parameter, aggregate stability

contributed in explaining, at a significant level, the variability of either

sediment concentration or soil loss, or both, during all runs,

Measured soil losses in the dry run appeared more 1likely related

‘to runoff production ﬁhan to intrinsic soil detachibility and transpor-

a ‘

tability. In wet rums, where sustained runoff rates were reached, ‘the latter

soil properties were more influential on soil loss. A statistical reflection

v
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‘of this is the significant negative correlation observed between soil loss and

rainfall energy to produce runoff in the dry run,. while soil loss correlated

;lpéxsitively, at a significant level, with sediment concentration during the

v

fourth run. ) ) o

No predictive linear reggression\ egquation could accoulnt sig—
nifican.tly for the soil loass v.aripation in the dry run. Clay ratio, stability
;.')f aggregates and slope - gradient significantly accounied for 83 and 98%,
re;pectively, of the variation ‘in soil loss in runs two and three. . Either
stability of aggregates or organic matter content could significantly account
“for, respectively., 90 and 91% of the soil} loss var,lavtion in run fc;ur, :}vhen
regressed with slope gradie\nt. R

The observed trends in simple correlations of textural properties

of the soils studied w{th soil loass, although not significant, are opposed to

Wischmeier et al.’s ’(1971) nomograph. A strong significant correlation be-

-
[

tween aggregation stability and silt percentage in tile soils studied favored
the divergency. The significant regressions explaining soil loss in the wet
runs stress, however, that the direct relation of soil loss to clay percentdge
depends considerébly on the agéregation status of the soils studred.

.The gimple linez;r regression of 80il' loss data over rainfall
erosivity vyielded -first degree equations at all ’sit'_es, confirmin.g the
feasibiiity of determining K values by linear regression using xvariable—
_intensity rai;\fall simulz;i;ion. Consistently hi;;her values of Bi estimates
(aslope of regression line) were obs'erved for "wet" storm combmatic;ns\as com-

pared to "dry" storm combinations at all sites, indicating that soil

erodibilities were influenced by soil aurface conditions.

L)
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Exception made of Arboretum and Highway aitea, measured k values,
LS
as corrected-for LS factors of the USLE, were smaller than"nqugraphic estima-

’

tions (Wischmeier et al., 1971). Lack of agreement b;tween ;§e measured and

nomographic K reside possibly in the dominant influenée of aggragation in ex-

- plaining " soil loss variability within the pbeseht study. Meéﬁured K

4

variability, as corrected for LS factors, could not be accounted for sig-~

‘nificantly by the given set of independant variables. Failure to conform to

Ny

unit plot conditions and use of plots with slope gradient out of the secure

-

N , 2y
predictive range of the USLE possibly igtroduced’some bias in measured, LS

corrected K values.
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5. - GENERAL CONCLUSIONS

4

’

The conception, construction and operation of a stationary,

AS

varible-intensity rainfall simulator was made: possible by using a nozzle with

a free passage diameter equal to orifice size.  The intermittency of spray ap-

plication was succespfqlly accomplished by three-way solenoid valves. Drop—

size distribution, impact velocity and energy of the simulated rainfall were
\ , .
near those of natural rainfall. The rainfall simulator apparatus proved to be

a useful and'effigient tool for research as well as for demonstration pur-—

.poses,

Soil losses ‘and runoff measured using the apparatus under ini-

tially dry surface conditions were found correlated with a different “set of

s0il properties than those that correlated with wet-run data. Rates of soil

loas with cumqlativ;_éainfall erosivity were found smaller for dry-run com-

binations than for wet-run combinations. These effects of soil surfacle
. -

characteristics on runoff, soil loss, and soil erodibility particularlf stress

b

the dynamic nature of soil loss and highlight the variable character of soil

erodibility.

5

If the soils studied were shown to vary widely in their rates of
soil loss per unit gf rainfall erosivity: they dgmonstrated also a wide
variability iﬂ rainfall energy required to initiéte runoff, A practical im-
plicagkon of the study is thus the importance of considering rainfall energy

‘required to initiate runoff in soil loss prediction modelling, a factor that

may account for a significant part of the seasonal variability in soil
T .

‘) . &
erodibility. . —
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QED T Finally, aggregation stability demonstrated a definite abilit& in
predicfjhg.sediment qpncentfétiqn in runoff and .soil "‘loss among the soils -
stﬁdied. Since definite lack 6f agreement was observed between measureé and

- ” noﬁﬁgraphic éWischmeier et al., 1971) 5 valgeé, the study raised the question 7
on__the need to incorj-orate aggregation ?tabiliiy characteristics for adéﬁuaté

goil erodibility predictions in southern Quebec, .a dimension absent from the

nomographic model.

e ]

w ' ‘ off
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Abpendix 1: Spray characteristics of the nozzles selected for preliminary |

8

: testing.
Nozozle Operating Fall C;)eff. Rainfall Drop-size
Model Pregsure Height Uniformity Intensity Distribution
(%Pa) (em) (xX) - (mm/h) Dio Dso ‘' Dso
(mm) A
Bete 3/8 WL4120 42 .185 006 34.7 0.76 1.82 3.55
Bete 3/8 WL4120 7 185 72.4 32.8 0.57 1.26 2.50
Bete 3/8 WL4120 B 185 74.4 35.1 . 0.51 1.13 2.08
" Bete 1/4 WL1.5120 42 215 - 86.0 9.5 not evaluat;ed
Bete 1/4'WL1.5120 94 215" 6.4 12.7 not evaluated
Bete 3/8 MI87M 63 215 59.9 54.5 0.76 1.88 3.8l
Bete 1/2 WL120 77 185 <50% — not evaluated
Bete 3/8 MPlZé " a7 ' 185 <50% , —— not evaluated
Sp. Syst. 24w 45 215 62.7 40.8  0.81 1.80 3.21
Sp. Syst. 17w = . -42 215 7.2 32.8° 1.10 1.66 3.0l
Sp. Syst. 20W T a0 215 56.8 34.2 0.95 2.09 3.33°
Bete 3/8 MPL156M 56 215 62.0 71.3 1.03 '2.06 3.47
Bete 3/8 MP156M - 70 215 73.1. 76.6 0.84 1.85 3.13
- Bete 3/8 MP156M . 63' 215/ 71.0 73.0 0.74 1.90 3.32

N.B. .All tested nozzles have free péssage diameters equal to 50% of orifice
sizes, except for the Bete MP models, which have free passage diameters

equal to orifice sizes,
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hépéndix 3: Tipping bucket calibration at the eight éxperimental

‘.

where:

sites.
e e ST ST T e
Site Regression parameter F value Prob>F R2
. ‘Estimate¢?})

Arboretum " 1.392 768.0 - <0.0001 >0.99
Coaticook 1.690 645.7 <0.0001 >0 .89
Coleman " T 1.100 1424.3 <0.0001  >0.99
Dump 1.024 649.4 ¢0.0001  0.99
Highway , 1.128 i 664.6 <0.0001 >0.99
Radar 1.290 571.6 0.0002  >0.99
Rudy - ’ 1.135l " 1680.3 <0.8001  50.99
Sheldon | . 1.778 2688.8 <0.0001  >0.99
(1) Statistical model: LPM = Bi X PTPM

LPM is the discharge rate in 1 min-!

?TPM is the péirs of tips per minute

Bi1_is the estimate of the regression

’
parameter
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. Runoff, sedimeht c;:ncentration in ranoff and cumulative s0il losass
T evolutions in. time, -and soil losses in relation to simulated
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