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M:Sc. p. ,; Auber~ R. Michaud Renewable Reliourc~B 

SOIL ERODIBILITY INDIGES FOR 
~ SOUTHERN QUEBEC SOILS DERIVED 

UNDER VARIABLE INTENSITY RAINFALL SIMULATION 

,. 
A stat.ionary. variable- intensi ty rainfall simu1ator WIlS conceived. 

calibrated and hsed in a, fJ~ erodibili ty Btud~ on Bouthern Quebec soils. The 

apparat us simulatefl' ràinfall at any range ,of' intenaitiea up to 127 mm/h wi th 

droP-8i~es and impact velocitiea neai- those of natural rainfal!. 

. A standard aimu1ated raibstorm compoaed of four conaecut ive roinfall runs 

of decreasing lintensity was applied to eight experimental runoff p~ots in 
<) 

àgricul tural fields of the Montreal rmd Eastern Townships regions. Rainfall 

energieà required to ini tiate runoff, runoff rates, sediment concentrations in 

runoff and cumulative soil losses were œeasured for each ralnrall <t"un at each 

site.· Soil erodib:i,"-lity \ndicea Îor each soil were evaluated by linear regres­

sion of 80il loss an~ simulated rainfail erOBivit~~~ta. Soil erodibility in-

dices wè~e round consistently higher when evaluated by combinatioDs of rain-
, 

fall runs applied on wet soil 88 opposed to dry storm combinationo. 'The. 

aforementioned dependent variables were related to site and soil physico-
, 

.. 

ch~ica1 properties using correlation and regression metho~,' Soil particle- ~ 

size distribution, orgenic matter content and bulk deosity were found sig-

nificant contributora in explaining rainf'all energies required to initiate 
é • 

runoff and runoÎÎ rates BlDong the sites tested. Soil aggregation stability, 

particle-size distribution and slope gradient significantly accounted for 

variability in sedillent concentrations in runoff and soil losBes. 



( 

, 
'. l, 

RES 00 

M.Sc. • Aubert R. Michaud Ressources Renouvelables 
l' 

Un aillUlateur de pluie stationnaire à intensité variable fut cbnçu, 
, 

calibré et utilisé au cours d;une étude d'érodabilité ,des sols du sud du 

Québec. Le simulateur reproduit sensiblement les1grosseurs de' goutelettes 

d'eau, la vitesse à l'impact et l'énergie de la pluie naturelle jusqu' à,r un~ 
intensité de pluie de 127 mm/ho 

Une pluie-type composée de quatre sessions de pluie simul,ée à des in-

tenlités décroiGsantes fut appliquée sur huit parcelles expérimentales ins-

talléea dans des champs agricoles des régions de Montréal ét de l'Estrie. Les 

taux de ruissellement, de concentration du ruissellement en aédime'ht et de 
~ 

perte de sol étaient mesurés sur chaque site à chaque session de pluie simu­

lée. Les indices d,'érodabilite du sol -étalent estimés par regression linéaire 
, v 

des données de < • perte _ de Bol *:Il fonction des é~osi vités des pluies simulées. 

Lès indices d' érodabili té des sols pour des. combinaisons de sessions de pluie 

sur sol ~ détrempé se sont avérés supérieurs aux indices évalués par des com-

binsisons de pluie sur sol sec à tous les sites. .'Les variables dépendantes 

IleDtionnées ci-haut ont été mises en relation avec les propriétés physico-

chiaiques des sols. La granulométrie, le contenu en matière organique et la 

densité apparente des sols à l'étude ont contribué signifïcativement à ex-

pliquer les variabilités observées dans l'énergie de pluie requise pour ini-

tier le ruissellement et les, taux de ruissellement. La stabilité des 

aD"égats, la granulOllétrie des sols et l'inclinaison de_la pente des sites ont 

contribué à expliquer significatj.vement les variabilités observées dans les 

CoDceDtnttiolUl du ruiaael18lleDt en ,sédblents et les pertes de 801. 
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FORKWORD 

This t'he8Ïs contains an introductory chapter, followed by a--~ .. itl!rature 
. 

review. Chapter 3 and 4 diseuss, respectively, the development of the rain-

fall aiÎllulator and ifs use in a soil erosiOfl ·study. General conclus ions are 

,-:eported at the end of the thesis. . 
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1. INTRODUCTION 

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

duatrialized countriea have lesd to drastic intensification and concentration 

of agricultural production. Fewer farmers cultivate larger BreDa more 

intensively; economic incentives favoring wide-row cropping has greaçly 

reduced and sometimes eliminated crop rotations. In Quebec today, the total 

farmland Bree in production i9 half of what lt was in the 1950's. while the 

average producer cultivates tWlce as mu8h land. The last ten years have seen 

a rise ln popularity of row-cropping in Ouebec: graln-corn seeded farmland 

has nearly trip1ed during this perlod. 

These pressures on farmland have been recently associated with 

degradation of the soil resourc,e, not only in Ouebec. but a11 acl'oss Canada. 

The cost of sOlI degradation ln the country was priced at 1. 3 bIllion dollars" 
" co 

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 l~ Canada could be lost due to wate~'eroslon;by 

the year 2008. 
~ 

. Soil erOSlon by water faces the Canadian agrrcultural communities 

with a double'problem. 
i" 

tomorrow's farIDland. 
.. 

Besldes jeopardizing the quantlty ~d productlvity of 

sediments and runoff exported from the fields constltut~ 

a major "non-'point" source of pollutants. Thus. sediment and associated lost 
, 0- _ , 

pl~t nutrients not only represents an economic loss to the Canadian farmer ln 
.' 

the order of 15 to 30 dollars/ha annually. in terms of fertll izers 

(Agricuiturai Institute of Can~da, . , 
1980), but also become both a physical 'and .. 
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chemical pollutant in waterways. '~ 

The Most efficient and practical tool for soil 10s6 prediction was 

developed by U.S. researchers over the past half~century. 

Loss Equation" (USLE) ~as used successfully by the U.S. 

The "Universal SOlI 
(J 

Sbil Conservation 

Sèrvice to develop individusl farm plans for controlllng sOll erOSlon. The 

prediction ~odel considers the rate of ralnfsll erOSlon ta be determlned by 
\ 

climate" sOlI, tppography, and plant caver. The two maJor llmltatlOns fa\- the 
d 

(l 

adaptat"i-on of the USLE to Canadien conditlons ate the leck of }>roper, eshma-' 

tions of both cllmahc and soil wfluences on soil, rOBS. 

Although some sail loss data have been collect~d in the past on 

" funoff plots ln 'Que~ec, no direct measurements of sail erodlbllity have been 
J • 

reported. The main purpose. of t}~l1S research proJect' WBB ta oblaln su II 

çrodibility indices compatible wlth the USLS for tyPlcal agrlcultural sOlls of 

southern Quebec. A ralnfal} simula,boh procedure was selected ln order lo ac­

cumulate sOlI loss'data undet standard ralnfa~l condlt1ons in a short-term ex-

~ periment. An orIgInal \/ariable-lntensity ralnfall simulatot was concelved 

" with the,purpose of respecting, a8 much as possible, the common range ln rain-

~ faU intensities "-of southern QÙebec. 

2 --
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2. ~> Li terature Review 

'2.1. The Uni versal Soil Loss Bquation 

2.1.1. Concept, develôpaent, and It.itations 

The basis for using mathematical relatiQnships ta- describe soU 
, 

erosion began ~bout the mid-thlrties in the U.S. Cook ,(1936) 'listed three 
. 

major factors to describe soll loss: soil erodiblll t.y, rainfall and runoff 

erosivlty Including the slope effect, and the 'protection afforaed ~y vegetal 

cover. 

The use of equatlons to calculate field sOlI 10ss began ln the 

Corn Belt when Z-ingg (1940) publlshed an equatlOn relating sad 10ss rate ta 

length and gradIent of slop~. The followlng year, Smith (1941) odded crop (C) 
1 

and supporting practice (P) factors to the equation. The C-factor then in-

cluded the effects of weather and soil as weIl as cropPlng syste!D. ThIS sOlI 
1 ~ 

~oss estimating procedure, referred to as the slope-practice method, was uaed 

throughout the Corn Belt in the 1940's. .. The introduction of rxtenslve tàbles ... 

of factor values for tiifferent soils. rotations and slope lengths (Brownlng et ... 
al. 1947) enhanced the field use of the equatlo~. \ 

r 
In an effort to broaden the applicabtlity of thè Corn 'Belt equa-

tion., ~ national U.S. committee reappraised the factor values and apded" a 

rainfall factor. The so-called Musgrave (1947) equation Incl~ded factors for' 
. -

rainfall, s10pe gradi~nt and length. soil characteristics, and vegetal coyer 

effects. However, the adequacy of the 2-year. 30-minute rainfall to the 1. 75' 

power, adopted 88 the rainfall fact0J; in the Musgrave (1947) 'Iequation. was not 

3 
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confirmed by subsequent rësearch • 

.From computerization of over 7,000 plot-yeams and 500 watershed" 
. ~"" 

yeare of basïc precipitation, soil 10ss, and re\ated dàta (Wischmeier, i959) , 
\ ' 

,~ 

a rainfall factor for the U.S. east of the Rocky Mountalns weB made passl~ 

(Wiscbmeier and Smith, 1958). Following the comblnation of c~op rotation and 
~ ~. 

management factors lnto a crop mttlÎagement factor (Wischmeie,r',' 1960), the 

"Universel So11 Loss Equat ion" was first lOtroduced ln Hs present form, by 

Wischme~er and Smith ln 1960. Up to 1978, several thousend additlonal plot-, ,~ ... 

years and watershèd-years of data augmented by d~ta from erosi~n-plot research 
"\ 

using simulated rainfell were added to thè original USLE dato bank as they be-. 

came available. Th~ complete presentation of the USLE was revised by 

Wjschmeier and ~mlth (1978)' to include these latest data. 
1 

1 
"Additlonol develop-

ments to the 1960'5 USLE includ~d a soil erodibi.llty nomograph ,(Wischrneler" ct 

aL,' 19_71), topograp~ic factors for irregular slopes (Fos ter und Wlschmeier, 

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

(Wischmeier, 1973) •. cover factors for' range and woodland (W16chmeier. 1975), 

erosion predictlott on construction arees (Meyer and Porta, 1976), improved 

'evaluation of erosion control support practices (Laflen and Johnson, 1976), 
,> " 

end rainfall etoslvlty data for-the western U.S. and Hawaii (Brooks, 1976; 
, 1 

McCool et al., 1976). 

The current Universal Soil Loss Equation (Wiachmeler and Smith, 

1965; 1978) as ~onverted tp SI metric ~its (Faster, et al.. 1981) is:-

where: 
\ 

A=RxKxLSxCxP 

!! ia the predicted soil' 109s in t/ha. y. 
. 

(1) 

It estlmates the average 

annual r~ II plus lnterrill erosion from rainstorms: for field-sized areas. It 

does not-include erosion from gullies and streamb~ks but does include eroded 

. , 
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sediment subsequently deposited before it reaches downs10pe'strearns. 

E is the rainf~l1 and runoff erosivity factor for a ,specifie loca-
'1 

tion, expressed as average annual erosion j.ndex units (E!) in MJ.mm/ha.h.y and 

derived from indivldual storm rainfall energies and 3D-min, maxlmum intenslty 
0;: 

products. 

~ lS the soil erodibillty 1 factor for a speclfie 5011 horizon, 
1 • 

expressed as SOlI 1088 per unit of area per unl t of R for a IJ.nit plot 

" (t.ha.h/ha.MJ.mm): A unlt plot Js 22.1 m long wlth a unlform 9% slope mSln-

tained in cont Inuous fallow with t 11l~gc when necessary to break surface 

crusts. 

is the dimensionless slope-Iength and gradlent factor" 

~xpres8ed 
, 

a glv,en slope as the ratio of soil 10ss from length dnd gradient to . . 
that of a 22.1 ID long, 9% gradient slope under the sarne conditions. 

ç is the dimensionless cover-and man~gement f'actQr, expressed as a 
, " 

ratio of soil lOBS .from the condi t ion of interest to that from a tilled unit 
·0 

plot condi hon. 

f js the dimensionless sUPP~rting erosion-control practice factor, 

expressed as a ratio of the soil loss wlth practlces such as contouring, strlp 

cropping, or terracing to _ that with farnnng up and down ~he slope . 
.(J 

'The mathematical relationship between each of the USLE factors and . - . 
soil 10ss was determined from statistical analyses of the assembled data. It 

( . ,., 
- utilize~ four dimenslonless 

, , 

factors to modify a basic SOlI, 10ss that IS 

described by dimensiona!. rainfall and soil factors; \ regresslOn I1nes and cor-

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

relatiohships within the USLE are primar~ly statistical in forro rather thon 

physical. The equation ,computes long-term average annual SOlI losses for 
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specific combinations of physical \ and management conditions (Wischmeier, 

1971) . Since the pr~mary need was a relatively simple t~chnique for predict-

ing average annual soil losses as a working tool for conservationists,' tech-

nici~s, and planners, refinem.entsl needed only for short-run pre(hctions were 

sacrificed 
fl 

in the interest of conciseness and simplielty. Direct use of the, 

USLE 

ample, 

for sail lçss predict;on ,on an 1n~dual runoff -event bus 18 • for ex­

is basleally a rnisuse (Wi8Chmeieir;) 1976), Sinee soil losses during 

specifie storms and in speclfic years are greatly influenced by lrregu~r, 
- -~ 

temporal fluctuatlons in secondary parameters. 

, The "unlversality" of the USLE was ",cormnented on by W1::Jclupelcr 

(1972; 1976) in response to cnticlsm of the tem "Umversal" Ln the USLE. 

Wischmeier stated that 'apphcatlon of the USLE lS hmited to orees wherr! 1n--

f?nnation i's availoble for ,local evaluations of tbe equation's lOdlvldual foe-

tors. 
\ 

wischrneier (1972) als~ recognized e~ceptlons to the vaildity of.the El 

parameter ('ralnfall energy times the 30-mIn. peak intenslty) 
, 

as a measure of 

the combined eros 1 ve forces of rainfall and runoff. The work bY,~McCoo 1 et nI. 

(1982) and Evans and Kalkanis (1976) ln Cal,Hornia, Zuzel et al. (1982) in the 
~ 

PacifIe Northwest, and PaIl et al. (1982) ln Southern Ontan () elearly 

d~monstrates that a more aceurate predictor ,of runoff-eroBlon potential needs 

to be Substltuted a~ the value of R ln theil regions.respectlvely. In aIl 

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

a major por~ion of the erosive potential that lS not adequately Hccounted for 

by the ralnfall klnetlc ener~y and intensity pararneters used to evaluate the R 

factor ln the central and eastern U.S. 

Although the Indieated nature of effecta of topography,'cover, and 

management vanables was suggested universal by Wischmeier (1972), h it has not 
, J 
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beèn shawn that th~ specifie ratios for L, S and C derived in the central and 

eastern U.S. are necessarily accurate in vastly different arees. McCool et 

al. (1982) obtained markedly lower exponent values fpr L and S than those from 

cent"ral and eastern U.S. data. ,In California', Evans and, Kalkanis (1976) could 

not justify the assumption that LS is uniquely related to the length and 

steepfiess of the slope; the soil moisture-soil temperature regime was used as 

an indicator for selecting a proper LS relahonsh.ip to soil loss.· The effect 

of slopes with gradients appreciably in ex cess ~f 20% is elso a serious void 
I:l 

'\ in research wformation recogn lzed by Wischmeier (1972). 

. ' , 

2.1. 2. Beyond the USLE 

Current research on soil erosion by wate{.is putting emphasis on 

obtaining a better understanding of the basic .prlnciples and processes of ero­

sion énd sedimentation. Erosion' prediction ln the future ~ill likely be based 

more 

basls 

on fundamental, as 'opposed to empirlcal, 

of mathematical {descriPtions of the 

relationshlps derlved on the 

erosion process. In tenns of 

modelling, the need for information about the baSIC erosion processes led to u 

two major research trends: the experimental modifica~lon of the USLE and the 

derivation of new equations, 

A system of subfectors for computing the C factor ln the USLE was 

-introducedJ>..Y Mutchler et al. (1982). These subfactors are multipllera that 

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

tensity and recency. macroroughness, canopy and cover. Slnce the use of a 
\ 

. single value for K in the original USLE rèsul ted in a sOlI erodibH i ty cam-

ponent concealed in the "Cil factor, it became necessary_to re~resent the hid~ , 
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-den erodibility component in the division of the cover and management'factor 

"C" into subfactors. Mutchler and Carter (1983) proposed the use of coeffi-

cients "Kc" to be applied to the conventional K factor based on the monthly 
o 

" , variat ion of soil erodibil ity to enable the effective study and use of the "c" 

subfactors. 

Using data from slope lengths up to 183 m unde~ simulated rain-

fall, Mutchler and Greer (1980) proposed a new equat ion for the slope ."!ength 

factor "L" of the USLE better adapted to ge?Jtle slopes: 

Ji 
J. 

L = (À /22.13)m 

where À = slope length in m 

m = 1.2 (sin a)l/~ 

sin -9'= % slope/lOO 

(2) 

Following this résearch, a correction factor to reduce the USLE 

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

Mutchler, 1981). 

A major weakness of the USLE for short-term sOlI - 10s6 prediction 
1 

was highlighted in the 1970'6 when erosio'n models for individual st6rms were 
, 

develoJ,>ed. The failure of the rainfail eroslvity factor (R) to' adequately . . 
express hydrology, particularly antecedent conditIons, led to lta modifica-

tion. WillIams (1975) proposed a replacement for the eroslvlty factor of the 
f" 

USLE using watershed area, ''V~lume of runoff, ,and peak flow .rate data. Sfnce 

the equation w~ derived uslng'w8te~ghed sediment yield, the erosivity factor 
. 

expresaed the effect of a.delivery ratio . T~ê Onstad-Foster- (1975) replace-
• 

, " 
.ent for "R" was expressed as: 

, 
Ro = 0.5 R + 3.42 Q qp 1/3 (3) 

r 
8 
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where R is the annual USLE "R" 1 Q is' the volume of runoff {mm.> and qp is the 

peak flow rate (11111/h). 

The Onstad and Foster (1975) concept of "R" was intêgt:àted as a 

runoff erosivity factor for a new erosion 

- basic l~sion principl~s ~(Foster et al. 

equation 

1977a, b). 

framework derived from 

The proposed equation is 

based on the concept of dividing the erosion process into'rill and interrill 

erosiQn according to the source of the eroded sediment (Meyer et al., 1975; 

Foster and Meyer, 1975). Considerable researc& based on basle erosion prin-

ciples will_be required'to develop an operational equation from the sophlsti-

cated framework of Foster et al. (1977&,b). However, it lS felt by the 

,authors that improved soil loss estimates for single storm events and for . 
specifie time periode cao be"obtained from ~ operational equation _ of this 

type. 

. 
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2.2. 'The definition of 80il erodibility in the USLE (K) • 

In early soil 108s equations derived from runoff plot data, the 

effect of soil was first ~eprese~ted by subject~vely chosen constants and con-

!ounded with the\rainfall effect (Zingg, 1940) and the cropping effect (Smith, 

1941). A first expression of a soil factor relatlve to standard conditions 

for topographY and rainfall waa put forward by-Musgrave (1947). The factor 

system for soil 105s computation, later introdueed by Smlth and Whitt (1948), 

first expressed the soir L erodibillty as a dlmenslonless multiplIer togetber 

with slope, cropping practlce'and conservatlon practice. 

The pefinition of a ralnfal!. ind~)( by Wischmeier (1959) made it 

possible to compare erodibilities of soils from dlfferent climatic regions, 

and deve10p the current fonn of thë soil ero'dibil1 ty factor of the USJ,E 

(Wischmeier and Smith, 1960). Although slmilar ln format to the Smith and 

Whitt (1948) factor approach, the USLE introduced subs tant ial changes in the 

90il erodibility evaluation. The cropping management reference was changeù . 
... 

from continuous corn to fallow , the gradient reference Increased from 3% to 9% 

and the length of slope shortened from 27.6 ID to 22.1 m. The final exp res-

sion for K, t~e soil erodibillty factor ln the USLE, was then defined as the' 
. 

soil loss rate per erosion index unit for a sp~clfied continuously tilled fal-
o • 

iow soil as measured on a unit plot 22.1 m long wlth an uniform 9~ slope 

(Wisclimeier and Smith, 
t 

1960). Instructions for establishment and maintenance 

of cultivated fallow plots were also issued (Smith, 1961) and proved to reduce 

consfderably measured soil lOBS variations resulting from differenées in soil 

manipulation. Recommended plot pr~paration was as f011ows: 

- plowiDg to normal depth and smoothing immediately by disking and cul-
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tivating two or more ti~s 

annual plowing et time row crop.plots are plowed 

- cultivation routine of row crop and also when neces~ary to eliminate 

serious crust formation 

- chemical weed control if necessary 

- up-and-down slope plowing and cultivatiqn. 

The fallow plot standards also required the removal or decomposi-

tion of surface and subsurface organic crop residue. Generally, a 2-year fal-

low period for ellminating organic resldues was judged adequate for the warm, 

humid r~gions of the U.S. and tropical"areas. The defInltion of Kwas also 
/) 

temporarily Ilnked to'climatic factors. The proposition that a ralnfall cycle 
, 1 

in the conhnèntal U.S., averaged 20 to 22 yea~s (Wischmeier and SmIth, 1965) 

emphasized the need for long-term determlnations of K. In prnctlce, an 

average period of record for fallow plots slightly less than 7 years has been 

used bY Wischmeler and Smith (1965) in the publicatIon of K values. 

Implicit in Wischmeier and Smith' s (1965) definition J' the liStE K 

value appeared thua as a lumped "parameter" that Integrated soil response lo 

several erOSlon 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 ln 

nature'and,can~ot be interpreted as a process-specific constant. As such, the 

K vafue lumps together the soil response ta a1lospecific erosive mechanisms, . , 
-

as described in deterministic approaches to soil erodibillty (l.e. detachm~nt 

and transport by raindrop impacts and overland flow shear forces). 
~J 
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2.3. Field evaluation of the USLE soil.erodibility factor 

2.3.1-• 
K values from natural runoff plots 

l 
The evaluation of sail erodibility factors for benchmark soi1s ~88 

been.particularly helpful in the estimation of K values for sol1s wlth slmllar 

characteristics and to verify estimatIons from raInfall slmulat,lon or model-

ing. only 8 l1mited number 01 direct measurements from 
1 

natural However, 

runoff plots in fallow conditIon have been publiahed. In folCt, only eight 

soUs 011 fallow plots; wl th periode of record ranging f~ 3 ta 10 years and 

slopes from 5 ta 18 % constitute the published data bank on SOLI K fram fallow 
\l, 

plots (OIson and Wischme1er, 1963). . The "second genpration" of benchmurk K 

values given by OIson and Wischmeier (1963) were compute<l from cropped-p1ot 

data on 20 sail series. The data were adJusted on the basis of C values for 

each crop given by Wischme1er (1960), contouring factors, and length-alope 
. 
factors. 

\ 

Direct comparisons of K values from the fallow plots with those from 

.. 

cropped plots yielded similar estimations for three salIs, whIle the K value •. 

for two soils differed by 0.013 and 0.016 t.h/MJ.mm, respectively. 

~.3.2. Rainfall simulation-based K values 

The need for rapid· and reliable estimates of USLE parameter~ has 

.• . favored" over the years the replacement of nat,ural runoff plots by raInfall 

simulator e~periments. Besidea its widespread use in the study of the effects 

of cropping and tillage on soil erosion, rainfall simulation has also been cx-

te~sively,used ta collect sail erodibility data. Larger plot-size studies ,. 
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(plots with a minimum of 10 m length)' a11 used the same type of rainfall 

simulator (the "rainulator") developed by Meyer and McCune (1958) but dif-

fered in plot prepar~ and in the method of computing K values (Barnett et 

al., 1965; Wischmeier and Mannering, 1969; Barnett et al., 1971; Wlschmeier et 

Q~., 1971; Rcmkens et al., 1975; Dangler et al., 1976; Young and. Mutchler, 

1977) . Ra\nfall simulator storms, however, havè been somewhat slmllar. 
.. 
Most 

" 

storms in North American studles have been applled at an intensity of·B.4 cm/h 
l ' 

in two storm periods 24 h apart. 'Barnett et al. (1965) used two 30-mIn storms 

at 6.4 cm/h with 10 min between stprms, f~llowed by an Identical seSSlon 24 h 
t 

later. Wischmeier and Mannering (1969) and Romke~s et al. (1975) applled a 
\ ' 

60-min storm at the seme intensity followed the next day by two 30-min storms 

15 min apart. Young and Mptchler (197~) followed a simil~r procedure, except 

on the second day when their rain wac continuous for 1 h. ,Dangle'r et al. , 

(1976) applied 2 h of continuous rainfall. on each of two consecutlve days. 

Soi~ erodibllity values have been determined in several dlfferent 

ways by uSlng soil loss data cfrom a series of rainfa1l simu1ator storms. ~ost 

data have been adjusted by UBlng USLE length-slope and cropping management 
\ 

factors, except in the Wlschmeier and Mannering (1969) study where regression 

equations derlved from the individual storm SOLI losses were used to adJust 

data to unit plot speclfications and average values of time-depcndent vari-

ables. After 11near regression of the adJusted soil loss on El from four rain 

periods of 0.5, l, 1.5, and 2 h, Wlschmeier and Mannering (1969) represented 

the soil erodibilLty factor by the slope of the regress~on equatlons, ~ while 

the negative intercept waB primari1y aBBo~iated with surface deteption and in-

filtration. Barnett et al. (1971) also determlned soil erodibility vaaues by 

using a similar regression method, but using data adjusted 
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Barnett et al. (1965) introduced the stonn weighting procedure for 

the de'riv'ation of K values from.." simu1ated storms in the southeast United 

States. The adjusted s(nl lOBS àn'd erosi vIt y of t.he simulated rainstonns were 

weighted based on t~e storm frequency distributlol) relat ive to the eros\vÙY 

of the stonns at each soil location and an arbltrary 50% probablli ty that 
~ 

storms of less than 45 erosion' ~ndex occur on dry sOlI. A si~ 11er procedure 

was used by Wischmeier et al. (1971) in the development of a soil erodl.bll ity 

nomograph. Using the Wischmeier and Mannering (1969) data base from the Corn 

Bel t~ soil loss from dry runs was more heavily weighted thém that from less 

r. 
frequent .storms on wet soil ta' yield welghting factors of 13, 7, and 3, 

respecti ve1y. fO,r storms on lnlt l.ally· dry. wet 1 and' very wet soil~.·: Romkens 

et al. (1975) and Young and Mutchler (1977) used the same weighing factors 
1 

{Wischmeier and Mannering,' 1971) for studies on Corn Bel t solls. Relatl vf>ly 

close agreement of K values obtained with the ralnfall s ~muletor and from fal­
l. 

(1' 
loW naturpl runoff' plots from Minnesota (Young and Mut.chler, 1977) gav~ fur-

ther crede~ce to. the weight lng procedure. 

Unfortunately no direct comparlson between the regresslon and 

stOrD1 welghting procedures for determil1lng erodibd lty from Slmu la·ted n'nnfall 

data have been pubhshed:- While the regresslon procedure strlctly expresses 

the linear relationship between so11 10S8 and ralnfai! eroslvlty as defined, by 

Wischmeler (1959») it does not discriminate among solls for ral.nf~ll energy 

required to initlate soil loss. The regressi.on procedure may th en fail to 

èxpress tli~' soil erodibili ty factor variilt ions among solls of wldely dl fferent 
• 1 

watér regime. The storm weighting procedure, on the other hand. has merit for 

estimation of average annual or a~rage seasonsl K values Since i t ac-

counts -for antecedent soil moisture conditions. The problem of estimat ing K 
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valu~s, however, bec~es one of selecting wE;ighting factors for' each simulated 

. . 

storm, an approach _that remairia partially subjective and requires an extensive 

network of data on storm frequency distribution. The extrapolat Ion of the 

narrow band of infonDstion from simulation experiménts to- the wide variety of 

stoms and antecedent soil condi tions that oceur over a yenf or a season thus 

remaina the major difficult y 0 f simula tion-based K va lues es t imat 10n .. 

2.3.3. 1he re1e&!onship of soil properties to erodibili ty 

The eroaion ratio concept derived by Midd1eton (1930) ia one of 

the earliest 'attempts to determine the erodibiTity of a soil from its soil 
<;-

Pfoperties. The index expressed the quotient of the dispersi<;>n rat io over the 

ratio of colloid-to-moisture equlvalent and was designed to reflcet erosional 

cbaracter is't ics and ab il ity to absorb wa ter by the so i 1. Organic matter con-

tent ànd silica-sesquioxide ratio were also identified 8S soil arodlbllitY,in-

dicators. Following Ellison's (1947) identification of the four phases of the 
l' . 

erosion process, research on the relation of soil .prQper.tJ.es to erodibility 

WSB mainly process-speci fic and largely dominated by the study of splash 

detachment and transport phases (Ellison, 1944; Mihara, 1951; Free, 1960; 

Bubenzer and Jones, 1971; Quansah" 1981; Sa.vat a.nd Poesen, 1981). The con-
.~ 

tribution to detachment by overland flow, aB a specIfie erosion process 

(Ellison, 1947) has received very litt1e attention. Quansah (1983). however, 

examined the relative contribution in so~l loss from over1and flow and 

- v-
raindrop impact. Soi 1 texture was noted as a major factor in the erosive 

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

flow was noted to double from a sandy soil to a clayon a 7" "Slope. 
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The development of'the USLJi:, favor1ng an empincal rather then n \.t 
deterministic expression of soil erodibi li tY.., has led to saveral field studies 

, a'iming at tne modelling ~f K values based on sOll properl l es (Horne t t and 

1 
Rogers, 1966; Wlschmeler and Mannerlng, 1969; Wlschmeler et al., 1971; Romkens 

et al., 1975; El-Swaify and Dnngler, 1976; Young and Mutchler, 1977). AlI 

studies were performed under slmllar ralnfall-slmu,la·tion eKperimentol condl-

tions reporteù earlier in section 2.3.2. 
\ 

Barnett and, Rogers, (1966) Identified 34 independent vanables in 
~ 

exp1aining the dependence of the K value. Slope steepness, however, .wes in-

cluded astan independent variable, thus obscuring the effect of' the intrinSlc 

soil propert ies. Particle-Slze fractions, sOll-water terme and comblnatlOns 

thereof were used. The study hy Wischmel.er and Mannerl.ng (1969) invol ved 24 

independent variables eonsistlng most1y of lOteractlon ~erms of parllcle-slze 
., 

fractions, organic matter, structure, and aggregallon lndex. The effect of 

specific soil proper-ties appeared hlgh,ly dependent on wteraCtlng propertles. 

The effect of sllV' ln Increaslng the SOlI K value, 
. ~ 

for exomplc, rlepp.nded on 

the other part1cle-slze fractIOns, the organie-matter content, and the BOll 

pH. From the srune data base, Wischmeler' et al. (1971) derl ved the sol1 

erodibl.lit'yonomograph ln WhlCh a -storm welghtlOg procedure was usrd ln the 
o 

denvatlon of the slmulatlon-based K" values. Now widely accepted, the 

nomograph made lt p,?sslble to predlct K values from standard sod profile 

descriptl0ns, and particle-s ize and organic-mat ter laboratory ana lyses. The 

texturaI parameter""M" of the nomograI?h,(% "corrected" Bilt) x (% "corrected" 

1 

silt + % "corrected" sand) could account alone for 85% of the K value vuria-

tion of the medium-textured Corn Belt soils under stud~. The findwg that 

very fine sand behaved like' the silt fractlon in the erOSlon proce8se.8 
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precludea the lIerging of both fractions into a "corrected silt" 'class. The 

v~riation in K values among- the 55 Corn Belt soUs under study could be ex­

plained by the follo~ing algebrafc equation wi th a 95% confidence interval of 

,:0.005 t.h/~~: .. 
759K = 2.1 x 104 (12-0M)Ml.14 + 3.25(S-2) + 2.5(P-3) (4) 

L ~ 

where.- S and P are indices for st~ucture and permeability (u.S-.rr.A., 1951) 

OM _ is the organic-matter content 

. ' 

- M ia the texturaI parameter "Corrected sllt x (corrected silt + cor-

rected sand)" (Wischmeier and Smi th, 1978). 
" 

\ 

The accuracy of the Wischmeier' et al. (1971) !.nomograph was tested 

by Young and Mutchler (1977) on 13 Minnesota surface -90ils using similar ex-

perimental' procedures.- Current nomograph values were shown to underestimate' 

t"e erodibility of ,six and ovete9t~mate the K values of three of the 13 soils 

tested. Young and Mutch1er. (1977) lndlcated that the differences between 

meBBured and nomograph K values were due to differences in clay frachon 

(montmori Honite was dominant) and the degree of aggregat ion between the soils 

used in Wischmeier et al. (1971) and their study. Young 8Ild Mutch1er (1977) 

further suggest~d that the erodibility' of Upper Midwest soils could be more 

accuratcly predicted wirlt an expression WhlCh takes into consideration the 

degree of soil aggregahon 8I)d type of clay. A regression of the measured K 

values _on ten"soil 'physical characteristics explained 93% of the variations in 
, . 

K using bùlk density, dlspersjon ~atio, aggregate-tndex, percent silt and very 
, 

fine sand, and wnount of montmorillonite as independent variables. Aggregate 

index and percentage of montmorillonite, although hii!hly intercorrelated 
û 

(r2=0. 70), alone ex~lairied 75% of the variation in ~ while the texturaI 
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parameter "M" showed a simple correlation coefficient of 0.30 with K. It wes 

thus concluded that aggregation characterlstlcs rather than texturaI soil 
'fi 

parameters appearèd as the important predictors of soil erodibility for the 

well-aggregated soUs 10 the Upper Midwest. 

1 The importance of sol1 aggregation to the K value waB alBo 

stressed by R~mkens et al. (1977) ln their erodibiiity study on'high-clay sub-

Boils. Under standard ralnulator tests, on seven 

dithionite bicarbonate (COB) extractable percent of 

cla'Y! subS\>11s , 

A12O:J plus r~203 

ci lrate-

waB shown, 
. 

as having an Important eroSlon controlling effect and was relalcd to parallel 

findings (Kemper and Koch, 1966) of enhanced aggregate stablllty<and reduced 

soil erosion as 'sesquloxide levels ln soils increased. Together WI th "M", COB 

ext~actable alumInIum and Iron oXldes accounted for 90% of the varIation ln 

the subsoil K values . The study confirmed the importance of "Mit for estimat-

~ng K values end favored the use of texturaI parameter-b tnd10g agent comb in~- ' 
, 

tian ~B primary parameters of soil erodibility factors. 
, 

In their Btudy of Hawaiien soils under standard, rawulator proce-

dures, E1-SwaIfy and Dangler (1976) ranlœd "M" as only the seventh most sig-

nificant varlable in explainlng K varlabl1ity. Mineraloglcal clUBS parameter, 

mean weight dlameter, suspenSIon percentage, base saturatIon, and percent 

unstable aggregates aIl Ylelded sImple correlation 'coefficients with 

erodi,bili ty values higher than "M". The nomograph had llmlted /validity for 

the tropical sriila under study because of th~ low correlatlon coeffiCIents be­

r tweeD measured K and organlc matter or structural/permeabIllty classes as well 

as the high clay contents 88sociated with the soils. 
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. From. the various studies,relatingmeasured soil erodibilities to 
{;\. 

soil properties, it appears difficul,t to pred~t--JLvalues from specifie. soil 

properties across a, wide ~ange of soils .• --COnBeqU~t!.t; aforementioned 

rainfall simulation studies appea1 to prudence in adol?~lng ~oil erodibility 

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

differeht edaphic environment,. 
\ 
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2.4. Rainfall simulation technique 0\ 

".~ ..., 
Rainfall simulators for studying infiltration, runoff, . eroslon. 

and sediment yield have proli ferated. - Several devices have been used for 

'forming ~aindrops under energy levels and intensities slmulatlng oatural con-

ditions. The Slze of simulators has ~arled from ,smaU laboratory systems ta 

those covering several acres. AlI mode ls howe.ver have a common goa 1: the 

clo~est possib-le reproduction of natural ralnfall cha~ctenst ièS., Tins sec-

tion reviews the studies on raintiall characterizat 10n that have been used as 
1 

guidèlines for rainfall simulator development, foll owed by a rev iew 'Of the 

muin cif'sien criteria and ~oncepts used in rainfa11 slIDulat ion over the pas t 

half-century. 

Rainfall ch~acteri8tics important for simulation 
" 

2.4.1.1. Raindrop size and veloci ty 

Kinehc energy computations depend on the lIIass and, velocl ty of 

,raindrops. It was shown that both ml)Ss- and drop fa11' veloclty of natural ra ln 

are functions of its intensity. The reproduçtion of rainfall kinell<: pnergy 

,thus requires the expreSSlOn of drop fall velocity and drop siz.e spectrum of 

natural ralnfail with respect to lntensity. 

DROP SIZE DISTRIBUTION 

Studies o{ raindrop size characteristics as re1ated. ta rainfa11 

intensities haVe> been conducted. at \ various locations throughout the world 
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(Laws and Parsons 1 1943; Hudsb~, 1963; Rogers et al., 1967; Carter, 1974). 

1 The most widely used atudy in rainfllll s imulator deve lopment is that of Laws 

and Parsons (1943) performed in Washington D. C. The' data w'eré a1so used by 

WisChmei~r and Sml th (1959) in the development of the energy--i.ntensi ty factor 

in the US~E. Laws aIld Parsons (1943) showed curves of drop size - volume dis­
~ 

, 
tribution that appellr t9 be normal fo'r- intensities up to 90 mm.h- 1 which was 

_the hlghe~t intensity curve they gave. The following eXI,>onential equation ex-
" . 

pressee the vrelat ion of median drop aize (Dso) in ,mm and rainfall intens i ty 

(1) in mm. h- l gi ven by Laws' and Parsons (1943): 

Ds{) ::: 4. 018 10. 182 (5) 

Hudson (1963) presented smoothùÜ curves. for southern Zimbabwe that 

appear to be no,rmal for intensities up to 100 mm.h- 1 • For higher intenaities, 

the drop-size d1stribution opprooched a log-normal scale. Rogers et al. 

(1967) campi led data that appr-flr ta fit the exponentiaI' model for Ds,o up ta 

about 50 nnn. h- 1 , while Dso remoins rel~tively constW)t at ~igher intensities. 
/J ,.... P 

For the south-central U.S., Carter et al. (1974) found a cubic equation of 050 

versus intensities up ta 250 mm. h- 1; while indicoting an increasing Oso up ta 

75 mm. h- l • McGregor 9-nd Mutchler (1976) dcveloped a three-term exponent ia1 

relationship ta relate Dso ta intensity for the Holly Springs data oÏ Carter 

. " et al. (1974) . The equat ion expressed a rapid rise in Dso ~or intens lties up 

ta about 40 mm.h- 1 followed by a slowly deCJïeas1ng drop size at the h1gher in-

tenaities.· The continuous expression of Dso in mm for 011 rainfall inten-

sities in mm- h- 1 report~d by McGregor and Mutchler (1976) ia: 

-
'D50 = 2.76 + 11.40 e (-26.421) - 13.16 e (-29 721) (6) 

25.4 

Following Carter et al. (1974), Wischmeier ,and Smith (1978) ap-
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parently recognized the bias in Laws and Parsons (1943) prediction that Dso 

increases continuously with ~nsity and limited its 

DDD.h- 1 in rainîall energy evaluati>on. 

application up to 64 

Despite the 'variation encountered ln various drop 91 Z'e measurement 

studies, the' oyerall results clearly indicate a rapid increase in m~an d!"op 

diameter- with 1ntens1 ty for rainfail rates up to about 50 mm. h- 1 '. There ls 

8lso considerable evidence that the mean drop dlameter tends to remain nearly ~ 

constant or decrease slightly at higher intensities. 

FALL VELOCITY 

Raindrop impact velocities have 'generallY been' asswned to be equal 

to tenninal vert ical velocl- ty in ~tudie8 oî rain'dt"op eros ion. thus neglect i ng 

'wind eîîects and eîîects - jof non-normal l.mpact. TermInal velocit1es of 
, , 

4 waterdrope based on mC'aBurements by Laws (1941) and by Gunn and KlOzèr (i949') 

have been part1cularly weU accepted by ra1n'fillf s:Lmulator desIgners. 

Laws (l941) conducted hl.s ext'emHve study of the faIl veloclty of 

water drops through st:l.ll air as a function of fall distance for drops wit,h 

diameters from 1.2 to 6.1 mm. Gunn am,l Kinzer's (1949) work. aHhough usinl( 

a different technique, substantlet,ed Laws' data 10 the drop'slze range from, 

0.08 to 5:8 mm. Slnce most simulators have been deslgned on the besu" of 
, 

these data, most simulated rainfall thus represents minimum Impart velocl tles 

of slmilar sized drops ln natul"al st~rms, the actual velocity of a raindrop 

being functlon of wind speed (Van Heerdén, 1964) . 
o 

It remains questiônable 

however if wlnd veloci ty makes an' apIJteciable change in' ~he raindrop fal1 vec-

to'r' nesr gtound level where wind velocities are generally th~ lowest 1n the. ' 
---

surface air ID6SS (Mutchler anti McGregor, 1979). 
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2.4.1.2. Rainfall intensity and ston. characteristics 

Rainfall intensity has been reported to depend on storm type, 

location, aeason, ,and other factors. Thunderstonns are generally associated 

with aummer "lllonths an~igh .rainfall intenaities while stagnate cold front 
p 

storms have lower ~ntenBi ties (Stol, 1971). Orographie stonns and comb1trra-

tions of the aforementioned types of storm have Intensity patterns depending 

on the partieular eombinations of atmospherie influences (U.S.D.A., 1941). 

TheBe temporal and geogqlph~cal var~atlons in intenslty are known to have an 

, effeet on both the amount of erosion and runoff but remtlln poorly docurnented. 

The main contribution on the effeets of reglonal differenees in 

intens~ ty and storm characterlShes on Boil loss hru:' been made b'Y Wlschmeler 
>:; 

(1959), â,tudYing Indiyidual stonns. The best SIngle variable evolved ftom 

multiple correlation analysls for prediction of soil loss, from eultivate.d fal-

loW plots was the total energy of fi storm and its 30-min intenslty. The "El" 

interact ive variable was then seleeted as the rainfall erosi vi ty factor of the 

US tE (Wischmeier, 1959) .. __ r H~ever ~ when the intensity distribution within 

rainstonns was studied,. by Wisehmeier (1959), the d~vision of stonns as ad-

v8Jlced, intennediate, and delayed intensity stofpls did not help him in ex-

plaining the variabili ty .between "El" and soil loss. 

The U.S. ' Soil Conseryatlon Service generahzed, storm intensity 

distributiQns with two lo-ng-,term average representahons (U.S.D.A., 1968). 

The storm patterns ~ere later updated to- four (U.S. D.A. 1973). These storm 

intensity distributions, appearing closely associated with climatic regions 
1 

and seasonal variations in ralnfall -intensi ty, were used by Ate~hian (1974) in 

the developme:nt of a rainfall erosion ind~ ,based 011 a 2-year 6"-h' rainfal!. 
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Rowevér, the realism - of using one-dimensional rainfall waB seriously 

-
criticized by Renard and Simanton (1975) who compared the Wlschmeier (1959) 

and Ateshian (1974) methods of eva1uahng - eroslvity for various rainfall 

events. 

Elaboration of suidelines for selection of slmulated ralnfell in-

tenaities have thus been primarlly restricted by the lack of documentation on 
1 

temporal variations of intensity;. and Hs effect on sol1 loss. In fact, the 

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

ment has been prlmarily orlented by the obJectives of the Invest,lgatorn. For 

erosion and hydrology studies, very low and very hlgh Inlensltles are not of 
, "r 

',r 
~~jor interest, due respechvely to the former' slow contrlbut ion ta amfuul 

, 
soi1 10ss Hnd the latter's rare occurrence. Meyer (1979) Identifle~ Inlen-

si,ties of about 10 to 100 mm. h- 1 as having the gr~atest Importan('(> for rain-

fall simulation. However, moat simulators in use today do not allow research-

$TS ta vary storm character13tlcs durlng a rainfall event and Slnee the most 

severe erosion prob1ems hàve been associated wlth hlgh Intenslty atorma ln the . {.~ 

U. ~., most American sllnp1ators\ h~ve been deslgned to apply watev ot reldti vely 

~igh intens: fies. Th<_~onc~Ptda unl versaI rainfall Blmulator -remaine. 
(\ 

however, elosely associated with considerations of reglunal differences ln 

rainfall intensi,ty and storms characteristlcs. In areas sueh as southern 

Quebec where a major portion of the annual 9011 lo~s may be assoclated wi th 

loW intensity rain on thawing or snow-covered f~elds (Kirby, 1985) • 

cl~matologiç ~d hydrologie considerations are like1y to be ?r1ticat. 
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2.4.2. Deaign crite~ïa for rainfaII sillulatioD 
...-

.1 

_ The firet step in the design of a rainfaU eimulator for runoff .. 
plots invol ves the development of a list of cri teria to be met. As rainfall 

J 

siDlUlation techniqlJ,es improved and research needs evolved over the years, the 
, 

liat of design criteria .,grew. Past and current criteria cao be sorted into 

two groups: raInfaU characteristics criteria and technical cn teria; the 

first group being c10seIy associated wi th experimentaI findings cn natural 
-

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

search in the f:leld. 

, ' 

2.4.2.1. Rainfall characteristics criteria 

If a rainfaU simulation study is to pro duce reliable-~indication9 

of natural rainfall effects, the equipment should closely approach natural 

rainfall charact~ri9tic9. A first extensive series of ['ainfa11 design , 

~ teria was formulated by Mèyer and McCune (1958) in the development of their , 

rainulator: 

" Drop size distriliut'ion of natural rainfaII 

Drop velocity at impact nesr terminal velocity. 

Uniform rainfall and random drop-size distribution 

Rainfall inteDsity corresponding to natural conditions" 

The physical charact~ris tics of n,atural rainfall used as 

guidelines' were those of Laws and Parsons (1943) and T.aws (1941) • 

(1965) puhlished two addi tional desirable rainfall characteristics: 

t1eyer 

'11 An angle of impact not greatly different from vertical for MOSt ' 
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drops 

A rttinfall application nearly continuou8 throughout the study 

area" 
1 • 

, 
,Although implicit in Meyer and M<.:Cune's (1958) cnlerlp, Bertrond 

/ 

'" and Parr (1961) retained the total energy values of simulated ralOdrops as a 
, 

design criterian. Finally, ln the development of a ralnfall simulator for 

erosion research on row side~lopes, Meyer and Harmon (1979) included the 

production of a wide range of,ralnfnll intensities as a desired characterls-

tic. The rainfall continuity crlterion was obtalned by minlmizlng lntervals 

, between Intermi ttent rainfall to lOs. 

In a survey of 28 developers and/or us ers of rainfall slmul atol S, 

Buoenzer (1979) reported that 90% of aIl responses indicated that mean drop 

size, . intensity, and unlformlty of coverage were selectIon criteria for their 

research. It sppears, therefore, that the basic rSlnfall criterIa for s Imula-

tion are ~enerally weIl established. Moreoyer, this apparent ummimi ty on 

rainfail cri ~eria i9 hlghly desirable since the perfect nozzle or drop-fonning 

device has not been developed yet. 

2.4.2.2. Technical crlteria .. 

The need for: economic t rapid -and realistic runoff plot data from 

field research und!;:!r li Imulated rainfall has also Imposed design critElria' on 

siDrolator designers. Early but still up-to-date technical criteria Include 
r 

minimum wind distortion, portability and ease of handling, use on ~tandard-

size runoff plots, and ability to reproduce a glven storm (Meyer and ML~une, 

1958). Minimization of wind disturbance' has been achieved in mOàt 'runoff plot 
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studies by the use of windbreaks or by 1 imi ting field trials to a threshold 
~ 

wlnd velocity. Since rainfall simulators are generaIly expensi ve to construct 

and use, complete portabili ty in minimal time has also been a prime concern 'of 

aIl designers. 
r,\ 

, 0 AppliCâ"tion area criteria vary somewhat among various simulator 

models. Initial rainulator experiments were carried on plots of 85 to 22 m2 

by Meyer -(f960 ) . However, much smaller areas have ~been used wi th field 

~imulators, but it lS generally agreed that simulators which apply rain to ex-

perimental areas smaller than 10 m2 are unacceptable for direct evaluations of 

the terme ln the USLE (Romkens, 1979). The use of an adequate buffer area 

around the runoff plot wes also identified as a technical criterion by Meyer 

(l960) and Bertrand and Parr ,J 1961). 
\ 

Finally, e technical concept that 

enables reproducibility of a standard test storm over vary1ng plot and sIope 

conditions remains an essential design criterion of rainfaIl simulator models 

,developed to date. 

2.4.3. Conception of rainfall simulators for runoff, pI,~t research 

During the paat half century of rainfaii simulation, several dif-

ferent concepts of simulators have evolved., theBe con be divided into two 
o 

groups by _ their means of producing rainfall: drop formtn"S and nozzle types. 
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,2.4.3.1. Dro~former models 

Barly ralnfall simulators used smaii pieces of yarn to form raln-
1 

fall (Parsons, 1943; E111son and Pomerance, 1944; Barnes and Costell, 1957). 

Mor~ recent simulators h~ve used glass capillary tubes (Adams et al. 1957), 

polyethylene tubing (Chow and Harbaugh. 1965) 1 brass Ol~ staln1ess steel tubes 

as drop formers (Blackburn et al., 1974), and hypodermlc needles (Romkens et 
\ 

'al. , 1975) . Most drop-former simulators produce drops of constant SlZej 

repo~ted ranges vary from 2.5 mm dlameter (Blackburn et al., 1971) to 5.6 mm 

(.Adams.. et al., 1957) . Various Slzes of ralndrop, however, were produced by 

Brakenslek et al. (1979) by using compressed air blowlng around the drop 

formers. Most plot Slzes assoclated with d~op-former slmulators are re1o- , 

tively small (up to 2 m2). Notable exceptIons include slmulators developed by 

Chow and Harbough (1965) and the laboratory slmulators locateà at Purdue and 

Utah state Umversities (Bubenzer, 1979), which respe~byely cover plot Slzes 

of 144, 21, and 96 m2 • 

Although capable of prodùclng rainfall kinetic energy clqse to Its 

naturai range, the use of drop-former slmulators ln outdoor condltions has 

been very limited. The main handicap has been the fall helght requlred for 

water droplets to achieve terminal veloclties (up to 10 m for a 4-mm drop). 

The relatively small coverage area of most models lias Rls~ been a SerlOUS 

limitation for use in outdoor runoff plot research. 

2.4.3.2. Rozzle modela A 

· , 

~ 

Several,diff~rent rainfall simulators with varying nozzl~8 and in-

l , 
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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, &nd the Rainjet 78C .. 

The Meyer and McCune (1958) rainu1ator used the Spraying Systems \ 

80100 Veejet nozzle. Lateral movement of the nozzles across the slope by 

motorized carriage was used to limit rainfall intensIty. Delays of up to 40 S 

bclween succeSSIve applicati~ns were made neces~ary for a 64 mm.h- 1 ra~nfall 

intensity. SwanBon (1965) used the sarne nozzle on a rotating boom, while 

Bubenzer and Meyer (1965) developed an oscillatory laboratory slmulator out of 
~, 

the 80100 Veejet nozzle. Seimens and Oschwald (1978) constructed a modified 

verSIon of the rainulator which was self-propelled. The oscillatlng nozzle 

concept, which ,effectively reduces the rainulator intermi!ttency, has also be0o' 

incorpornted lnto the Inter-rill simulator of Meyer and Harmon (1979) and the 

n~ rainulator developed by Foste~ (1979), both IJsing the 80150 VeeJet nozz1e. 

The kinetic energy leve.! of the Jéltter nozzle wns found somewhat greater than 

that of the 80100 model. 

Bertrand and Parr (1961) introduced the use of the Spray.Englneer-

ing Company's 7LA nozzle for a stationary. continuous applIcation rainfali 

simulator. Several variations of the "Purdue Spnnkllng Infll trometer" ~ have 

been used since then. Amerman et al. (1970) and Rawltz et al. (l972); used 

" 

• slotted rotating disk Units t~ reduce rainfa11 intensity. The concept of 

using.a rotating disl< was introduced sorne years before by Monn et al. (1967) 

~n connection with the SpraYlng Systems 1.5H30 Fulljet nozzle. 

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

simulators (Holland, 1969; Lusby, 1977), Encr~ levels of the droplets, 
. 

however, are smaller than those of simulators using the Veejet 80100 and 80150 

œ • 

Il 
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·no~zle8. The same problem has been reported for other simulator modela using 
, q 

the type F nozzle. (Wilm, 1953), ~he SpraYlng Syst~ .14 WSQ (B~bpnzer. 1979) 

and the Sete Fog SRW 303 (Shrlner et al., 1977). 
1 

It appears that the main handIcap for reallstic and efficient 

'si~Qlatlon of rainfall wlth nozzles has been the overcapacity of nozzles WhlCh 

ar~ able to reproduce natural n~lnfall drop S1.ze and' energy levels. Such 

overcap'acity required either highly sophlstlcat~d wt-ermlttence mechanlsms or , 

the selectIon of noizle~ with lower capac1ty·that reproduce only u fraction of 

the energy level of natural ràlnfsll. 

" , 

\ 

" 

\ 

, \ 
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3 .. . Conception, design and calibration of a etationan-, variable in­
tensity rainfall simulator for, outdoor runoff plot research."' 

~ 

3.1. Introduction 

The collection of adequate r~search data for soir erosion etudies 

~n~olving natural rainfall is very ,time consumlng Decause,hydrologic processes 

are so variable. - The need for rapid and efficient data collection for sOlI 

erosion has led to the development of rainfall eimulators. In field etudies, 

nozzle-type r~infall simulàlors have ~een primarily used over drop forme~ type, 
4 
for practical purposes and also ta simulate drop size distributions close to 

natural- rainfal1. Available nozzles produci"ng drop and cuerl{)' -characteristlcs 
~ . 

comparab!e to those of natural rainfall have Iimited use ln rainfaii simula-

tion, however, 'due to their hi~h f10w rates. The prob1em of hlgh nozzle 
l 

, 
c~pacity has been resol ved in Most field simulat-or des igns by elther Inter-

cepting a maJor'portion of the sp~y (MorIn et al., 1967) or increasing the 

coverage area by lateral 
f' 

or' rot~tlonal movement of the nozz les {Meyer ,lOd
l 

1 

McCune, 1958; Swanson, ]965). However the intermlttency of water applIcations 

in raihfall slmulator etudies has been shown to have a signiflcant effect on 

the amount of ralnfal1 or energy a soil can absorb before runoff beglns 
./ 

(Sloneker and Moldenhouer, 1974; Sloneker et al, 1974). Delayed surface sea-
, . . 

ling and varIable soil water pressure have olso been associated wlth sOlI 

shear strength increasee and resulting soil splash decreases (Towner and 

Cbilds, 1972) • Cons equen t 1 y , the need ta relate rainfall simu1ator data to .. . 
natural conditions favore a minimization of the on-off t1me in the nozzle-type 

.. 
simulators as a performance crIteria in simu1ator design (Foster et al., 1979; 

Meyer and Harmon, 1979). 
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With the growlng interest in soil erOSlon estimates b8sed on in-

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

ri~l erosion (Foster et al., 1977a,b), the understand~ng of the effect of raln 

in~ensity variations within rainstorms becomes increasln~ly ,important. The 
\ 

new emphasi~ on sOlI erOSlon resesrch demands more flexibillty in rSlnfsll in-

tensity from rainfall SImulation equlpment. Together with the mlnlmlzatlon of 

spray intermittence, the ability to vary the rainfall intensity from relnfsll 

simulation spparatus constitutes a design characteristic adapt~d to most cur-

rent research needs. 

ThIS paper outlines the design, ' construction and calibratIon of a 

new nozzie-t.ype veriable-lntensity rainfall simulator for' runoff ,plot re-

search. The apparat us was used in a soil èrodlbllity study ln southern 

Quebec . 

• 0 

/ 
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Materials and .ethods 

3.2.1. Desi~ CODsiderations 

The concept of a stationary, intermittent nozzle spraying system 
1 

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

simulator. Such design presents Many advaHtages, namely: <,,, 

It enables the op~rator to achieve complete control over simulated 
" 

rainfall intensity, '~by' alternating flow to the nozzle or to a 

return line. 

lt makes possible the recycllng of unsprayed water. 

It excludes mobile parts from the apparattls design . 

. Desired characterlstics and performance criteria retained for the 

design, constr'Uction and calibr,ation of the rainfall slmulator Included: 
'> 

1. Wide range of intenslties, 

2. Minimum tlme between raindrop .,appl1cahons, 

3. Drop size, 
\ 

fall velocity and impact energy of simulated rai lIdrops 
~ 

similar to that of natural rainfall, 

4. Uniform ralnfall and random drop-size distrIbution, 

5. Complete portability and economy of construction. 
", 

-
3.2.2. CODstruction 

Following a first selection of pressure regulation parts for an 

-experimental simulator unit, preliminary tests were carried out to study the 

perfonmance of various three- and four-way ASCO solenoid valves. 

'" 
Four-way 
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valve 8342Al. modified to three-way. was fina11y se1ected for ,the 'rainfall 

simulator unit. Its relatively high friction flow factor (Cv). ~inimizing 

-pressure variation in the system. and compatibi'lity' with d~9ir,-,d dischurge 

range led to its selection. 

I~ividualDunits of the simulator were then assembled using the 

follOwing princIpal parts: 

" 51 mm schedule 40 galvani%ed steel plping network 

- 51 mm presSure regulator 20-350 kPa, Watts 26A 

0-200 kPa pressure gauge. Solfrunt series 1900 6" 

- 51 mm 60-mesh two-way brass strainer, ASCO 8600 A2 

-51 mm four-way 901enoid valve. ASCO 8342Al, modified to thr~e-

way. 

Gauges had to~be equipped with scr~checkB in order to achieve 

full protection and proper reaetlon time in reading pressure, Blnce alternat­

i~g flow from return line to nozzle causes minor pressure changes. FIgure 3.1 

illustrates the design of an individual simulator unIt . 

.L 9 !lm", LiPl ~6'" 90" NCZ:U: 

" 4 

gO' 

''>' 

! PLOT 

, 
102",,,, "\Jnt~ 

HO~t 

Fig. 3.1 Design of the stàtlonary f variable-intenai ty rainfall .~lator 
unit. Q 
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3.2.3. Nozzle spray characteristics evaluation 

., 
The main problem in developing a stationary, intermittent 

-- . ~ 
simlilator was the selection of a smaH capacity nozzle with acceptahle spt"ay 

characteristics. Commercially available nozzles' used ln past rainfall 

simulator models (Meyer and McCune; 1958; Morin et &1., 1967; Holland" 1969; 

Meyer and Harmon, 1977) appeared not suitable for a stat~onary design due to . 
excessive discharge and/or fIat spray patterns. lu order to select a nozzl~ 

compatible with the prescrlbed desIgn, p~llminary 'testlngs of intensIty, 

unifonmlty and drop size spectra at various operatlng pressures were performed 

on selected full cone nozzle models from "Spraying Systems Fulljet senes" and 

"Bete Fog MP and WL serIes" • 

Drop-size spectra, spray intensity and coefficient of uniformity 

of selected noz~les, mounted on a simulator unit provldl~g 185 or 215 cm fall 

height, were measured on a 2 X 2 m reference area. Coefficients of uniformity 

(Cu) were computed uSlng the Christiansen (1942) index from 49 sampllng pOInts 

which were replicated three times. Spray intenslty was expressed as the 

average of reinfall intenslties measured at aIl sampllng points. Spray drop-

size spectre were measured using Laws and Parsons (1943) flour pellets 'method 

for drop size measurement. The method consists of allowlng slmulat~d rain-

fall droplets to fall ioto a layer 3 cm deep of freshly sieved flour, with a 
1 

smooth surface, contained in a shallow rece~tac1e. Resu1ting ~pherlcal pel-

lets are air-dried, collected by sieving and finelly oven-drled. Detailed 

pellet size distribution ts then obtained 'by sieving the pellet samp1es 

through a set of standard sieves. Flour ÙBed for slmulated drop lets collee-
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tion ·was caliltrated to relate pellet msss to the' dropletjpellet mass ratio.,' 

Calibration yielded the following regression equation at terminal velocity of . 
droplets, uSl,ng reference drop lets ejecteçl from paraffin co~j:ed syringues and 

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

M.= 0.89 + 0.21 log (Mp) r 2 = 0.86 

where M ~ mass ratio = dr?plet mass/pellet mass 
Mp_= pellet msss 

--

(7) 

Triplicate semples of simulated ra1ndrops were collected on the 2 x 2 m 

referencê area at four olstances away from spray cénter. Spray-drop-size was 
--~""-..,-

express~ a~ the ~erage of these four determinations weighted for r~lnfall 

~~~~nslty measured at ~hese four samp Ung pOlOtS. 

~ When spray characteriatic. from a glven noz~le at a specifie 

operating di~charge were acceptable, drop Impact velocity from the 215 cm fall 

height was computed. The computations were based on measured drop-Slze 

spectre, nozzle aperture, discharge rate, and a mean fall angle against verti-

cal of 22.5 degrees. The computing program used for d,roplet fall simulation 

was provided by Schuepp (1984). 

" 

.1 
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3.3. Resulta ~d dis~sion 

3.3~1. Nozzle -selection 

" . 
Preliminary est1mations of drop-size spectra, Cu and intensity of -. 

testèd nozzles are reported in appendix 1. AlI nozzles designed with ratio of 

free passage diameter to orifice S1ze equai or smailer than-50% were charac-

, ~erlzed by much too small drop-slze when drop fall velocity was deslrable. 

Thè 9.5 mm MP156M modei from Bete Fog Nozzle Ihc. was finally selected for 'the 

rainfall simulator because Its drop~size distrlbutlon was close to that of 

nptural ralnfail at low operating pressures. Free passage diameter equal ta 

nozzle onfice diameter in the "MP senes" was believed respons-ible for the 

prOductlon of relatively ~arge droplets at Iow pressure; 

3.3.2. Design nozzle discharge selection 

, .. 

A detailed drop-size spectra evaluation was undertaken on the 

liB$- MP156M" nozzle at the des'lgll fal1 height of 215 'cm to evaluate the' ef~ 

fect of nozzle discharge on drop 'size distrlbution and !ts spatial 

variabdi ty. . Five discharge rates and 'four distances away from nozzle spray., 

cent~r. were lnvestlgated in trip11cates. Drop-s~~e spectra measured' at the 

five discharge r.ates are illustrated in appendix 2. Analysis of varlance ln a 
l 

5 X 4 randomized complète black design of the overall drop size data confirmed 

significant effects, at the 0:01 level, of nozzle discharge and distance from 

spray center, and their interaction on median drop size (Table 3.1). Spray 

Median drop size (Dso) over the 2 x 2 m reference area at each noz~le dlS-
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charge level were obtain~d by normalization of individual ~edian drop size . -

data for intensity and surface ares sssociated with each sampling point. 

Spray Dso waB f9un~related to nozzle discharge by the followlng second degree 

regression equation (Fig. 3.2): 

Dso'= 12.0-2.8(Q)-O.~9(Q)2 r2 = 0.91 (8) 

where D~o ia the apray median drop-size in lam, 
Q is the nozzle discharge in litera per minute. 

\ 2 

,1.t 

l.a 

1.7 \ 

Ê 
.§. 1.8 

0 
I.S '" 0 

~ 1." 
~ 

2 , 
1.3 

1.2 

\.\ 

1 
',8 8 8.4 III! 72 7.11 

NOZZLE OISCH,t.RCE (Ipm) 

Figure 3.2 Spray median drop-size response to nozzlé discharge . 
. Means with different letters are aignificantly different et the 
~.05 level using the l.s.d. test. 

J 
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T,ble 3.1 Analysis 6f variance of Dozzle discharge and distance fram spray 
~enter effects OD D50 of Bete Fog nozzle MPI56M. 

SOURCE • Of ~ yalue Pr)F 
\ 

Black 2 1.08 0.3492 -

Nozzle discharge (Q) 4 42.46 ** 0.0001 
, . ~ 

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

Q * d lnteractlon 12 6.11 ~* 0.0001 

" ** Signlflcant at the 0.01 leve1 

The 5.7 oL.min- 1 nozz1e discharge rate was selected as the design 

discharge for the ralnfall slmu1ator since a spray drop size spectra Most com-, 

parab1e to hlgh lntensity ralnfaI1 was obtained (Fig. 3.~), while giving 

droplet impact velocltles from a 215 cm fall height close to termlnal fall 

veloclty. Figure 3.4 illustrates the impact velocities associated wlth the 

varloUB class Slzes of the drop size spectra from a 5.7 L.min- 1 nozzie dis-

charge. and respectIve terminal velocities ln still aIr. Up ta a drop 

diameter of 2.5 mm, the vertical fall velocity from 215 cm exceeds sllghtly 

the theoretlcal terminal velocity. whi1e larger drops achieve fall velocities 

slightly lower than termlnal. 

The klnetic energy of the spray at 5.7 L.min- 1 wes evaluated by 

coablning drop Slze spectre data and fall velocities simulation results to 

yield a figure of 0.201 MJ/ha.mm. 
... '-

Referring to Wischmeler and Smi~h (1978) 

estimation of rainfaii kinetic energy per unlt of rainfal!, the simulated 

raiDfall at 5.7 litera per minute nozzle discharge is reproduclng 80% and 72% 

of the kinetic energy of natural rainstorms of respective1y 25 and 100 mm/hr. 
r 
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/ 
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mean spray angle against vertical of 22.5 degrees, as compared to 
terminal fall velocities for Bete Fog nozzle MP156M at a discharge 
rate of 5.7 litèrs per minute. 0 
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3.3.3. Multiple-nozzle operation 

1 A 1. 50 m spa("ling be1;.ween nozzles was selected following optimiza-

tion of the intensi ty distribution at various spacings • SpraY,intermittence ..,.. 
l' 

leve1s were se1ected as 25, 50, 75, and 100 % of full f10w directed at the 

nozzle (on-time). Adjacent nozzle lines were paired on different solenoid 
, 

valve"circuits (normally open and norma1ly closed) ln a total 40-sedSbd cycle 

('l'ab 1 e 3. 2) . 'Time delays between plot exposition to nozzle spray could thus 
l, 

" be limited to 10 seconds at the lowest rainfa1l intenslty (32 mm/h). 1n-

dividual simuiator- units wer-e connected in parallel to return and feed water-

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

of the simulator units were individually calibrated against nozzle discharge. 

v 

l 
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Table 3.2 Simulated rainfall characteristics response to spray.intermittence. 

Cycle duration Intermi ttence Ralnfall % Energy of (1) 

(sec) (% flow at the nozzIe) Intens ity natural rainfall 
ON . OFF (nnn/hr) (%) 

10 30 25 32 80.3 

20 .,20 l' 50 ~6 .; 72.3 
\ .. 

30 10' 75 97 71.5 

40, 0 100 127 71.5 ' 

( 1) 8ased on the kihetic ener'gy of the spray (0.201 MJlhâ/mm) and Wischmeier 
and Smi,th (1978) estimat±ons of rainfall kinetic energy of naturai rain­
fall (e) relation to intensity (i): 

" 

e = 0.119 + Q.0873 logO), where e is iri MJ/ha..mm, 
i is ul, mm/h 
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Intermittence was noted to,haye ft significant effect on. average 

Shortening (j'n-time was rJsponsible for d.irecting mo~e droplet~ spray pat tern. 

in the Spray center (Fig. 3.5). Overall multiple nozzl~ coefficient of 

uniformity aversged 75~ for single-row nozzle arrangement spaced st 1.5m . 
• 

~ . 

, ,-

Figure 
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3.3.4. Field operation 
,) , 

Si?' units mounted in pBrallel were used on 1.75 m by 7.50 m plots 

on slopes rangirrg from 1 to 25 ~ gradip.ot. Typical test storM iI)-cluded four. 

~simulated rainfal! intensities (Table 3.2). A ~lock" type Illuminum struc-

ture supports the nozzle assèmbly lines and provides fi frame for 8 

p~yethylene wind shield, used ta prevent spray drift. Acces80ry equi pment 

includes a 5,OOO-L portable water tank, 8 1.13-kW pump, a pressure tank, an 

electric generator, two independent efectric timers ~d Il quick-connect rubber 

hose network. The runoff collection unit includes a steel flume and, a 20 

L/min capaci ty plexiglass tipp1ng bucket. An electric immersion pump iB used 

to drain the collector pit. '1" .... 0 person~ can readily assemble, operate and 

'. 
disassembie. the equipment. Figure 3.6 illustrates the rainfail simulator 

setup for an outdoor runoff plot experiment. 

i- F? .' 
~ 

\. . 
.i -,: '. -.. 
:;~ 

, 'f ~ ... 

... 

Figure 3.6 Rainfsll siWlator aetup for an outdoor nmoff plot experillent. 
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c 3.4. ConclusioDs 

.. 
The use of a nozzle with orifice diameter equal -.to its free pas-

sage has made possible the developmen~ of a readily portable stationary raln-

fall simulator. The apparat us simul~tes :ra~nfall at any range of mtensi ties 

up to 127 mm/h Wl th drop-sizes and lmpact veloclties near those of natural 

rainfall. Field etudies using this equipment- have shown that i t can provide 

useful data on 'rill and interill erosion as affected by rainf.all intenslty. 

" 

( 

" 
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DETERMINATION OF SOIL ERODIBILITY INDIC1!:S USING A VARIABLR-
INTBNSITY RAINFALL SIMUtATOR 

Introduction 

, 

Tbe need for rapid and ~eliable datai on so~1 erOSlon by water l~d 
\ 

to - the development of rainfall simulat,n technIques as early as the 1~}30·s. 

Much of t~e more recent research on the estimatIon of USLE parameters uSlng 

rainfall simulatIon began with the development of field ralnulators by Meyer 

and McCune (1958) and later by Swanson (1965). Advantages provlded by the use 

" 
of slmulators are numèrous; rapid resul ts, control of soil surface charac-

teristics and standard test storma. Rainfall slmulatlon thus lsrgely con-

tributed to the development and refinement of the USLE. 

In the ares of fjeld research, ra:lOfall slmulators have been par-

ticularly weIl suited for the study of the effects of surface co vera and tll-

lage on 5011 erOSlon. Studles of slope effects on soil 108s, watOf' pollutlon 

from cropland, Infllt.("ation, soil partlcle movement and .erosion mechanic8 are 

other current applIcations of rainfall sImulation teçhnology. 

'" flllululor5 ,." û- md"emslvely used to study the effect of 8011 

charactenstics on erosion and to reflne the 5011 erodlblllty factor of the 

-
USLE (Barnett and Rogers~ 1966;, Wischmell'r and MHnner! 111" 1969; Romkena et 

al., 1975; El-Swafy and Dangler, 1976; Young I1nd Mutchler, 1977). From mlmy 

jf~ar~ of 'f:t·ld r.tinulat'or m.,'Clsuremellts, Wiseruneler et al. (1971) developed the 

"K, nomograph", wl.dely used for the prediction' of solI el"<ÎIllblll ty fl:ictor (K) 

from soil properties in the American Mitlwe8.t ever ainee. 

", 

The rainulator developed by Meyer and McCune (1958) has been used 
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( • for most detennnations 'pf K in simulated rain rall studies. Most test storms 

in North Ame'hcan experimenls also !;onsisted of two 60 min storm periods 24 h 

apart at on Intensity oÎ 64 mm/ho Two methodologic!~, however, have been us:ed 

in the determination of K values. Soi 1 erodlbility has been expressed as the 

dope of the regression of sail loss data on simulated rainfall ,erosi vi ty 

(Wischmeier and Mannering, 1969; Barnett et al., 1971), and also by weighting 

soil 10ss and storm eroslvlty on the basls of natural storm frequency dis-

tribution (Barnett et al., 1965; Wiscluneler et al., 1971; Romkens et al., 1975; 

" Young and Mutch1er, 1977). Al though both methods present convenlences and 

disavantages, no discussion or direct comparison of procedures has been pub-

lished to date. 

This study used a varlable-in.tensl ty rainfall simulntor to collect 

runoff and soil 10sa data on outdoor runoff plots. The main purpose 'of the 

( study was to characterize the soil. erodibilÙY of selected southern Quebec 

soils. ,Specifie objectives of the study were: 

-to estlmate soil erodlbili ty factors, compatlble Wl th the USLE, 

using a van.ab1e-intenaity rainfall simulation procedure; and 

-ta study the relations of sol1 prQperties of the selected soils 

ta runoff prod4ctlOn, sediment concentrat Ion ln runoff, soU . 

.. 10ss, and K value, under standardized storm condi tions. 

/ 

! , .... 
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-:J 4.2. Materials and Methoda 

4.2.1. Si te selection and preparation 

1 
Eight soi ls were tested using a variable-tntensity rainfall 

simulator on plots equif!ped with runoff measuring eqUlpment. Table 4.1 lista 

the site and selected phYSlco-chemlcal characterist lCS of the soils tested. A 

single plot, 7.5 m long by 1. 75 m wide, was prepared 'nt each SI te. Although 

duplicat~on was judged hlghly desirable from a !;tatistlcal stundpolnt, the 

rSlnfall simulation runs were not duplicated ln order to collect plot doto on 

the wldest range of soUs possIble. Four of the selected sites on lhe Mac-

donald College FanD, namely the Arboretum, Dump, Hlghway, and Radar sites were 

previous ly studled over a cOf!llnuoUB 2-year perlOd by Klrby (1985), thus 

proVlding valuable companson data for the simulatlon tnals. The Rudy and 

Coleman sites were also located on the Macdonald College Farm; whde the Shel-

don and Coaticook soil series were studied on the Agn,culture Canada gx-

perimental Farro in Lennoxville, Quebec. 

AlI sites were either seeded to row crops under convenllonal til-

Iage or kept fallow for the preceeding two growwg seasons. AIl crop res idues 

and vegetation were removed from' the plot surfaces and pre-run surface treat-

f~ 

ment included several passes Wl th a fi ve-tooth harrow up-and-1own s lope to a 

depth of approximately 7.5 cm in order to simulate a'conventlonal seedbed 

" 
preparat Ion. Pre-run soil surface preparaU:ons and rainfall simulations' were 

performed at a soil mOlsture cont.ent approaching field capacity . ..Ir After har-

rowing, plots were covered wi th pIast ic sheets to' avold bias of reaul ta by 

natural rainfall. 
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Table 4.1a. Site character i8 tics: soil classification 

sm ARBORETUH COATICOOr COLEHAH DUHP' . HIGHUAY RADAR 

SOIL Or thic HUIIC Gleyed Gleyed Orthlc OrthlC 
CLASSIFICA TlON Helanic LUVIC SOlbrIC So.bric HUIIC HUlo-fernc 

Brunisoi Sieysol Brunisoi Brunisoi Gleysol Podzol 

SOIL St-Bernard Coatlcook ,Chicot ChIcot Rideau St-Oalase 
SERIES , . 
SOIl Sandy IDa. Sll~y Ioa. Sandy clay Sandy Ioal Clay. LDalY sand 
PHASE Laa. 

SLOPE (1) 1.2 4.2 6.2 6.5 n.5 26.0 

{1} Soil series ldenhficatlon at SheJdon site provl~ed by Pesant (1985). 

" 

RUDY SHElDON 

fluviated Not 
HeJanlc AvailabJe 
Brunlsol 

Cha teauguav She Idon( 1 

Sandy cl ay Loal 
IDa. 

8.0 12.0 



'" 

. 

0 
. 

Table 4.1b. Site characteristics: soil physical and chemica1 properties 
(0-15 CIl depth) 

SITE , ARBORETUH COATI COOl COLEIIAH DUHP HIGHWAY RADAR RUDY SHElDON 

1 

STRUCTURE Hedlu, fllïe-.edlu, , F. ine-coarse HedlUl F lne sub- SIngle flne-Iedlui Hedlui-coam 
1 

granular granular granular granular angular sub-angular 9fanular graIn 
blockv blockv 

TOTAL SAND (%) 60.6 18.0 46.0 56.2 0 29.1 76.9 50.5 29.0 
Y.C. SAND (1) 0.7 1.5 1.5 0.4 0.1 0.1 4 0 0 7.0 

'" ·C. S4ND (1) 3.0 La . 3.0' 2.5 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 21.0 31.4 16.5 51.2 6.5 4.5 
Y.F. SAND (1) 6.7 4.0 11.0 7.7 9.0 3.7 4.0 4.0 

TOTAL SIlT (1) 26.4 59.5 2'7.0 35.7 25.9 14.1 26.-0 48,0 
1 

TOTAL CLAY (1) 13.0 22.5 27.0 8.0 45.0 9.0 23.5 23:0 

DRY MEAH WEIGHT 0.60 1.47 2.43 0.31 1.04 0.16 O.~l 2.53--
DIAHETER (1.) 

.. 

NATER-STABLE . ·,n, AGGREGATES } 1.0 Il 8.3 42.0 13.0 ' 16.2 12.3 7.8 15.5 45.9 

DRY BULl DENSITY 
(Hg. ,_3) 0-5 c. 1.31 1.14 t49 1.28 1.33 1.37 l.46 1. 51 

20-25 c. 1.13 1.13 1.41- 1.20 . 1.22 1.15 Ul 1. 46 

SOIl HOISTURE 
(i by lass) 26.6 35.4 14.6 19.4 28.4 20.5 13.7 21.8 

NATE R RETENTION 
AT 10 kpa (1 bv lass) 26.1 42.6 21.9 26.3 24.2 '13.1 - , 20.6 20~8 

U AVAl LA18lE WATER 
AT 10 kPa i% br lass) 7.0 7.8 '6.5 8.4 5.7 3.8 S.3 6.S 

ORGÀHIC HATTER (I) 3.75 4.87 1.53 3.13 3.07 .. 2.56 1. 93 2.35 

c.E.e. (leq/lOO g) 15.80 33.28 4.11 7.,~6 14.30 4.48 B.72 5.22 ~ 
EXCH. Ga 12.41 25.59 3.19 5.73 9.24 3.19 6.23 3,45 
EXCH. Hg 2.69 5.19 0.30 0.91 3.4'3 0.71 1.38 0.62 
EXCH. Ha 0.31 - 1.57 0.46 0.50 1. 31 0.26 0.69 0.39 

Fe+Al (1) 
pvao. EXTR. 0.23 0.52 0.14 0.39 0.15 0.39 0.32 0.31 
D.C.B. EXIR. 1.05 1.06 1.83 0.82 LlO 0.89 1.00 1.08 

0 
~jCl 
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'1 



c: 

\ , 

c· 

4.2.2." Rainfall simulation and runoff collectïon procedures 

./ The design test 'storm used was composed of four runs of decreasing 

rainfall intensity. The first application was made under -exIstlng soil mois-

ture conditions (dry run) at a simulated nilnfall rate of 127 mm.h- 1 for 15 

min. The other_ three applIcations (wet runs) lasted 30 mIn eact., wi th respec-

tive intenaities of 97, 66 and 32 mm.h- 1 • Runs were separated by a 10 min 

break. DuratIon-rainÎall: intensity combinations were selected upon long-term 

high intensity ralnfall statistics for tQe Montreal meteorologlcal station , 
(Segal, 1979). 

A 20-L.lllin- 1 capaci~,y tipping bll:cket was calibrated in situ and 

used to collect and measure runoff. at each site. App~ndlX 3 reports calibra-

tion data of the tipping bucket for the eight sites. Simple linear regres-

sions between plot runoff volume and "paIrs oÎ tips. m'In- 1" of the t ipplng 

-" bucket were s-ignificant et the 1% level with r2 greater than 0.99 at a11 

sites., 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 land 

2 min for the dry run and the wet runs, respectively, at aIl sites. Full 

volumes of the tippin~ bucket were collected ln a 4-1 pall when -the bucket 

emptied out, wlthout interferring with the bucket movement. The collected 

runoff semple was then homogenized by quick rotational movement of the collec-

tion pail, and a 750-ml fractlon of the sample was immediately transferred to 

a glass jar. Sediment concentration in runoÎÎ was determined by oven drying 

the ;unoff semples. After evaporation of most of the runoff water, sediments 

were leît in the oven at 105°c Îor 24 hours beÎore final weighing. 
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4.2.3. Measurement of soH properties 

Selected soq chemical and plfsical properties were measured on 

soil samples from each plot. Samples for aggregate-size distribution and 

9tabilit~ detenninat ionsi 0-15 cm depth moisture content, texturaI and chcm-

cal analyses were collected immediately prl.or to the fI rs t' nnnf.gll simulat ion 

rUQ, while the soil profile bulk density was measured using Troxler gamma-rny 
<\ 

probe a few days following the rainfall simulation seSSIon. A descript Ion of 

the surface physico-chemical prop~rties of the elght sltes studied is glven ln 

table 4.1. 

Sol1 partic1e-size distribut10ns were detennwed ln dupllcote. 

using the hydrometer method. Triphcate slze-âistnbut lons ~f dry aggregates 

smaller than 8 mmwere measured using a nest of 4.75-,2.09-, .1.00- and 0.75-

1 mm sieves operated mpchanically for two mlnutes by a motor gLVlng 40 strokes 

per minute. A Yoder (1936) type sleving machine us lng the' same nest of s Leves 

was used to determln'e water-stable aggregates. Duplicate semples, where lumps" 

of soil greater than 8 mm were broken to pass through the 8 mm Sleve but 

retalned on the 4.75 mm sieve, were wetted at atmospherlc pressure wi thIn, 3 

seconds. Sievlng was started 10 min Bfter the samples were wetted, for I:l 

period of 10 min at 50 strokl's.min- 1 and a 2-cm amplitude. After dIspersion 

in sodium hexametaphosphate solution, material retalned ln eoch Slze class wes 

hand sieved to allow correct10n for sand' and coorse fragments. 

Organlc carbon W8B determined in dupllcate uSlng the Leco combus-

tion method. Pyrophosphate and citrate-d1thlOnite bIcarbonate exl ractable 

iron and alumimum were .Ianalysed in dupl icate followlng Agriculture Canada 

(Sheldrlck 1984) standards. 
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4:2.4. Data anslysis 

4.2.4.1. Soil 108s computations 

Runoff hydrographe and temporal variation of' sediment concentra-

tion in runoff for each 9 imulated rainfall rml were computed based on in situ 

manual recordlngs of the calibrated tipping bucket and the sediment concentra-

tion dnta'determlned in the laQ. By pool ing instantaneous data on ['unoff and 

sediment concentration for identical bme Intervals, soi~ loss estImates as a 

function of tlme were obtained. Runoff hydrographs, temporal variat~on of 
. 

sediment concentratIon ln runoff and evol'ution, of cumulahve solI 10ss wi th 

Ume for a11 sites under the four runs of the test' storm are reported in Ap-

pendix 4. 
• '" , . -

~.2.4.2. Soil erodibili"ty indices computation 

Since estimates -of percent age distribution of storm sizes for the 

'areas under ,study'were not availBble, a representation of annual SOlI 10ss per 

unit of rainfall erosivity by B storm weightlng procedure (Barnett et al .• 

1965; WiSChm~i;r et al., 1971: Dongier and El-Swaify, 1976) WB. tt 
~Jte erodibilities therefore were compu)ed throttgh llnear modelllng bY,J least 

squares technique as suggested by Barnett et al. (1966) and used eier 

and Mannering (1969). After correctlon for the slope length and gradIent' fac-

tors of the USL~ (Wischmeier and Smith, 1978); the slope of the soil 1055 - El 

linear regresaion, 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 deri va-

tian of the K factor for each site. 

{l) - Data sets including meusured s~il lasses in t.ha- 1 and as­

sociated storm erosivitiea (Er) in MJ.mm.ha-lh- l ~or a11 possible combinations 
... 

of the rainfa11 simulation runs were created. Table 4.2 summari.zes the storm 
), 

eroaivity computational procedure for each run combinatlOn. A constant rau\:" 

faU energy 'per unit of rainfall (e) of 0.201 MJ. ha- l mm- 1 was used throughout 

storm energy (E) computatiotls in order to reflect th~. actusl kinetic t;nergy of 

the simulsted rainfell . . / 
/-

(~ The data for the ten posslble storm combinations wertl split 

into two'data subsets. One "Bubset. designated as the dry run datà set, ia 

composed of aU run combinations that include the first simulator run on dry 

sail. The wet run data set includes aIl other possible run combinatlOos. The 

data for the four storm Slzest provided by the dry run data set and the six 

storm sizes provided by the wet run data set we~ ,then fi t ted by a least-
". ,/ 

squares technique ta the linear }model: 

'A = m El + b (9) 

where "Ali is the soil 10ss in t/ha and "m" is the appar~ erodibility of the 

s~tet as estimated by the dry or wet rqn combinations. 

,(3) - The apparent site erodtbil i ty values were subsequently ad-

justed to the standard of 9% slope gradient and 22.1 m slope length to be cam­
;loI 

patible with K as ·defined in the USLE. 
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Table 4.2 Storm erosivitiea 8Saociated with each èombination ~f aimulated 
rainfall runa. 

Run # 
combinat ions 

Dry run subset(4) 

1 

1 +2 

1 + 2 + 3 

1+2+3+4 

Wet run subset~~) 

2 

2 + 3 

2 + 3 + 4 

3 

3 + 4 

4 

1 

Ppt 
, (mm) 

31.75 

80.25 

113.25 

P29.'25 

48.50 

81.50 
\ 

97.50 

33.00 

49.00 

16.00 

EO) 
(MJ. ha~ï ) 

6.38 

16'.13 

22.76 

25.98 

o 

9.75 

16.38 

19.60 

6.63 

9.85 . 
3.22 

(1) Storm energy (E) ~ Ppt . e 

hO<2? 
(mm. h-1 ) 

64 

112 

112 

112 

'97 

66 

66 

32 

where Ppt = total runs combination precipitation (mm) 
e = rainfall energy per unit of rainfall 

EI< 3) 

(MJ.JIllll.ha~lh-l) 

405 

1807 

·'2549 

2910 

1 "',,~ 

,1590 

650 

103 

\ .. 

= 0.201 MJ.ha-1mm-1 for the simulated raindrops 

(2) I30 la the maximum 30-min rainfall intensity. 
For a duration less than 30 min, 130 = 2 x Ppl 
(Wischmei~r and Smlth, 1978) 

(3) Storm er~ivltY (El) = E . 130 

(4) Run ~lt 2, ,3, and 4 were applied at the resp~ctive intenaity of -127, 96, 
66 and 32 mm.h- 1 • Run #1 has a duration of 15 minutes, runs #2, 3, and 4 
last 30 min. each 

5p 
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4.2.4.3. Soi! properties in ~elatton tô erodibility 

To attempt to understand how parti~ular properties of the soils 

studied affected thelr erodibilities': the followlng dependent vanables were 

studied: (i) rainfall energy required to init iate runoff, Cil) end-of-'run 

runoff rates t (ÜU/ end-of-run sediment concentratlon ln runoff, . <.i v) total 

soil l~ss for the run'e and Cv) soil K. End-of-run runoff rates and sedIment 

concentrations were computed by ,averaglng the ponctuaI -data s8mpled in the 

last ;3. !'lnd 5 min of the dry a'1d wet runs respect ive ly. 

The merlts of the varlOUB SOlI properties as Indicators of the 

aforementioned dependent variables were explored by simple correlation ,and 

multiple-regression technIques. The final parameters and transformations u~ed 

in the.analysls were selected by intultlve judgement, trIal runs, and rCVlew 

of preVlOUS ralnfall simulation studles (Barnett and Rogers, 1966; WIBchmeleç 

and Mannering, 1969; Wischmeier et al., 1971; El-Swaify and Dangler, 1976; 

Young and Mutchler, 1977; Luk, 1979). Table ~.3 summarlzes the var1ubility of 

the Boil propertles used in the correlation and regresslon analyses. When 

studying a glven dependent variable, the probabillty leve1 of 50 % ,waH the 

threshold level for accepting an independent varlable in the correlatIon! 

regrèssion analyses. In the ~etlvation of multlple Ilnear regress10n equa-

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

subjective. Numerically-coded SOlI properties, I.e. SOlI structure or per-
'" 

meability class, were thus excluded from the statisticai analysis. 
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Table 4.3 
, ~ 

Variabili ty in selected physico-chemi'cal prope~ties ot: 'tJ:1e eight 
soils 8nalyzed for: the erodibility st~dy. 

'Variable 

Organi~ 1Dat':':er (~) 
Vèry coafse sand' (%) 
Coars~ sand (t) 
Medium-s~d (%) 
Finè sand (t) 
,Very ~fine sand (t) 
Total sand (t) 
Silt (~) 
Clay, (%) 
Dry mean weigtit diameter (mm) 
Water Stable agg. > 1 mm (~ 
Soil moisture 0-15 cm '(%. by mass)' 
w'ater ret~ntion at 10" kPa (~ by mass) 
Avail~ble water'at 10 kPa (t by mass) 
Dry bulk dens ity 0-5 cm' '( Mg. m-3 ) 
Dry bulk densIty 20-25 cm (Mg.m-3 ) 

Dry bulk density ratio (0-5 em/5-10 cm) 
Exchangeable sodIum (meq/lOO g) 
Èxchangeab1e mngIlesium (meqJ100 g) 
Exchangeable calcium (meq/lOO g) 
Cation exchange capacity (meqj100.g) 
DeB exchangeablc Fe + Al '(%) 
Pyro. exchangeab1e Fe + Al (t) 
Slope (%) 

, 1 • > 

'. 

: 

œ 
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Standard Range in values 
Mean' de\!iation l-east greatest 

2-.90 
1.9 
3.1 

10.8 
2,.3.8 

. 6.1 
45.8 
32.8' 
21.4 

1.19 
20.2 
22.6 
25.5 

6.5 
1,'36 
1.25 
1.106 
0.69 
1.95 
8.63 

11.68 
'1.10 
0.31 
9.5 

. . 

1.06 
2.4 
2.8 
9.5 

18.7 
2.7 

19.5 
14.5, 
12.0 
0.89 

15.0, 
7.3 
8.4 
1.4 
0.12 
0.13 
0.032 
0.49 
1. 71 
7.58 
9.'76 
0.31 
0.13 
7.6 

___ CIL-___ _ 

1.53 
0.1 
0.5 
0.0 
4.5 
3.7 

18.0 
i4.1-
8.0 ' 
0.26 
'7.8 

13.7 
13.1 
3.8 
1.14 " 
1.13 
1. 041 ! 
0.28 (' 
0.30 
3.19 
4.11 
0.82 
0.14 
1.2 

4:87 
7.,0 
9.0' 

27.0 
51.2 
11.0 
76.9 
59.5 
4'5.0 
_ 2.53 
45.9 
35.4 
42.6 
8.4 
1.51 
1.46 
1.149 
1.57 
5.19 

25.59 
33.28 

1.83 
0.52" 

26.0 
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4.3. 

results, the 
\ 

\., ,,, 
Resulta ~d discussion 

In order to esse the presentation and interpretatio~ of the 

data and associated stat lstleal analyses were split 1'n three sec-, 

tians. In a first section, hydrologie data are presented and discussed. The 

second section foeuses on sediment content of the runoff and soLl losses. 

Finally, soil erodibillty figures are presented and dis'cUBsed. " 

4.3.1. Runoff characteristics 

Runoff rate and quantity induced by natural storma have a defl.nlle 
) 

~J 

effect on soil detachment and transport, and have been used as a basls for 

soU::loss modelling (Onstad and Foster, 1975; Wilhams, 1977 }. An unclerstand-

ing of the sOli-loss simulated-test-storm relatlonshlp would thus remaln 1n-

complete w1thôut a descriphon of the runof! patterns mduccd by the S Imulnled 

. rainfall. Since total runoff induced by each Blmulated storm Intenslty lB 

Jo 
proportional to the requlred rainfall energy to inltlate runoff and observed 

runoff rates, lt is also desirable to oblaln a ~standlng of how 

particular sail properties affect these latter dependent var1ables. 

4.3.1.1. Runoff pattern induced by the test atorma 

Runoff hydrographs for 

~ ,~ 

each of the eight sites tested under the 

standard test storms are reproduced in Appendix 4. Common characteristlcs are 

ahared by the observed runoff patterns WhlCh cnn be largely attributed to the 
(\'> 

test storm characteristic~ and plot preparation procedures. A typical runoff 
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d -t, h d' 'Il d' f' 3 hy rograph, computed from S eldon site, ata, lS l ~trate ln 19ure ,4. . 
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Figure 4.1 Runoff hydrograph computed from Sheldon site data unri~r the stand-
èrd simulated test stonne. (Rainfall inteosities for run #1, 2, 
3, and 4 are: 127, 97, 66 and 32 mm/ht respectively.) 

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

face, as a resul t of harrowing of the runoff plot before the test storm, con-

veys ta 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 aIl sites. 1t cao then be concluded that the 

infiltration and runoff processes became surface or profile controlled during 

the first run of the test storm at aU sites. Consequently, aIl sites were 
Q 

subjected to preponding infiltration and surface storage periods of various 

duration before runoff occurred within the first run. Variation in time ta 

c ~roduce runoff cao be related ta soil surface pr.operties affecting soil in-,,,-

m 
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filtrability variation over time and soil surface storage capacity. On nii 

sites, however, a monotonic increase-i~ runoff ~ate waB observed during the 

first simulated rainfall run. The rùnoff rates observed, n1 though dl verse ln 

magnitude, falled to achieve an equllibrlum rate durln~the flrst run at aIl . , , 
J 

sites, suggesting thnl the infiltratIon had not r~ached a steady stnte. 

Hunoff rates near equll Lbrlum were achleved at aIL BLtes durlng 

the second and third sirnulated raInfall runs. A graduaI dectense in sOlI in-

filtrabillty to approach asyrnptotically a constant rate (Hlllel, 1980) under 

partial sealing of the soil surface by ,crust formation, possIble ml1,rutlon of 
... 

pore-blocking particIes, swelling of clays, and entrapment of air bùbbles can 
" , 

explain in theory the observatIon of near equllibrium runoff rates in the wet' 

runs. The absence of runoff observed on the fourth run at the Durnp and Radar 

sit~s indicates that the soil infiltrabllity exceeded the raInfall dellvery 

fate; thus supply-controlled, non-ponding conditions were assumed. Dala for 

the fourth run from these sItes were treated as rnlss~ng values for the pur-

poses of the statistical analyses. 

4.3.1. 2. Rainfall energies required to initiate runoff 

The variability in rainfall energy required ta initiate runoff at 

the eight SItes. for each of the consecutive sImulated rainfall runs 1S 

reported in Table 4.4 Highest varlabillty among soils was observed durlng the 

first runl where the Coat icooh si l ty loam (Coati cook 61 te) 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 loarn (Sheldon 

site) and the Chicot sandy loam (Dump site) yielded runoff, respectively, 
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after 6nly 1.45 .and 1. 72 MJ/ha. 1 A very marked decrease in rainfall energy 

required' to Initiate runoff was observed during the second rune Decre'ased in-

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

ing of the soil surface, associated wi th decrease,~ surface storage capaCl ty 

4 due to a decrease in surface roughness and rilling contributed to this sharp 

decrease ln the soils' ability to delay the productIon of runoff. A general 

tendency to reduced energy requi red to lm t ia te runo ff was also observed 

during the two subsequent runs for six of the eight sItes studied. The effect 

of reduced infiltrability and surface storage capaclty durlng these runs may 

however be masked by the lntermlttency of the water application WhlCh can af-

fect the amount of rainfall energy b'efore runoff occurs (Sloneker et al .• 

1974) . 

Table 4.4 Variability in rainfaIl energy required to initiate runoff at the 
eight sites studied for the fqur consecutive simulated rainfsll 
runs 

Site 

Arboretum 
Coati cook 
Coleman 
DUJI)p 
Highway 
Radar 
Rudy 
Sheldon 

Melin 
Std.Dev. 
Min. 
MaX. 

, 
.:;' ,"' • . ' 

S imulated rainfall run # 
1 2 3 4a 

Rainfall energy (MJ/ha) 

2.67 0.69 0.70 0~87 
5.97 0.85 0.56 0.27 
2.58 0.50 ' 0.39 ;'\ 0.28 
1. 72 0.65 0.84 
4.45 0.68 0.64 0.45 -" 
3.97 0.86 0.81 
2.50 0.71 0.37 0.38 
1.45 0.54 0.47 0.29 

3.16 0.68 0.60 0.42 
1.52 0.13 0.18 0.23 
1.45 0.50 0.37~-.) 0.27 
5.97 0.86 0.84 0.87 

aOn1y six observations were recorded for the fourth run since two soils 
failed to proquce 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 for the 

four; consecutive simulated rainfall runs. Reported ln Table 4.6 are the best 

simpl~ linear regressions sign~ficant at the 0.05 level explaining the 

var~ability in rainfall energy requlrcd.to inltiate runoff for the first, dry 

run and the last, very wef run. Data for runs 2 and 3 were excluded from the 
. 

linear regression study because of relatively low varlabllity of dependent 

variables.' Data for rune 1 and 4. besldes presenting a larger variablllty. 

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

\ 
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Table 4.5 Coefficients of simple correlation significant at the 50~ level 
for energy required to initiate runoff as dependent variable 

----. --- --------- - ---- -_.- ---_._------
Pearson corrglatlon coeffIcIents an~ assoclated probablllty 

Independent varIable run Il run .2 run 13 run 14 

% Organic latter +0.63 0.096 +0.59 ,0.125 +0.43 0.284 '0 

% Silt + V.F. Sand/Organle latter -0.46 0.247 -0.81 0.016* -0.73 0.039* -0.68 0.137 

% Sand X % Organle latter +0.40 0.329 +0.78 0.021* +0 9J o.oom 

Clay ratlo/% OrganIc latter -0.52 0.185 -0.63 0.096 -0.41 0.424 

% Clay +0.31 0.455 -0.51 0.196 -0.37 0.474 

% Sand ratIo +0.43 0.284 +0.57 {).378 +0.78 0.066 

% (SIH + V.F. Sand)x(Sand -~Sand) -0.71 0.046* +0.3B 0.355 +0.5B 0.227 

Water retalned at 10 kpa +0.39 0.345 

Dry bulk denslty 0-5 CI -0.69 0.060 -0.67 0.069 -0.54 0.168 

Dry bulk denslty 20-25 CI -0.60 0.116 -0.80 0.017* -0.73 0.040* . -0.56 0.248 

Exchangeable Sodiul Percentage -0.53 0.176 -0.49 0.215 -0.6B 0.13B 

(Slope)O ,5 -0.66 0.150 

'. 

*. SignIfIcant at the 0.05 level 
** S~gn~flcant at the 0.01 level 

~ 
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While the soil properties affecting surfare roughness would likely 

play a major role in delaying the occurrence of runoff durlng the first run by, 

mitigating the beating action of ralndrops and offerlng a large surface 

• 
storage capacity, their importance was considerably reduced in the lust run 

when' infiltrabllity-related propertles largely determlne~ ,the lnfl1tratlon/ 

runoff rates in surface-sealed conditions. 

runoff observed at the Coaticook site provlded an Interestlng lilustration of 

thlS phenomenon. While this site requlred the hlghest energy to prùduce 

runoff on the dry run (5.97 MJ/ha) , lt also required the leust energy (0.27 

MJ/ha) to produce runoff durlng the very wet run 4. A stable granular 8011 

strurture at the sOlI surface combined wlth an Impedlng clayey SUbSOll Hre 

likely responsible for this paradoxical behavl0r. However, absence of data on 

evolution of the water-content profile time durlng the test storm do~s not 

permit any conclusion on any soil layering effect for the so11s studled. The , 

'-onl~ informatIon on the inItial water content 

by the measurement ,-;; the 0-15 cm gravimetric 

stat~ of the soils wns provlded 

water content, which correlated 

positively with the energy required to induce runoff on the first run. A 

positive correlation between initial moisture content and energy to Initlate 

__ --- rU~Qîf on, the fjrst run (r ~ 0.72) IS likely the reflectlon of the strong cor-

relation observed'between organic matter content of the salIs and their lni-

tial moisture content (r = 0.91, s~gnific8nt at the 0.01 leve1). 

1:::-' 

,...-
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Table 4.6 Beat st.ple linear regressions significant at the e.05 level for 
rainfall energy required to ini tiate runoff as dependent variable 
for simulated rainfall runs 1 and 4. \ 

Run , Variable 

l % (Silt + V.F. Sand) (Sand - V.F. Sand) 
Organic matter percent age 

1 

4 

Intercept 

Model F value: 
prob > F: 
R-square: 

9.841 
0.0185 
0.80 

% (Silt + V.F. Sand) (Sand - V.F. Sand) 
Dry bulk density 20-25 cm 
Intercept 

Model F value: 27.694 
prob > F: 0.0020** 
R-square: 0.92 

:=. -z:::::::::= 
% Sand x % O.M. 
Intercept 

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

* Significant at the 0.05 level 
**'Significant at the 0.01 level 

Paramete .... t" 

estimate Prob>(T)(l) 

-21.99 0.025* 
O.7~ 0.045* 
3.89 

-25.61 
- 7.49 

16.01 

0.0021* 
0.0043* 

3.68· 10- 3 0.0011** 
2.90· 10- 2 

(1) Associate probability with the T value. 
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The effect of 9011 texture on energy required to produce runoff in 

the "dry run" is best descnbed by the combined parameter "SUt + very fine 

sand x Sand - V.F. sand" or "corrected silt x corrected sand" (Wischmeil"r, 

'1971). Together with organic matter content or,subsoll bulk denstty, lt could 

explain respectively 80 and 92% of the vatiatt9n ln energy requlted ta Induec 

runoff on the dry l'un (Table 4.7). The signs of percent clay correlatIons 

>wlth energy to Inltiate runoff were found opposed ln dry l'un versus wet runs: 

A potential explanation for a positlve correlation in the dry l'un would be cm 
~ 

effect of so11 texture on InItial surface macroraughness àf the SItes. lni-

tla1 dry mean weight dlameter of the tested surfaces appeored, ln faet, posi-

tively correlated, although not at a 5% S IgI1lficant level, wüh percent clay 
1 

(r=+0.45, prob.=O.16) . The correl~tlon of clay percentage would then turn 
• . 

negati<ve, when percent clay would no longer promote lnfi ltrabllity ln t,he wet 

l'uns, but r~r be assoclated to lower soil hydraullc con~uctlvlty, 

The high level of intercorrelation between organic ,matter and tbp-

soil and subsoil bulk densities, r(O.M. - TOPSOll dens.) -0.93 (s 19m. ficant 
. 

at the 0.01 level) while r(O.M. '- subsoil dens.) = -0.76 (SlgnIflcant at the 

0.05 level), prevent~d a clear identIfication of thelr respectIve effect on 

energy re~ulred to induce runoff. Organic matter appeared conslstently POSl-

tively correlated with the l~tter dependent variable in the flrst three run~ 
~ » 

whlle both bulk density figures remalned negatlvely correlated. Llkewlse, the 

positIve correlation bctween water retentlon at 10 kPa and energy required 

to produce runoff 19 compromised by a correlation Slgul f!C'Hnt at the 0.01 

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

The ratio of sand~to organlc-matter percent age explains at a very 

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 ,oŒbined parameter to explain 
'" 

variat.ion in soil ·infiltrability is iikely the reasotl for its high correlation 

with energy required to produce runoff on the very wet rune The sand ralio 

alone explained over 60% of variabillty in the latter dependent v~lable. 
~ 

,Percent slope showed 50% significance only in the fourth run Indicating a 

dominance of sail characteristlcs over slope gradIent ln governing rainfall 

energy required to inducc runoff among the sOlls ~sted. 

4.3.1.3. Runoff and seepage rates 

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

me8S~rcd at the end of each rainfall simulator run, is reported in Table 4.8. 

Highest runoff rates were achleved for aIL salIs durlng the second slIDulated 

" rainfall run at'97 mm.h-1 rainfall wtensity, wlth the exceptIOn of the Dump 

site where the test storm peak runoff rate was observed on the flrst run at 

127 mm~h-l ralnfall Intensity. Excessively hlgh infiltrabillty of the tested 

soils on the first run prevented the attalnment of pea~ runof! rates. Steep 

hydraulic-head gradIents establlshed immediately beneath the 5011 surface when 

intense rainfell began on the relatively dry s011s favored very high initial ., 

inffltration. rates, thus mlnlmizing runoff. ' As rainfaii contlnued during the 

following simulated, rainfall runs, near-surfa~e hydraulic gradIents decreased 

as the "wettlng front" moved deeper and pondlng was mawtawed at the soil 

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

subsurface hydrau~ic properties. 
" 

" 

,1 
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Table 4.7 Variabili ty in ruDoff and seepage rates measured at the end of 

each st.ulated rainfa~l run for the eight si tes tested. 

Site Simulated rainfa1l run # 
(1) (2) (3) (4)b 

~, 

./ Runoff and seepage ratesa (m:n.h-1 ) 

, Runoff Seepage Runoff Seepage Runoff Seepage Runoff Seepage 

Arborétum 61.3 65.7 67.5 29.5 41.4 24.6 12.4 19.6 

Coaticook 20.4 106.6 58.6 38.4 46.2 19.8 27.8 4.2 

Colema,n 26.2 100.8 48.0 49.0 42.8,; . 23.2 20.3 il.7 

Dump 54.3 72.7 38.8 58.2 23.6 42.4 32.0 

Highway 21.3 105.7 21.3 75.7 41.9 24.1 18.6 13.4 
: 

Radar 13.1 113.9 19.0 78.0 13.4 52.6 32.0 

31. 7. 
~ 

Ru4Y, 95.3 46.2 50:8 30.6 35.4 13.0 19.0 

Sheldon 26.4 100.6. 74.4 22.6 50.6 15.4 24.9 7.1 

Mean 13.8 - 113.2 46.7 50.3 36.3 29.7 19.5 12.5 

Std.Dev. 17 .. 0 20.1 12.7 6.2 

Min. 13.1 65.7 19.0 22.6 13.4 19.8 12.4 4.2 
~ 

Max. 61.3 113.9 74.4 78.0 50.6 52.6 27.8 19.6 

a Seepage rate = precipltation rate - runoff rate 

b only six observations were reeorded for the fourth run ainee two 80ils 
failed to produce runoff. 
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c' A comprehension of variation in runoff r~tes observed during the 

four consecufive aimulator runa ia best acheived by comparlng the effecti~e 

"seep~e rates" on the tested plots at the end of each run. Seepage rates 

have been caJculated by s'ubtracting from the applled r-al.nfall rate the 

meaauretl runoff rates (Table 4.7). The term "seepage rate" is used rather 

than "lnfil trat 10n rate" ta describe the peoportion of water appl ied that was 

not collected at the lower end of lhe Riot, Hhlch is truly repr-esentatI ve of 
-9 

the natut'al so11 inflltration rate. Compared to natural conditions, nwn~rous 

factors lead, in fact, to an overestimation of the amount of water infi l trat--
1 

ing into the soli profi le in cl rainfall slmulatIon-based plot study. IThe 

relatively high plot border to plot area ratIo (1:1.42) of the test plots con-

tributed assuredly to edge effects on inflltratlon rates. Intermlttency and 

non-unl~ormity, effects of the applied rainfall enhanced variability in s011-

c , 
water pressure across the plot surface; minor variability in intended rate of 

water applicatIon cannot be excluded either. Combination of these experimen-

tal factors seriously limit the representativity of the seepage rate data às 

natural infiltrati~n rate. 

Observed end-of-run seepage rates show a graduaI decrease from the 

firat to fourth run at a11 sites (Table 4.7). Al though runoff data for the 
+ 

fourth r~ at the Dump and Highway sites were not collected, their potential 

aeepage rates were assumed to be equal to the appl~ed ralnfall rate 

(32 mm.h- 1 ). Consiatently decreasing seepage rates durlng the post-pondlng 

period i9 conslstent wlth near-surface hydraulic gradIents decreasing more 

rapidly thon soil hydraulic" conductivity increases donng rainfall infll tra-
1 

tion (Amerman, 1979)., cLowest seepage rates achieved in the fourth run ap-

c proach typical values of steady infiltration rates reported by Hillel (1980). 
1 
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Coefficients of simple corr.elation significant at 50~ relating 

sampled soil properties to end-of-run runoff rates are reported in Table 4.8 . .... 
Best simple linear regression significant st the 0.05 level exploining the 

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

Table 4.9. For the dry run, the combined texturaI parameter "corrected 81.1 t x . 

corrected sand" explaws alone 80% of the varlsbili ty in runoff. Swce the 

runoff rates measured at the end of the firs t run were markedIy on an upward 

trend, their amplitude remaws largely Ume-dependent and aasociated wlth 

energy required to lnitiate runoff (r = -0.52). The last two dependent varÎ-

ables thus share the same texturaI variable as the best predlctive parameter 

on the dry run. Negatively correlated clay content and lOi tial aggregate mean 

. \ 
welght diameter are likely associated with the effect of surface roughness on 

surface storage capacity during the dry run. 
'. 

Table 4.fJ Coefficients of simple correlation significant at the 50* level 
for end-of-run runoff rates 88 dependent variable 

Independent var lable . 

% G-lay 
% (Sand - V.F. Sand) 
% (Silt + V.F. Sand) 
% (Silt + Y.F. SandlxOOO-% Clay)(t) 
% (Silt + V.F. Sand)x(Sand - V.F Sand) 
Hean Weight DIa.eter 
Dry bulk densfty 20-25 c. 
(Slope)o.5 

III H pameter (Wischll:Ier and Silth. 1978) 

* Signihcant at thr. 0.05 level 
.. Significant at tlle 0.01 .1evel 

Pearson correlatIon coeffIcients and assomted prob~billty 
Run Il Run 12 • Run 13 Run 14 

-0.43 0.283 +0.57 0.142 
-0.35 0.402 -0.83 0.010. -0.89 0.018* 
+0.62 0.104 +0.68 0.065 , +0.92 0.008u 
+0.66 0.075 +0.47 0.244 +0.78 0.065 

+0.91 0.014* -0.39 0.334 -0.58 0.225 
-0.34 0.414 

+O.!': " 0.428 +0.39 0.333 
-0.70 0.052 -0.62 0.098 -0.53 0.179 
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- Table 4.9 Beat simple linear regre8sions significant at the .05 leve1 for 
end-of-run runoff rates as dependent variable for the four consecu­
tive rainfall runs. 

Run f Variable 

1 % (SUt + V.F. Sand) (Sand - V.F. 
Intercept 

Model F value: 11.598 
prob ) F: 0.0144* 
R-square: 0.66 

3 ~ (Sand - V. F. Sand) 
Intercept 

Model F value: 13.475 
prob > F: 0.0104* 
R-squere: 0.69 

4 , (SUt + V. F. Sand) 1 

Intercept 

Model ~ value: 23.693 
prob > F: 0.0082** 
R-!!quare: 0.86 

4 , (Sand - V. F. Sand) 
Intercept-

Mode l F val ue: 15.029 
prob > F: 0.0179* 
~R-;:?quare: 0.80 

* Sign i f icant at the .05 level 
** Significant at the .01 level 

U) Associated probabi lit Y with the 1 

Sand) 

.-
v(;ll ue. 
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Parameter 
Estimate Prob > (1) (l) 

3.11· 10-2 0.014*' 
-10.19 

0.54 
57.59 

1.34 
4.35· 10- 1 

,3.57· 10- 1 

31.14 

0.010* 

0.008** 
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TexturaI parameters dominate thé"" table of correlation coefficients 

fOJ the .. et slmulator runs (Table 4.8). Sand fraehon eXc\:'dwg the very flne 

~d and the silt fraction including the very fIne sand uppear respedlvely 

negatively and posltlvely cprrelated with runoff rate Ln slmulator rune 

• two, three and four. The "corrected sand" fractIon explawed 69 und 80% of the 

variation in runoff rates respectlvely in runs three and four, wlllie the 

"corrected silt" fraction accounts for 86% ln the fourth run. Subsoi 1 hu ll< 

dens lty was noted posit i vely correlated wlth runoff rates ln t'uns lwo and 

three, but fsHed to Improve the probability level asso(,lutpd to the textural 

predictive parameters. The texturaI parameter "M" (% silt t- very flne aand x 

100- % clay) descnbed by Wischmeier et al. (1970' , adlleved fa i r PO'SI t L V(' 

correlatIon (not presented) with runoff rates ln the wet simulator runs. 

The observed negati ve correlation be,twecn slope gnHh enl and , 

runoff rates in the three first runs is assumed acs~dénlal ln nature. Ac-. 
tually thls correlahon do es not bear any physical ,/JDeaning, SInee soll In-

1 

filtrability is inversely proportlOnal to slope gradient for constant so11 

conditions (Hillel, 1980); nevertheless, It indicates the domInance- of Intnn-

sic sail propl!rtLes over slope gradient in accountlng for variations in runoff 

rates. 

4.3.2. Sediment conce.ntrahODs in runoff and Boil losses 

In simple terms, the soil loss observed withln a given rawfall 

event lS the product of the Induced runoff and j La mean sediment con<-cnlra-

tian. Al though not independent of each other and Iargely controlled by a 

similar set of so1.1 and test storm properties, It becomes useful to Interpret 
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separately these two dependent variables in order to furthèr our understanding 

of the erosion process. By isolating the variabllity in sediment cOllcentra-

tion in runoff, it is possible to focus on the properties affecting the soil 

detachabllity and transportability components (Elllson, 1947; Meyer and 

\isChmeier, 1969) of soll's erodibility. 

4.3.2.1. Sediment concentration 

-.\t. 
~: 

Variability in measured sediment concentration in runoff at the 

end of each simulated rainfall run is reported in Tab le 4.10. Figure 4.2 il-

lustrates the evolution of sediment concentratIon ln runoff .at the Sheldon 

site through the four consecutive simulated rainfall runSj evolutlon of sedl-

llJent concentration levels for aIl other sites is. reported in Appendix 3. 
1 

Highest sedIment concentrations were measured on the first jun, at 

aIl sites except for the Arboretum si te. Highest sOLI detachabillty by rain-

fall and runoff, conferred by the initially loose, freshly harrowed soil, 

favored a wide availability of detached soil for transport and is lùely a 

major factor in achievlng peak sediment concentrations ln the first run. A 

more intense sOLI detachment by rainfall was also favored by hlgher ramfall 

intensity in the first run, assuming that soil detachmerit by rainfall 15 
'), 

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

Wischmeier, 1969). 
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Table 4.10 Variabili ty in sediment concentration in runoff at the eight sites 
studied for the four consecutive simulated l'ainfall runs. 

Site 

(1) 

Arboretum 27 . 15 

Coaticook 8.01 

Coleman 35.21 

Dump 

Highway 

Radar 

Rudy 

Sheldon 

Std.Dev. 

Min. 

Max. 

47.15 

119.10 

165.65 

63.99 

37.37 

62.95 

53.02 

8.01 

165.65 

Sediment concentration :in runoff (g.L-l) 

-,Simulated rainfall run # -

(2) 

28.15 

6.91 

36.95 

43.78 

91.41 

131. 17 

59.81 

24.01 
<, 

52.77 

40.63 

6.91 

131. 17 

(3) 

Il.87 4.17 

4.01 2.35 

24.91 7.26 

33.44 

39.86 13.90 

127.72 

47.72 12.22 

13.26 .6.30 

37.85 7~70 

39.26 4.51 

2.35 

127.72 " 13.90 

a Only SIX observations were recorded for the fourth run Slnce two sOllIJ 
failed to produce runoff. 

, 

1 
", 
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Figure 4.2 Evolution of sediment concentration in runoff et She1don site 
through the four consecutive simu1ated rainfal1 runs. (Rainfall 
intensities for run #l, 2, 3', and 4 are: 127, 96, 66 and 32mm/hr 
respectively. ) 

Subsequent simulated rainfall runs yielded consistently decreasing 

s~diment concehtration in runoff. Besides r-educed detachabili ty of the soils 

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

detached and tr-ansported soil J decr-easing rainfell intensity and runoff rates 

like1y contributed to diminishing sediment concentration in r-UDoff. The 

di rect pr-oportionality of rainfaU intensity to transport capaci ty of ['ainfaU 

(Ekern, 1953) and rainfall detechment (Èllison, 1944) added to the direct 

p["l)portionality between runoff ,rates and transport/d~tachment capacity of 

rUIloff (Meyer, 1965) support in theory the observ~d tÎe d in dec~e.Bing sedi­

ment concentrations. 

The range in sediment concentrations reported in table 4.10 is 

fairly comparable with interiU erosion data eollected by Meyer- and Harmon 
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(1984) on 0.9 ,m2 runoff p+ots. Mean sedIment concentrations 'observed by 

Meyer and Hannon (1984) varied from 16 to 145 g. L- l on a ,dry simu1ated rain­

faU run and from 21 to 93 gjl on a subsequent wet run at the seme 77 nun/h 

~ainfal1 intensity. A theoreticnl exp1anntion for the observat Ion of siml.lar 

sediment concentration range on a 0;5- m slope length (Meyer ~d Harmon, 19824 

and the 7.5 m slope length of the present study may be found partinl1y ln 

and Wischmeier' s (1969) mathematical simulation of 6011 erOB Ion 
\ . 

\ 

processes, which demonstrated that below a slope 'length of 7 m and a slope 

gradient of 12%, 'sediment l08~:'equaled the transport capeCl ty of ralnfaU and 

runoff. Following this interpretation, the available detached soil could haVe> 

exceeded the transport capacity of the test storm in bath the Meyer and Hermon 

(1984) and the present expenment, thus sediment concentrat lon and "so11 10s8 

dat'â. could possibly be "transport" controlled rather than "detachment" con-

trolled. Although the present study provides no grounds to conclude on the 

relative n Importance of the erosion phases taking place, the 'relat Ively hlgh 

range and low ver1ability in sedl.ment concentratlon observed ln the flrst 

three runs on Coleman, Dump, Radar, and Rudy sites, whtle the ralnfall inten-

sity decreased by 50%, likely support Meyer and Wischmeier's (969) mathemat i­

dü interpretation, at least for these sites . 

. 
Variability among sOlls for each sl.mulated reIn rtttl run clearl y 

reflect the effect"" of slope gradIent on sail detachablll ty and transport 

capacity of rainfa1l and runoff. The steepest sites were subJected to highest 

,.sedIment concentrat ions in runoff in aU rainfall runs j the Radar and Highway 

sit~s experienced peak end-of-run concentrations of 166 and 199 gjl, respec-
, 

tively, in the first run. As shown in table 1.11, tabulating coefficients of (',1 

simple correlation significant at 50% level between SI te properties and sedi-
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ment ëoncentr tions, 
, \ . -' / . 

concentr~tion in runoff during aU 

slope appears highly' correlated wi th end-of-run sf'diment 

runs . The 'square-root ." 0 f the s lope 
. 

gradient aIone significantly expIained at the . Dl level 71% of the vanation 

in sediment concentrat ion in the firs t run while s ignificant ly accounting for 

64% and 69% of the variation, at the 0.05 1evel, in runs #2 and 3 respec-

tively. 

Percent water stabl'e aggregates larger than 1.0\ JJmJ showed consis-

tent negative correlations with sedunent concentration in runoff ln a11 simu-

lated rainfall runs (Table 4.11). Its association wlth s10pe gradient as a 

\ predict l ve p~rameter for sediment concentrat ion in runoff yielded the bes t in-
~I 

dependent variables combination for the sllDulated rainfaU runs l, 2, and 4. 

Table 4.12 reports the simple linear regression figures. The s ign i ficance of 

aggregation stability in explaining concentration in runoff st.resses . the Im-

portance of the aggregation characteristics in affecting particle detachment 

and transport by ralnfaIl and surface flow among the tested S011S; slmilar 

conclusions using rainfaU sl.mulation were reached by Young and Mutchler 

(1977) on Minne;ota soUs, by Luk (1979) in Southern Alberta and El-Swaify and 

Dangler (1976) in Hawaii from soil loss data. 
'If 

A fairly high correlation be-

tween water stable aggregates and mean we~ght diameter Cr ::: +0.60) restricts 

however the interpretation of the init ial aggregate size dis tribut 10n' s cor-

relation wi th sediment concentration in runoff. The sand ratio-slope gradient 

prediçtive parameters combination t best account lng for variabihty j n sediment 

concentration in run 3, also indirectly includes the effect of water stable 

aggregates, the latter variable being negahvely correlated at 60% with sand 

ratio. 
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Table 4.11 Coefficients of sillple correlation significant st 50~ for sediment 
concentration in runoff 88 dependent variable 

Independent variable 

Organ le latter 

Fine + Very fine sand 

Very coarse + Coar se sand 

Clay ratio 

sm ratio 

Sand ratio 

Hean Neight dia.eter 

N.S. aggregates )1.0 •• 

Cation exchange capaclty 

Exchangeable sodiul percentage 

Pyro. exchangeabJe Fe f Al 

Mater retained at 10 cbar 

(S}opelo. s 

* Significant at the 0.05 leveJ 
** Significant at the 0.01 level 

Q 

, 
" 

Pearson correlation coefficients and associated probabilily 
run Il run 12 run 13 run 14 

-0.30 0.478 ·0.34 0.410 -0.34 0.416 -0.55 0.257 

+0.35 0.389 +0.40 0.323 +0.45 0.267 

-0.35 0.395 -0.35 0.398 

+0.73 0.099 

-0.62 0.096 -0.70 0.054 -0.60 0.119 -0.65 0.164 

+0.66 0.075 +0.71 0.052 +0.B6 0.006U 

-0.47 0.245 -0.51 0.194 -0.52 0.190 

-0.52 0.191 -0.61 0.110 -0.51 0.192 '0.47 0.344 

-0.41 0.312 -0.44 0.270 -0.46 0.251 -0.47 0.343 

+0.61 0.201 

-0.54 0.270 
r 

-0.74 0.036 

tO.84 0.009** +0.80 0.017* +0.83 0.012* +0.65 0.166 

, 
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Table 4.12 Beat s' le linear regressions ~igni:fic8Dt at the .05 level for 
sediment concentration in roDoff as dependent variable for the four 
COD8ecut ive rainfall rune. 

Run , Variable 

1 (~Slope)o. 5 

Water. stable aggregates > 1. 0 mm 
Intercept 

Model F value: 
prob > F: 
R-square: 

2 (~Slope)o. 5 

27.474 
0.0020** 
0.92 

Water stable aggregates > 1. 0 mm 
Intercept 

Model F' value: 43.390 
prob > F: 0.0007** 
R-square: 0.95 

3 (' Slope)O 5 

Sand ratio 
Intercept 

Model F value: 40.653 
prob > F: 0.0008** 
R-square: 0.94 

4 (~Slope)o. 5 

Water stable aggregates > 1. 0 mm 
Intercept 

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

* Significant at the .05 level 
** Significant at the .01 1evel 

(1) Associate probsbility with the T value. 
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Parameter 
estimate 

36.50 
-1.61 
-9.32 

, 26.32 ... 
',1.50 
, 0.84 

17.49 
23.32 

-38.79 

4.40 
-0.20 

1. 08 v" 

Prob > (T)( 1) 

0.002** 
0.017* 

0.001** 
0.003** 

0.009** 
0.005** 

0.0176* 
0.0275* 



.. 

...) 

The consistent negative correlations of organic matter and cation 

exchange capacity (C.E.e.) with sediment concentr~tion during aIl runs cannot 

be isolated from each other due to high intercorrelat ion of these independent 

variables (r = 0.89), significant at the .01 level. The influence of organic 

matter content on sediment conce~tration can hkely be related to Ha well­

dlumented promotion of aggregate stabiUt'y by minil'lnzing stresses caused by 

wetting and rain drop impact (Imeson and Jungerius, 1976); a positive correla-

tion of 32% was evaluated between percent water stable aggregates and organic 

matter content oÏ the tested soils. The C.E.e., very weakly correlated with 

clay percentage (r=+0.17) a~d moderately correlated with percent water 'stable 

âggregates (r=+0.40) and sediment concentration during aIl runs (41 (r (47) 

May possibly reflect an effect of the mineraloglcal propert ies of the soUs. 
l 

High C.E~C. montmorillonite soils hàve been associated with better aggrega-

tion and lower susceptibility to erosion on the aggregated Upper American Mid-

west soils (Young and Mutchler, 1977). Méyer and Harmon (1984) also st~ongly' 

correlated negatively interill erosion rates with C.E.e.; the latter, however, 

was in turn highly correlated with clay and orgalllc matter percentages. Un-

fortunately, the absence of mineralogieal data on the soils tested under the 

present study pre'1ent any conclusions regarding a potentlal effect of 

mineralogical properties on sediment load. 

The soil texture inÏluence on sediment concentration, in runoff was 

best deseribed by the variation in sand and silt ratios among the tested sites 

during the first three simulated rainfall rune. However, the observed trends 
) 

in correlation, of these texturaI parametere wi th sediment. coneentrat ion 

measured in runoff are opposed to the nomographie model of soil erpdibility 

(Wischmeier et al. J 1971) . The nomograph ref1ects a general increasing trend 
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in erodibility with greater 'sUt content and lower sand content. The in'-

fluence of soil aggregation, however, was Dot apparent from Wischmeier et 

al. '6 (1971) data on medium-textured Midwest soUs and nei ther was included in 
\ 

the Domograph. Young and Mutchler (1977) demoDstrated the need to consider 

aggregation characteristics in using texturaI predictive parameters for well-

aggregated soils in Minnesota and could signifi~antly expIain 75% of variation 

in soil erodibility with aggregate index and percentage 0'1 montmorillonite 

alone. In the present study, the aggregated nature of the high-siit soils ia 

clear. The two soUs studied in the Eastern Townships, the Coaticook and Shel-

don series, were both characterized by the highest sUt percentages oÏ the 

soUs studied (respectively 59.5 and 4~) and a1so by the highest percentage 

aÏ water-stable aggregates larger than 1. 0 mm (respectively 42 and 46%). Both 
, " 

series were aIs a characterized by clay conten ts over 20% and tbe, Coat icook 

series showed highest organic matter contènt (4.87%) of the s011s studied, two 

properties generally promôting aggregate formation' and stabilization respec-

tively (Emerson, 1959). The resul tant high correlation between silt content 

and water stable aggregates observed among the soUs studied (r = 0.92, sig-

nificant at the .01 level) thus conveys on the sil t Ïraction a negative cor-

relation with sediment concentration in runoff. Sand content, appearing posi-

tive1y corre1ated with sediment concentration in runoff, may reflect the ef-

fect of sand on aggregate stability Cr = -O.GO between sand ratio and water 

stable aggregates %). In his study oÏ erosion by wash and sp1aah on Southern 
" 

Alberta soUs, where soil aggregation was the most significant variable ex-

plaining Boil lOBS, Luk (1979) also observed positive correlation aÏ sand con-

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

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

soil 108s as a result of the unaggregated nature of the ::lay colloids. 

Likewise, the posi ti ve correlat ion between clay content and sediment con-

centration in runoff observed in the fourth simulated rainfal1 run of the 

present study, may reflect the maximal disruption of surface aggregation at-

tained by the tested soils in the fourth run. Lower transport capacity of 

runoff for coarser thon clay sediments, related ta lower rainfall erosivity 

than the preceeding simulator runs, 
\ 

could a1so favar a paait ive correlation 
çi 

between clay content and sediment concentration in runoff during the fourth 

r\!p. 

" 

, 

\ 

" 
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4.3.2.2. S~il lossea 

Cumulative soil 108S evolution over time for the tested soils un­
I 

der the standard tes t storm are presented in Appendix 4. Figure 4.3 il-

lustrate the data for the Sheldon site. Table 4.14 summarizes the variabil i ty 

in soil 10ss observed on the eight sites by presenting individual run subto-

taIs. The highest 5011 losses were measured during rurr 2 on aIl s011s. 

Highest rainfall erosivity. applied in run 2 combined ta reduce infiltrability 

and surfacee storage capaci ty due ta surface seal1ng, ' al1d rilling contribuled 

to the Bchieving peak soil losses. However, the 8011s studied demonstrated a 

fair variabihty in soil lasses w1ih respect ta run sequence. Highest soi l 

losses observed for the first run at the Arboretum (2.57 t/ha) and Dump (3.07 
\-. 

t/ha) sites are likely linked to the runoff rates and energy required to i n-

duce runoff observed at these sites, respectively the highest and loweat ob-

served among the si tes (Table 4.2 and 4.5). Relatively high sail 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 tenna 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 SOlI loss depen-

dent variables observed in the first run (Table 4.14), statlstically reflects 

the importance of runoff intensity in affecting soil loss during the dry run. 

In the wet runs, the variabili ty ln soil losses among the si tes is distinct 

from the dry run. Runoff intens i ty does not Ilppear any more as the dominant 

parameter in explaining soil 108s variability among the sites. The Highway 

and Radar sites were respectively subjected to highest soil 10Bses during rune 

2 and 3, and the overall trend in soil losses observed among the eight sites 
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appeared predollinantly 88sociated with sediment detachability and transpor­

tability. as sugJested by a negativ~ correlation with runoff rates and consis-

tently increasing correlation of' Boil 10sfles with sediment concentration in 

runoff (Table 4.14) through subsequent wet runs; during the very wet run 4.-
. 

sediment concentration in runoff appeared significantly correlated at the 0.05 

level with soil loss (r = + 0.85)., 

14-

13 
" Run #4 
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Figure 4.3 Bvolution of cumulative soil 10ss at Sheldon site thro. the four 
consecutive sillulated ralnfall runs. (Raintall intensities for 
nID fI, 2, 3. and 4 are: 127, 97. 66 and 32 .a/br respectively.) 

t' 
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Table 4'.13 ~ 1.' 
8tudied for the four 

, 
Variabili ty .in soil 108a at the eight Il!.tes 
conllecu~i,ve lIillulated rainfall runll. .' ~ . 

" 
Site Soil 1088 (t/~)a 

1 

(1) (2t " .-..:' ."( :3') ~ .. <' ,.r' "" (4) , Total 
" "~ Simu1ated rainfs11 run • -

.~., " ... ' J .,. '-.'<? • 

,- ~ ~rbofetUÎn 2.57 9.36 1.88 ' 0.20 14.01 0\ ---- . 
Coaticook 0.13 1.38 0.90 0.27 2.68 

--'l 7 

,Coleman 1.05 .7.34 3.99 0.66 )13.04 . 

Dump 3.07 9.02 3.68 15.77 
, 

~ (J 

Highwsy 2.13 \ 27.16 7.60 0.85 37.79 

Radar 1.40 9.90 6.36 17.66 .... 

~ 

Rudy 1.82 10.96 4.60 0.96 18.34 

Sheldon 1.76 8.01 3.19 0.79 13.75 

'. p'" , .. 
,0 " 

'l ' 
0 

Mean 1. 75 ' lO. 39 4.03 0.62 .. ... 
Std.Dev. 0".91 7.38 2.20 0.32 

P' 

. Min. Or 13 1.38 0.90 0.20 
/1: 

Max. 3.07 ,27.16 7.60 0.96 
Ct 

a Only six observations were reeorded for' the fourth run ainee two -soila 
failed to produee runoff. 
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'Table 4.14 Coe~ficient. ot _u.ple correlation between soil lo,.s and t}).e. other 
obaerved dependent variables for the individual .:iDiulated rainfall' 
çuna 

1. 
Variable 1 Pearson correlation coefficienfs Jlith soil loss dependent variables 

run Il 0 run.2 . rurf 13 ., . run 14 _ , ... , 
i 

End-of::'tun- Junoff rate +0.72*' -0.58 ,-0.44' -0.14 
1 

Rainfal,l energy required to lnduce runoff iO.64 -0.11 +0.15 -0.48 
't;a '\ 

S~itent concentratlon in runoff +0.14 +0.56 +O.6T +0.85* 

• Significant at the 0.05 level 

-
The correlation and regression analyses of t~e measured.physico-

chemical soil properties witn,sotl loss reflects a com~ination of the pre~ious 

8Dalysis performed pn runoff and sediment concent~~tion (Table 4.15 and 4.16). 

. " 
As wi th runoff rates 

aggregate mean weight 
") 

the correlation of "corrected silt x corrected sand" and 

diameter wi th Isoil 10ss showed 50% sign,fic'ance -during 
~ -., " 

. the- d~y run oQly. reflecting the dominant effect' of iunoff intensity. on the 
\ t . 

dry run soil 10ss. The correlati"on 8Dalysis of soi 1 10ss d~ta for the' dry' run 
. , 

also highlighted independent variables previously associated wi th sediment 

concentration in runoff, namely: wàter,stable aggregetes, C.E.e., silt ratio, 

and water retention et 10 kPa. 
Ç> 

No combinat ion of independent variables 'ex-
plained at ~ the 0.05 level of significance the variation in soil loss during 

the dry·~un. 

, 
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C \6' 1 level for Table '4.16 B~st simple lineer regresaions sigoif cent at the .05 
80il losl1 as dependent variaplé for the four consecutive simulated '"' 

1 
rainfall runs. . "" 1 

~ ~arameter .. Run , Variable Estimate 'Prob > (T) (l ) 
:--t ~ .. 

c 
~ 

2 Clay ratiofW. S. Aggrega-tés > 1.0 mm 3.24 0.005** 
(S1ope)O ,c 5 1.26 0.328 
Int~rcept_ '/! 1~77· 10- t 

"'-' \ 1 
Model F valve: 12.225 

pr:ob > F: 0.0119* 
, ",R-square: 0.83 

- 3 Clay ratio . 4.37' 102 0.008** 
W.S. Aggregates > l.Omm ,-7.11' 102 0.007** 
(S1o~)o. 5 1.22 0.002** 
Intercept 6.30-'10- 1 " 

.. 
Modèl .F, valve: 35.118 

. prob > F: 0.0025** 
R::r'square: 0.96 . -

4 Water retained, at 10 cbar -1. 70· 10- 2 0.0682 . 

( . (Slope)o.s 2.71',10- 1 0~Ol57* 
Intercept 3.95· 10- 1 " \ 

t;; 

Model F valve: 20.823 
prob > F: .0.0174*1 " "" . R-square: 0.93 

~'" 4 W.S. Aggrellates > 1.0 mm x , O.M. -1.68· 10- 3 0.118 
(Slope)o.s 3.03· 10- 1 0.017* 
Intercep~ 3.05· 10- 2 

Mode"t F val ve : 14.482 ~ 
, prob > F: 0.0288 1 _ 

R-s9uare: 0.91 
It "-. 

; 

4 4 , 'Organic Mat ter ,~ -1.09· 10- 1 0.139 
\, (Slope)O;S 2.32· 10- 1 0.055 

Intercept 3.46· 10- 1 

Model F valve: 12.981 , 
prob > F: 0.0333* ' 
R"':square': 0.90 

* S ignific'ant at the .05 level ) ** Significant at the .01 level 

0 (1) A.s~ociate prob,ability with the T value. '" 
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For the wet runs, àoil loss correlated best with indepehdent vari~ 

ables 'already identified as bein~ cloaely a8sociated with sediment concentra-, , 
~ -

tian in the previous section. Percent organic matter and cation exchange 
, 

capacity rema~d negatively, correlated with soU 109a et a 50% leve)., of sig:" 

nificance in runs three and four while percent water stable aggregates nega-, , ;v 

tively' correlated with Boil 1038 in wet runa two and three.' -.. . Clay ratio, . 
ex-

. changeable so~ium perce~tage, ~ophoaphate extracteble iron and aluminum and 
, ' 

water retentlon at 10 kPa àre aIl linearly corfelated at a 50% ievel of ~ig-

nificance wi th sail 108S for the three wet runs. Consistent lndications of 

, 1 correlation with soil 1088 for' theae independcnt variables in aIl wet runs 

-- likely bears the some physical meaning regardfng solI detachebility and 
<.) 

transportability, pointed out in the prevfous sec,tlOn. The aignificance of 

water ret~ntion et 10 kPa in-explaining soil loss cannot bè interpreted phYSl-

-cally because of ita high level of correlation with orgapic matter (+0.<14) and 

water stable aggregates ,,~ +0. 8!3), both significant at the 0.05 level. 
~ __ f 

Table 4.17 summarizes the best simple li~ar regreesions, aig-

nificant et the "0 • .Q5 level, for soil lOBa as the dependent v'lriable for the 

t hree we t runs. As ror the regression study on sediment concentration in 

runoff, the slope gradient la included in aIl significant regressions. Per-

cent water st~le aggregatea ia also part of a significant regre~~ion for the 

, '·three wet runSj combined with clay ra~io in explainlng soil loas for run two, 
" 

it contribut;s as an individual parameter to the best regreseions for rune 

three and four. Clay ratio, a significant contributor in rune 2 and 3 regreJ-

sions, and with association to aggregation -i'n explaining soil lOBS, emPttasizes 
~ 

that the relation of soil loss to percent clay depends to a considerable ex-

,tent on the aggregation statua of the soils studied. 
... 
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par:t ,. of a regression VPlaining soil 108s on run 4, although Hs regression 

parame ter estimate i~ pot significant at the 0.05 1evei. 1 

\,\, 

4.3.3. Soil erodibility indices ~\ 

The soil erodibility factor of the USLB for each' of the eight 

The slopes of the soUs tested was determine~irectlY from soil-loBs data. 

computed lewit-quares regres 'on lines of soil loss on storm combination EI 
(, . 

values. but corrected to a 'standard unit plot ,condition, were considere,d as , 
the value. of the factor K for the tested soils (Wischmeier and ~anneriryf, 

1969j Wischmeier, 1972):- Table 4.17 sUIIlIDarizes the regression data for the 

- eight sites and the two storm combinations, previously described as "dry" and " . , 
"wet" combinations ·in section 4.2.4.2." Appendix 4 illuatrates graphically 

• 
regression data for aIl siteS. 

~ 

Semple data for the, Sheldon si te are 

. , 

" n 
.!! 

, 
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(ThoU'sands) 
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rigure 4.4 Soil 108s, versus rainfaIl erosivity for dry and wet runa ccalbina­
tioDS of simuleted rainfall ruDe et Sheldon si te. 
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Simple Hnesr regression of Boil 10s8 data ov~r rainfall eroQ,i vi ty 

yielded first degree equations (linear model Y = Bo + Bl X) significant at the . -
o. 05 l~vel for aIl sites and storm combinations, except for the wet storm corn-

bination at the Radar and Dump sites. The absence of runoff during the 

four th run for these sites left only three observations available for the 

regression of soil 106s data over storm El, thus providing exceasively high 
~ 

critical F 'va~es f<?r the statistical.analysis. Gra~hica.l i~Z.r~Ùon of 

soil loss and storm El data for these sites (Appendix 4) demonatrate, however, 

that the observed individual storm erosion losses are proportional to the 

rainfall parameter El. 

Table 4.17 Sùup1e linear regressions of soi1 losse~ on storm erosivitie~ for 
both storm combinotions and 88sociated statistics. 

Site 

Arboretum 

Coaticook 

Coleman 

Dump 

Highway 

Radar è , 

Rudy 

Sheldon 

Run 
Comb. 

Dry 
Wet 

Dry 
Wet , 

Dry 
Wet 

Dry' 
Wet 

Dry 
Wet 

Dry 
Wet 

Dry 
Wet 

Dry,. 
We't 

) 

4.73 
,7.00 

1.04 
1.23 

4:95 
&.31 

6.00 
7.74 

14.73 
21. 00 

7.52 
8.64 

6.79 
9.00 

4.90 
6.49 

1 

Bo 
(Intercept) 

1.52 
-0.53 

-0.30 
0.27 

-0.78 
0.73~ 

0.80 
0.79 

-1.69 
-0.64 

-1.08 
2.26 

1.5.9 
0.61 

0.15 
0.43 

91 

" 

M 0 deI 
F value, Pr> F R2 C.V. 

27.9 0.0349 0.93 16.23 
27.2 0.0064 b.87 34.37 

J "799.9 ,j).0012 >0.99 
320.9 0.0001 . 0.99 

4.18 
7.46 

251.8 0.0039 >0.99 6.87 
178. 1 0 . 0002 O. 99' IL 01 

257.3 
32.8 

43.8 
40.8 

386.0 
108.0 

0.0396 >0.99 
0.1101 0.97 

\0.0221 0'.96 
0.0031 0.91 

0.0324 
0.0611 

>0.99 
0.99 

5.58 
13.03 

16.08 
26.68 

5.43 
6.27 

143.5 0.0069 0.99 7.44 
118.3 '0.0004 0.97 14.14 

~ 
140.6 
115.1 

. -

0.0070 
0.0004 

0.99 
0.97 

8.31 
14.35 

... 
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Differences in observed values of Ra und Bl. be\ween dry an'd wet 

stor. combinat ions are related to differences in antecedent moisture and sur-

face conditions.' "Consistently higher B1 values~ or slope of the regression 

1 lines, were observcl{ for 1 he wet storm combinations. This indicates that' sail 
\ 

erodibility, as related ta sU/3tained infiltration rates and a sail' s ability 

to r~siat particle detachment and transport, was influenced by soil surface 

conditions. The observed trend for higher Bl estimates in the weil" stono com-

{' blnations if\-;.-compatible with the concept of K variabili"ty over varying surface 

èondi tians during the year', illustrated and. observed on natural plots by 

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

-
The magnitude of BD in regression equations for erodibility 

etudies has been primarily related to initial infiltration rate and surface 

retenti on (Wischme1~r and Mannering, 1969) . 
, ~ 

Wi thin the present st'udy the 

fairly high positive correlaUon between Ba and runoff rates measured at the . 
end of the dry run (r = -otO. 69-, 

'J 

Prob: 0.060) illustrâtes this conceptùal rela-

tion. However, the mBJnitude in Ba observed here appeared much larger than 

the range reported by Wischmeier and Mannering (1969) in their rainulator 

study . ,While thé absolute values of the ne~a~ive intercept were in the 

. general range of 1-9 times the slope Bl in the latter study, Bo values ,appeared 

30 tt-300 times larger than Bl within the present study. The physical meaning 

of this difference in' Ba amplitude is difficult to evaluate, since diffe'l'ent 
, 

aethodologies were used for data treatment in Wischmeier aqd Mannering (1969) 
1 

and the present study. While Wi~chmaier and Mannering (1969~ used statisti-

caUy ttadjusted" data for antecedent surface conditions in their regression 

study of soil loss on simulated sto~ El, no prior data adjustment was used in 
1 

the present study. The BIIIpli tude ~f the Do estimates evaluated within the 
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p~esent s~udy stresses, however. the importance of time-dependent variables, 

such as antecedent moisture and surface éondition. in affecting soil losses on 

the basis of BI for specifi~ storma. 
1 . 

Soil erodibility factors for the tested 1 sites, as evaluated by 

linear regression and corre'Cted for slope length and gradi~nt factors of the 

US LE , are tabulated in Table 4.19. Estimations using the K nomograph 

(Wischmeier et al., 1971), based, on profile and sample physico-chemicAJ 

characteristica are also reproduced in Table 4~19. For most soUs, there is a .. 
considerable difference between the measured K value and the '" nomographie es-

timatiolj. With the e?,ception of the Arboretum and Highway sites, the 

nomograph value ia larger than the field meo.surement at ail sites for both 

simulated storm combinations. Failvre .of 'the nomograph to 'reflect the field Q 

measured K can possibly be interpreted by a doml.nant irifluence of aggregation 

in explaining soil loss (Table 4.16),~while soil aggregation sta~ility wes ab­

sent from Wi9chmeier et al. (1971) erodibility model. The inclusion in the 

study of soils high in s~lt but demonstrating stable ~ggregAtion (Coàticook 

and Sheldon series), emphasized the importance of structurat characteristics 

over soil p~rticle-size distribution. In fact, both Coaticoolt and Sheldçn 

soil series were rated as the Most erodible by the nomograph (K = 0.035 and 

0.034 t.hfMJ.mm respectively after correction for LS). but demonstrated very 
,p 

Il 

weak erodibility under the simulated rainfsll !K < 0.007 t.h/ha.mm after cor-

l'eç:tion for 15). 

1 .... 
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Table 4.18 K valUM as evaluated by linear regre&sioD of runoff plot ~ta and 
, u predicted by the nOJlOgraph 

, ) 
. 

K ,from field data< l ) 

. 
K from nomograph< 2 ) 

~ite \ Dry comb. Wet comb. 
(t. h/ha.JIDD) 

If 

Arboretum 0.053 0.018 0.017 
• 

Coaticook 0.004 ~ -0.005 0.035 

0.014 0.018 

0.016 0.020 
'ft! 

Coolman 

D~ 

0'.029 ) 
;< 

0.028 
fil .. 

Highway 0.017 0.025 0.025 

Radar 0.002 0~003 0.008 

) 0~014 0.018 , Rudy 0.020 

Sheldon 0.005 0.0'07 0.034 

J 

(1) Four linear regressiQn of dry storm combination (i. e. : run #1, 1+2,' 
1+2+3, 1+2+3+4) and Wet storm combination (i.e.: run 2, 3, 4, ~+3, 2+3+4, 
3+4) • 

(2) FrOli Wischmeier et' al. (1971) and JIIeasured and described profile and 
physico-che.ica1 characteristics of the si}es . 

.. 
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The slope adjustment factor LS could aIso have contributed to the 

lack of agreement between nomograph and field estimates of K. As stressed 1:fy 

Laflen (1979), plots on identieal soils at different slopes CM have diffet'ent 

K values under rainfall simulation beeause of the slope adjustment. The re1a-

tively short slope length used within the present study (7.5 m) was mueh amal-

1er than the unit-plot speeificatlOn (22.1 m) and eould possibly bies the 

slope adjustment of K values. The use of plots Wl th slope grnd1ent out of the 

"aecure ["ange" of the USLE (Radar: 26%, Arboretum: 1. 2%) also· possibly con-

tributed to biased K estimates (Wischmeier and Smith, 1978). In faet, the use 

of slope gradients raised to the half-power, as an independent variable, 

likely appeared as a better predictor of soil 10ss than the USLE LS factor for 

the tested sites (Table 4.15 and 4.16). , 

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

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

1 bination of selected independent variables could significantly E:!xplain K 
1 

v'ariab i li ty for both a torm comb inations. Faiture of simple linear regression 

and correlation techniques, in significant1y explaining the v&riation in 

measured K values, la largely imputable to the low number of observations uscâ 

in the analyais. PrevioUB statistical equations for significantly predicting 

aoil loss per 81 needed from 5 to 9 independent variables (Wischmeier et al:, . ' 

1971; Barnett and Rogers, 1966); and up ta 99 plots trials (Barnett and 

Rodgers, l~66) . Since failure to conform to unit plot conditions of slopc 

1ength and ('J gradient within the present study also possibly introduced some 

biaa in corrected K values, the indications givcn by the correlat ion analyais 

\ ~ on intrinsic soil properties, as they af"(eeted the erodibility, should be con-

sidered with reserve. Table 4.19 reports the coefficients of simple correla-
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tiop significant at the 50% 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 Boil bulk density as sampled after the simulated 

storm event. When regarded as an index of structural stabillty through the 

simulated rainfall event, this bulk density ratio would llkely express the im-

portance of aggregation stability in reducing soil erodibllity within the 

present s tudy. The physical meaning of the correlation between soil K values 

and p~rcent water stable<Aaggregates, percent pyrophosphate extractable iron 

and aluminium, and soil texture-related independent variables Hkely agreef3 

with the previous correlation and regression analysis of runoff and sail 1055' 

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

measured I{. values (r = +0.51), while the coarser sand fraction correlates 

negative!y. The negative correlation of the silt fraction wlth measured K 

values 
\ 

(r = -0.33) follows the indications given by the statistical analysis 

~f sediment concentration in runoff and sail loss dependent variables. The 

positive correlation of the combined independent variables, using Wischroeler 

et al. (1971) corrected silt and sand fractions, illustrates, however, that 

the relation of erodibility to a given particle size percent age depends on the 

remaincler of the soil mass. Although high-silt soi15 demonstrated low K 

values (likely inherited from aggregation characteristics), when cornbined with 

sand fraction as multiplier. the corrected silt fraction (Wi6chmeier et al., 

lS71) appeare~ positively correlated with measured K values. Pyrophosphate ,-
1 

extractable levels of iron and aluminum, negatively correlated with measured K 

values. indicate the potential for organo-rnetallic complexes to have affected 

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

negative correlation with soil loss~ependent variable at aIl simulated ~ln-

96 ~ 
... 



o 

" 

'01 'c, • 

/-

o 

.. 

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

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

iron and alum.inum ions in structure stabilization of the tested, soils.' 

.... ~ l ~V. ~.,L 

Tabl~ 4.19 Coefficients of simple correlation, signifièant at the 50% level, 
for measured ~oil erodibility factor [or both storm combinationa 
and corrected for LS, as dependent variable. 

--- --Pearson correlation coefficlents 
end associate probability 

Indep(mden t variable Dry storm comb. Wet storm comb. 
,...-----

~ Fine to Very Fine Sand +0.51 0.200 € +0.51 0.193 

~ Very COBrse to 'Medium Sand -0.38 0.358 -0.39 0.343 

Silt ratio -0,33 0.424 -0.32 0.435-

~(Silt+V.F. Send)x(Sand-V.F. Sand) +0.43 0.288 +0.41 0.314 

''\ 
Mean Weight lYiameter -0.28 0.499 -0.28 0.496 , 

~ W.S. Aggregates > 1.0 mm -0.46 0.249' -0.45 0.262 

Ratio Bulk Oensity 0-5 em/5-10 cm +0.59 0.121 +0.59 0.127 

Pyro. Extr. Fe+Al, -0.44 0.272 -0.44 0.280 

'\ 

""'\ .-
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4.4. Conclusions 

The use of a variable-intensity rainfall simulator on outdoor 

runoff plots made possible the collection of runoff and sediment concentration 

data from variouB soils under a standard simulated rainfall event. The data 

collected provided a basis for direct comparsion of a soil's response ta con-

secutive simulated rainstorms ln terms of runoff productlon and timing, sedi-

ment concentration, soil lOBS, and soil erddibility factor. 

The hlghest varlability in rainfail energy required to initiate 
~ 

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

aaturated conditions, a sOll's relative abllity to delay runoff, production 

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

tura1 predIctive parameter.(silt+v.f.sand x sand-v.f.sand), used with either 

organic matter percentage or bulk denalty parameters, slgnificantly explained 

reapectively 80 and 92X of the variation in energy required to inItiate runof~ 
f 

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

Ba a predictive parameter in the fourth run, slgnificantly explained 97% of 
., 

the variation in rainfal~~rgy required to initiate runoff . 
.-) -., 

Calculated see~age rates were characterized by a graduaI decrease 

from the fir~'t to fourth run at aIl sites, which appears consistent with 
, ~ 

decreaa~g hydraulic gradients and intensifying soil surface sealing. Since 

8ustained seepage rateà ~ere not reached during the dry run, their amplitude 

reJD8ined closely as~ociated with rainfall energy required to' initiate runoff . 
" 

. . 

Tbe combined texturaI parameter (silt+v.f.sand x ~and-v.f.Band) significantly 

~lalned'~ of the variation in runof! rates in the dry run. During the_wet 

runs, negative and positive significant correl~tions of ~eBSured runoff rates 

98 

.,j 



.. 

o 

'. 
( 't>, 

were Qbserved, respecti vely, with sOii~rticl~s cosrser than véry fine sand 

and c~ined (éiIt+v;f.sand) fractions. Likewise, the texturaI psr81Deter "M" 

from Wischmeier et al. (1971) achieved fair, although not aignificant, po~i-

tive corr~lation with runoff rates ln the wet runs. Slope gradient was not 

poaitive1y correlated with runoff rates among the sites, tested. 

A d~minishing trend in sediment concentrations in runoff was ob-

served from the fiIst tb the fourth run at aIl sltes. The observed trend ap-

pears consistefit with reduced detochibility of the 80il, continuous erosion o~ 
, 

the more easily detached soil, and decreased transport and detocnment 

capacities of' rainfall and runoff, as the test storm progressed with ~ecreos­

i~g rainfall intenslties:. ,Relahvely high levels and low variabi 11 ty of aedl- ' 

ment concentrations among the first three runs at in~ividual sites likely in-

dicates that soil losses observed were "transport" ,controlled ,t'ather than 

"detachment" controlled. 

The slope gradient parametér (~ slopeO": 5)' appeared positively 

correiated at a significant level with sediment concentration ln runoft during 

the f1rst three 'runs, likely ~s an eftect of transport and detachment capacity 

of the rWlofL Percent ~at'er-at8ble'~gregates Lorger thÈm 1.0 mm 'show~d con-

sistent negàtive correlation with sediment concentratIons during aIl runs. 
l _ 

When used with slope gradient as a predIctive parameter, aggregate atability 

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

sediment concentration or SOLI lOBS, or both. during all runs. 

Measured sail losses in the dry run appeared more likely ~lated 

'ta runoff production than to intrlnsic soil detachibility and transpor-
. 

tability. In wet runs, where sus'tained -runoff rates were reached, the latter 

sail properties were more influential on 80il 1088. A statistical reflection 

J , 
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" 'of this ia the' significant negative correlation Observed between soil loss and 

rainfall energy to produce runoff in the dry run,' while soil 108S correlated 

: ,po~itively, at a significant level, with sediment concentration during the 

foul1th run. 

~o predictive 11near regression equation could account sig-

nificantly for the soil loss v.ariation in the dry run. Clay ratio, stability 

of aggregates and slope· gradient significantly aCéoun~ed for 83 and 98%, 
, 

respectively, of the variation in soil 108s in run8 two and three. IHther 

etability of aggregates or organic matter content could signlficantly account 

'for, respectively, 90 and 91% of the soil loss var~ation in run four, when 

regressed with slope gradient. 

The observed trends in simple correlations of texturaI properties 
. 

of the Boils studied with 30il loss. although not significant, are opposed to 

Wischmeier et al. 's '(1971) nomograph. A strong significant correlatIon ba- ; 

tween aggregation stabi1ity and silt percent age in the soils studied favored 

the divergency. The significant regressions explaining soil 1088 in the wet 

runs stress, however, that the direct relation of soil loss to clay percentage 

depends consideràblY on ,the ag~regation status à'f the soils studled. 

The aimple linear reg'resB ion of soil' loss data over rainfall 

erosivity yielded ,first degree equations at aIl 'sites, confirming the , 
• 

feasibility of determining K values by linear regression using variable-
~ 

~ntensity rainfall simula\ion. Consistently higher values of BI estimates' 

(slope of regression hne) were observed for "wet" storm comblnations' as com-.. 
pared to "dry" storm combinations at aIl sites, indicating that soil 

erodibilities were influenced by sail surface conditions. 
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Exception made of ~rboretum and Highway sites, measured k values, 

as corrected-for 18 factors of the USLB, were smaller than-nqmographic eatima­
"-

tions (Wischmeier et al., 1971). Lack of agreement b~tween "~ measured and 

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

",plaining Boil lOBS variability within the present study . Measured K 

variability, 
. ... 

a8 corrected for LS factors, could not be 
" 

accounte& for sig-

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

uni t plot candi tians and use of plots wi-th slope gradi'ent out oOf the secure 
~, 

predictive range of the USLB possibly i~troduced'somé biae ~n measured, LS 

corrected K values, 

, , 

o 

.,' 
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5. GBNBRAL CONCLUSIONS 

o 

The conce~tion, construction and operation of a stationary, 

varible-inteosity rainfall simulator was mad~ pos~ible by using a nozzle with 

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

plièation was successfully accomplished by three-way solenoid valves. , . Drop-
, , 

Bize distribution" impact velocity and energy pf the simulated rainfall ,were 
1 
near those of natural rainfail. The rainfaii simulator appar,atus proved to be 

a useful and, efficient tool for rksearch as weIl as for demonstrat'lOn pur-

.poses. 

Soil IOGses 'and runoff measured using the apparatus under ini­
f' 

tiaUy dry surface conditions were found correlated wi,th a different -'set of 

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

loss with cumulative rai~fall erosivity were f~und smaller for dry-run com-
1 

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

""'" 1 
characteristics on runoff, soil loss, and soil erodibility particularly stress 

, 
the dynamic nftture of soil 108s and highlight the variable character of soil 

erodibility. 

If the soHs studied were shown to vary widely in th(ilir rates of 

Boil loss per unit of rainfall 
. 

erosivity, they demonstrated also a wide 

variability in rainfal! ~ergy required to initjâte runoff. 
\, 

A practical im-

_,_ plicatio~ of the study i9 thus the importance of considering rainfall energy , 

• required to initiate runoff in s,oil loss prediction modelHng, a factor that 

lI8Y account' for fi significant part of 
t 

erodibili ty. 
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Fine11y, eggregation stabi1ity demonstrated e definite ability in 
, . , 

prediet ing ,sediment e9neentrat ion in runoff and . soil 10ss among the S011:'8 
>,; l ' 

studied. Sinee definite laek of agreement was observed between measured an~ 
x 

~ nomographie (Wisehme1er et al., 1971) K values, the study raised the question 

on_the need to ineoq,orate aggregatiQn stabilÙy eharaeteristies for adéquate 
\ 

soil erodibility predictions in 80uthern Quebee, ·e dimension absent fro. the 

nomographie model. 

, : 
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Appendix 1: Spray characteristics of the nozzles selected. for pre liminary 4 

testing. 
, -"---------------- -----------------------

Nozzle 
Model 

Operating' 
pre:/sure 

(4<Pa) 

FaU 
Height 

(cm) ... 

Coeff. 
Uniformity 

(%) , 

----------- --~-------_.-------------

Bete 3/8 WL4120 

Bete 3/8 WL4.120 

Bete 3/8 WL4120 

Bete 1/4 WL1.5120 

Bete 1/4'WL1.5120 
\ 

Bete 3/8 M187M 

Bete 1/2 WL120 

Bete 3/8 MP125 

Sp. Syst. 24W 

Sp. Syst. 17W 

St>. Syst. 2ÔW 

Sete 3/8 MP156M 

Bete 3/8 MP156M 

> Bete 3/8 MP156M , 

42 

77 

98 

42 

94 

63 

77 

, .77 

45 

-42 

40 

56 

70 

63 

,185 

185 

185 

215 

215 

215 

185 

7().6 

72.4 

74.4 

~ .. 86.0 

76.4 

59.9 

<50~ 

185 <50~, 

215 

215 

215 

215 

215 

62.7 

77.2 

56.8 

62.0 

73.1· 

7I'.O 

Rainfall 
Intensity 

(mm/h) 

Drop-size 
Distribution 

D10 D50' 090 

(mm) 14 

--'---'-----r,--------.---

\ 

34.7 

32.8 

35.1 

9.5 

12.7 

54.5 

40.B 

32.8' 

34.2 

71.3 

76.6 

73.0 

O. 76 1. 82 3 . 55 

0.57 1. 26 2.50 

,0.51 1.13 2.08 

not evaluated 

not evaluated 
(. 

0.76 1. 88 3.81 

not evaluuted 

not evaluated 

0.81 1. 80 3.21 

1.10 1. 66 3.01 

0.95 2. 09 3 . 33 ' 

1. 03 2.06 3.47 

6.84 1. 85 3. 13 

0.74 1. 90 3.32 

-------------------~------------------------------------------------

N:B. ,.AIl tested nozzles have free passage di~ters equal to 50~, of orifl,ce 
sizes, eX'Cept for the Bete MP mode1s, which have free p~.sage d~ameters 
equal ta orifice sizes. ' , 
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i\pp~ndix 3: Tipping bucket calibration at t'he eight experimental 
~ 

sites. 

~---------------------------------------------------------------

Site 
4 -

Regression 'parameter 
'Estimate< 1) 

F value Prob> F 

----------------------------~---------~-------------------------, 0 

Arboretum 1.392" 768.0 <0.0001 >0.99 

Coaticook 1.690 645.7 <0.0001 >0 . .e9 

~---
Coleman l.IDO 1424.3 <O. 0001 >0199 

Dump 1.024 649.4 ~O.OOOl >0.99 

Highway 1.128 664.6 <0.000.1 >0.99 
-

Radar 1.290 571.6 0.0002 >0.99 

'" , 
Rudy 1.135 1680.3 <0.1ft001 >0.99 

Sheldon 1.778 ,2688.8 - <0.0001 >0.99 
" 

--------------------------------------------------~--------------. 
(1) Statistical model: LPM = Bl X PTPM 

: 

... 
Q 

• where': LPM ia the dis charge rate in 1. min- 1 

122 

, 
PTPM is the pairs of tips per minute 

'Bl, i,.5 the estiroate of the regreasion 
parameter 
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