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'Remember when discoursing about water to

adduce first experience and then reason.'

Leonardo da VYinci
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. ABSTRACT

-

Ed

A study of tﬁe fine-grained'suspended sediment load #m the sma]i
streams flowing through some areas undergoing development in Western
Quebec was undertaken in 1973, 1975 and 1976. The opﬁectives of the
study included a field study to coliect data on.shsbended sediment
concentrat1ons in small Ytreams, ‘estimation of the f]uv1a1 suspended"
'sed1ment 1oad by various chhn1ques, and investigation of the fine-
gra1ned su5pended sediment transport characteristics in shallow flows.
Accuréte information on the fing-grained suspended sediments in streams
could be useful in the design of water-supply schemes.

Field observations were carried out during the months'of'May'
through October in 19?3 and 1975 and from June to September 15‘1976.

A USD-59 sampler st used to cdllect'saﬁples from small streams in
Hull, Touraine and Chelsea in Western Quebec. '

Attempts were made toigstimate the fine-grainéd suspenaed
sediment load by two techniques. The techniques are: (1) statistical
analysis, and {2) a deterministic analysis. The statistical ana]ys{s
involved the use of factor analysis and multiple regression analysis.
The application of the stﬁtisticaT analysis has been useful in under-

standing and screening the many variables involved in the production of

suspended -‘sedtments.

The determ1n1st1c study of the transport of f1ne grained suspended

T

sediments jéqu1res a continuous flow model which w111 model daily flows.

This g;preach included the use of a deterministic model (USDAHL-74} to

estimate.the streamflow. However, a sediment transbort model needs to
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. .be coupled to such a hydrology model. The USDAHL-74 hydrology model
has the special advantagé of being-able to prédict streqﬁf]ow from a
particular area within thé watershed under consideration by uSing the
zoning conéept.

A poor correlation of the suspended éoncéntration ahd vé]ocity in
the small streams derived from plots on full logarithmic scales sudgests
thaﬁ the sediment ‘flow, in shallow upland streams, differ;_from the

sediment flow in large rivers. A sediment transport-mpdeﬁ has been

proposed. It Féquires more detailed measurements to determine its value.

The results of thg study have been helpful in providing an under-
standing of the variables and physical processes involved in-the
proddétion of fine-QEained sU;pen&Edzégaﬁments\ﬁn stkegms flowing -
through some areas undergoiﬁgkdeVEIOpment. .

. The recommendatjonsimade'in the study.inc1ude the need to better. .
define the mechanisms invb]ved'in'the_depoéition and resuspension of .
fine-grained sediments in natural gt%eams. There is also é lack of .
information on the properties ofnand-procgsses b; which f{ne-graiﬁed

soils are eroded and transported.

Improvements to the hydrolbgy mode] USDAHL-Z4 are also suggested.

4 1
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\; . LIST OF SYMBOLS

The §ymbo1s;used in this thesis and the various equatiogs are defined

at the time of their use. A partial 1ist of the symbols used is outlined

below. -
Symbol Meanﬁng Dimensions
' . .
C Dimensionless volumetric concentration of
. suspended sediments at the level y
-C0 . Dimensionless concentration at the level
YT Y
Cm Dimensiontess mean volumetric concentration
of suspended sediments
D Grain size L
ey * bed load. transport efficiency
g ‘Acceleration due to gfavity . L/T2
H,h Depth of flow L
Q ' .
1b Fraction of specified size range of total
' bed sample by weight
Ky Sediment grain roughness : ) L
1 Mixing length L
M _ pv*a/YSD = mobility number
q Unit fluid discharge SO
Uhw Bedload discharge, per unit width, dry weight F/LT
A "Unit critical discharge L3/LT
9 Suspended load per unit width of f{%w o F/LT



-

RS = Particle size Reynolds number - k\h\\\:> :

.S - Slope ,
Ss Specific gravity of sediment grain ™

] Local flow velocity in the directiony L/T
Average flow velocity T
Average speed of travel {in a vertical L/T
direction) of fluid Tumps required to travel
distance 1
To/p shear velocity . L/T

Is measured from the lowest pbint

Z h/D L

a Coefficient of dynam®c solid frictien
.y Specific weight of fluid F/LS-

Y ~——SPecific weight of solids FL3
ys” /’ Submerged specific weight of solids o F/L3
6 . Mass density of fluid Fre (4
Pe . Mass density of solids FT/L4
I fota] shear stress boundary ) F/L2
1, Total shear stress between the flow and the F/L2 .
‘ ' flow boundary (bed surface)
® Intensify of transport {dimensionless bedload

parameter
X Von Karman Constant ,
y Intensity of shear an partic]é (sediment

characteristic)

w Terminal settling velocity ¢ L/T
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CHAPTER 1

-~

INTRODUCTION

—

1.1 General

An 1nvest1gat1on of the suspended sediment concentration of a reach
of the Ottawa R1ver was conducted in 1972 as part of an overall study to
determine the distri;ution and transport of pollutants in flowing water
ecosystems (Ottawa'River Project Report No. 1 1977}. _ §

During the - study to determine the suspended sed1ment concentration
of a certain reach of the Ottawa River, it was determ1ned that there
were temporal and spatial variations of suspended sediment concentration
which suggested that these variations might be due to the flow of
suspendedaéegiments from some of the small streams, the watef?heds of
which were d%dergoing development. It was therefore decided to conduct |
a study of some of these local streams to determine the sources and mode
of transportation.of the suspended_éediments in tﬁem.

The influence of man on the interfece between the hydrological cycle
andthe physical environment has been receiving considerable attention
among hyﬁro]ogists and other interested scientific investigators in the
last decade (Leopold 1968,'Anderson 1957, Duda et al 1980; Tricentenaire
de 1'hydro]ogie?scientifique Paris 1974, Symposia on Urban Hydrology,
Keﬁtucky 1974, 1975, 1976, 1977, 1978; Slaymaker and McPherson 1973;
Environment Canada Research Reports 63, 1977, 81, 1978). These effects
'are particularly visible and pronounced in areas undergoing deve1opment,

notably urban areas. : .



The sediments taken up by surface runoff F;om a location can'be
. distributed in a variety of ways. Some of the dislodged sediments are
redeposited within a-short distance from the pick-up point. Others
find their way into well def%ned water courses.

Thé total fluvial sediment load is made up of two components.
These ére the suspended sediment load and the bedload.

The problems posed by sediments generated from areas undergoing
deve1qpﬁent can be many and various. These have been summarized by
Guy (1970). |

Although much attention has been paid to the fncregse of sediment
loads due to development and constructional activities,-there ié not much
information on the nature of the process of transport of fine-grained
materials. Sediment traps and‘other control devices are often not effective
in removing these. Thé prevailing opinion on the control of them is that
it is best to try to prevent their erosion. ‘

It is these particles which are often most signif{cant in pollutional
aspects of sediment. They increase turbidity, carry other chemical or
bacteriological pollutants and may be deposited to cover food supplies of
desirable fish species. The presence, mode of transport, and methods of
control of th?se fine-grained particles is ﬁore deserving of attention.

Another particular problem that needs to be addressed is the Tack
of data on sediment concentrations in small streams. Most of the

instrumentation to collect sediment data has been installed on large

}////

streams and*rivers.



However, important processes of erosiom deposition and rescouring
occur on small streams particularly in ‘upland areas near the sediment

sources. These need to be étudied in order to develop effective

control measures. ///~4—\\_

1.2 Objectives /7

The study objectives wenE‘Ehereforé'formulated as follows:
~ .

1.. To ca;¥y out a limiﬁed field study_to co]iect data on suspended +

~ .

sediment concentrations-ﬁﬁ small streams flowing through some areas
// Fa g

-ndergoing development.

/ —

2. To try to detdimine a model for {he/éstimation of the suspended
/

or these areas undergoing deve]opment,'bearing in

mind the 1 s of the data available.
3. To investigate fine-grained suspended sediment transport

characteristics in shallow flows.

A ﬁore elaborate field study was not consipered feasible because'of -
the ]imitatidns in terms o; funds and facilities available for this -
type of field study. < It was felt that a field study of the scope
indicated would be useful in.the determination of models which could be

studied further.

The scope of this study was limited solely to the measured suspended

sediment Toad; the bedioad was not considered.
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CHAPTER 2//4/@\
LITERATURE REVIEW S~
Ve ' . -

~f
2.1 General Considerations

The literature review is divided into three parts. There is,
firstly, a'réqjew of studies whose main emphasis has been on the
determination of the effects of urbanization on the increase of
sed{ment lToads in the stream. Following this is a-discussion of
hydrological studies which have used multivariate analysis. Fina]}y,
a rev%ew is made of studies which deal with the prediction of gediment
yield. In order to show the nature of the problem, a discussion

i
(Simons and Senturk, 1977) is presented of the variables which are

involved.
There‘are,two groups of variab]eg which interact énd influence:
the amount of sediment transported or déposited in the stream under a
given set of conditions. The two broubs are:
1. Quantity and quality of the sediment broﬁght down to the
section of the stream under consideration. - This group

can be further subdivided into: two parts:

(a) Quality factors relate_to the size, the settfing
velocity, specifjc'éravity, shape, resistance.to wear,
state of dispersion and cohesion.

(b} Quantity factors include the geology, topography of

watershed, magnitude, intensity, duration, distribution

e

S b



, _ ’ and season ‘of ra1nfa1], soil cond1tlon, vegeta] cover,
cultivation and grazing; surface eros1on and bank cutt1ng
2. Capacity of stream to transport sediment. TWo sections in o

this group are:

(a) Geometric properties or shape of stream prism: depth,
:" ) “ width, form and alignment.

N (b) Hydraulic properties of the stream channel: shape,
roughness. hydraujic radius, discharge, velocity,
velocity distribution, turbulence, tractive fonce, fluid
propert1es and uniformity of d1scharge

It should be noted that these. variables are not 1ndependent
However, 1t is difficult to compute the variables in the first group.
Some of the equations der1ved to compute sediment yield from sources
are, as a resylt, varied im nature Some of these equations are

described in this chapter. Some of the equat1ons deve]oped for the

second\group are described in section 2.4.

2.2 Urban‘Sedimentation .

The need for studies in sedimentation in urban areas has been
emphasized in reports made by Dawdy (1967), Guy (1970), Guy and Jones
(1972}, Leopo1o,(1968) and the U.S. Department of Housing and Urban
Development (1970). Such studies have provided ingight into sediment-
.ation problems in urban areas. This has:1ed to thé development of

control measures or procedures to rectify those problems.



Sonp investigatibns aiméd af_evaTuating sediment yield from urban,
areas have been réported by Tﬁompson (1970), Guy (i963$, Guy and
Ferguson (1962), Guy, Vice and Ferguson (1969), Wischmeier, Johnson
anéfégoss (f971), Wolman and Schitk (1967) and, Keller (1962), Pitman.
(1978), Peavy (1976), Curtis (1976), Overton et al (1978), Simons et
al (1978), (National Symposia on Urban.Hydrology, hydraulics and
sédiment control 1974-1980), Ydrk and William (1978). Thé results
appear to vary from one watershéd to the other.

- Leopold (1968) reported ﬁeasurements of sedimént yield made in
small, urbanizing, developed, or industrial aréas which showed a 10 to
100 fold increase ovef that En rural areas.'-In a study of sediment
movement in an aréa of suburban highway. construction at Scott Run
Bagip, Virginja, Guy et al (1969) reported a éediment yield per acre
which was about ten times greater than that for cu]tivatéd land, 200
times greater than that fof grass areas and'2,000 times greater than |
that fol forest areas. The allocation of sgdiment to source areas
revealed that highway construction areas varying from 1e§s thaﬁ one to
morg than 10 per cent of the basin area at any particular fime
contributed 85% of the sediment. In another observation of sediments
in % reservoir which is surrounded by urban spraw],“@uy=apd Ferguson
-noted that Lake Barcroft near Washington, D.C., contained 25,000 tons
of sediment for each square mile (8.76x105kq/sq.km) of completed
residential construction. .

York and Davis (1971) carried out an investigation on sediment

transport in a small drainage basin about 1.7 sq. mile (4.4 sq.km) in

4



area. They analyzed data collected bofh befake and after land use

* changes. It was observed that the main land-use change was due to

. cdnstructiona1 activitiés for residential buildings. Thefr studies
1gd'to the conclusion that urbanization as characterized by constructional
activity, increased the amount of.sediment for transport and resulted in
an average jncreésé'of suspended sediment concentration 12 times that
expected with the pre-urbanization IanL—use conditidns. The constructional
activities which averaged 15% of the basin area generated a sediment
yield 14 timgs that expected for rural-conditions.

Wolman and Schick (1967), reported their observations made on
constructional activities and the associated sediment released to the
stream in some urban and suburban areas of Maryland. Sediment .concentra-
tions from areas undergoing constructional activities ranged from 3,000
to 150,000 ppm, according to their‘report, whereas in natural or
agricultural catchments, thé highést compérative concentration was 2,000'

“ppm. In terms of annual values, sediment y1é1ds derived from areas
undergoing construction varied froh 1,000 t/miz/yr to 140,000 t/miz/yr.
(350,264.4 kaq/sqkm/yr to 49.04x106 kg/sqkm/yr). It was pointed out
that the average yield for a predominantly wooded watershed was 200-50%
t/miz}yr. (70,052.88-175,132.2 kq/sqkm/yr).

-~
-

Keller (1962) investigated the effect of urban growth on sediment
discharge at Northwest branch, Anacostia river basin:ﬁMaryland. Two
gauges were located on a stream such that the one upstream measures
,drainage from predominantly rural areas, and the one downstream from

the urban area in addition to the other areas. For a specific value

of flow, a six-fold increase in sediment discharge was observed and
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this increase was attribted to u}Ban-growfh activity. The sediment
yield caused by urban growth was found to be 17 tons per day per square
miTe; (5954.5 kg/per day/sqkm) The author also established that
suspended sedimepts‘concentration in urban-growth afea persists
16nger and is about 2 to 5 times higher in.value than that in rural
areas. ‘ -

In an attemptrto eva]uate'sedimentation derived from a residential
construction at Kensington, Md., Guy (1963) took measurements relating
fo sediment yield, water runoff and précipitation from Ju1y-]959
th}ough January 1962, during which period a 58-acre (23.47 ha) area
was being transformed by construction from rural to residential Tand
use. He reported a yield of 189 tons per acre (42.37 kq/sq. meter) for
the beriod considered.

Thomﬁson (1970) conducted a study to determine quantitative
values on the rates and.amounts of erosion from urban.construction sites.

The resultsof the study carried out in the Detroit Michigan, metropolitan

“area indicated that the erosion on construction sites produced about

the same amount of eroded material from 2.1 percent of the area. It is
interesting to compare this_obser&ation with that made by Guy et al in
the investigation at Scott‘RLn Basin, Virginia. Thompson ﬁ]so recordéd
an erosion rate averaging 69 tons per acre (15.47 kq/sq.meter) per year
for land under devalopment.

Peavy {1976) conducted an investigation on sedimentation in an
established urban area in Durham,.N. Carolina. In the study correlations

were made between the rate of sediment release and the hydraulic

1
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discharge rate and between sediment production and storm intensity,‘
duratién and antecédent rainfall cbnditions. 13 storm events were used
in the analysi%. rPeavy's results showed that antecedent runoff
conditions do not influence the quantity of sediment produced in any
given runoff event. '

Overton and Minear (1978) presented a report on a’mathematical
model designed to simulate suspended sediment load in urban watersheds. .
The model consisted of a storm hyd?ograph simulator and a suspe?ded load
modulus simulator:. the model was derived from storm-runoff and sediment
data from 5 urban watersheds in Tennesgee. The sedjment loads of
interest were dLrTng storm periods.

Guy (1963) investigated the sediment”traﬁéported in storm runoff
near Kensington, Md. during-the transformation of part of a 58-acre area
from rural to reéidentia1 land use. .Sediment coﬁcentratipg and watef |
discharge data were collected for 25 storm events plug’somé miscellaneous
single observations during other storm periqu. Helthen obtained
multiple .regression equations by relating sediment concentration to
runoff quantity or rainfall quantity, the mean air temperature, which was
considered an indicator of the season, the storm intensity, and the
antecedent condition of the basin expressed in terms of the base flow.
The equations obtained were similar in form to the Flaxman's (1972) and
Anderson's (1957) regression models.

Betson (1963) developed a non-1inear muTtivariate regression model
for sediment yield. The form of the empirical equation proposed was as

follows:
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MY = 3 +'bP1mP2m + CP1mP2n(2asin M) + de~ Tt
where Y = monthly sediment .in tons per square mile;
'P] = rainfall for current mdhth, in inches |
P2 = rainfall for previous moﬁth, in inches
M = season, by months eva]ﬁated by arbitrarily setting
January = 300, February = 600, etc. ;
T = timé, by months (January 1944 = 0.01, February 1944 =
0.02, etc.)
e = base of natural logarithms; and
a, b, c, d, f? m and n are constants to bé)evaluated. The sediment
yield analyses were performed on monthly data collected during the
10-year period, 1944-1953, in the Chestuee and Middle Creeks watersheii,
' Anderson and George (1966) conducted a state-wide reconnaissance
of the water-quality characteristics of New Jersey streams. They made
a grahhica] analysis of some of the water quality parameters and they
pointed out that 'land use also has a major influence én water quality'.
' George (1963} reported a 25% increase in sediment yield in the
Stony Brook basin during the last half of the period 195&;1959,‘
concluding that land stripped for urban expansion and reservoir
construction in the basin was creating a temporarily high suspended-
sediment yield. However, the’?ﬁQestigators noted that most
available data (1950-1962) on the suspended sediment in the gtate's
streams did not sﬁggest that there was an extensive problem in the state.

v
-
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2.3. Analytical - Mu1tivariate Analysis i
The statistical approach has been’%:giéjted as an éna1ytica1 tool
for forecasts of long durqtioanEEv ths). On the other hand,
conceptu%} (deterministic) models may e a better.a1ternat1ve for
forecasts of shorter durations (McCuen et a1‘1979).
When this study was begun, the literature survey on the gffect of
development (especia]fy urban develppment) on the suspeﬁded;sediment .

load in streams showed that the problem required better definition.

 .The review of literature was therefore expanded to include a review

1

-

of.studies done in areas associated with predicting suﬁpended sediment
load, such as water yield forecasting §nd stream discharge predictions.
It was felt that'consideration of theéé associated problems might help
to determine a sdﬁution to the problem, most especially in the selection
of variables that might be relevant to the problem.

The multivariate method of analysis has been applied in
hydrological studies by McCuen et al (1979), York and William (1978},
Snyder (1962), Wallis (1967), Rice (1967), Eiselstein (1967), Wallis
and Anderson (1968), wa11$1x(1968), Haan (1977).

In a study designed to make a comparative evaluation of some
statistical methods for water supply forecasting, McCuen’et al (1979)
examined besides multiple regression analysis, three other alternative
methods of calibrating the statistical methods: principal components
reéression analysis, stepwise regression, énd constrained pattern
search‘(numerical) analysis. MWater yie]dﬁdata for the Upper Sevier

- River basin in Utah were used to demonstréte di fferent statistical



methods for calibrating water supply forecast models and to evaluate
models using both hydrologic and statistical goodness-of-fit criteria.
McCuen et al (1979) also summarized the. advantaoes énd"disodvantages of
lmu1t1p1e regress1on stepwise regression, pr1nc1pa1 components
regression analysis and the constra1ned pattern search ana1ys1s as
methods of mode] ca11brat1on. \

The*Eonclusion made in the study was that the three other
alternative methods {principal components regression ana]ysns, stepwise
regression and constrained pattern search analysis) were able to
contro] the effects of mu1t1co1l1near1ty in model calibration;

therefore, these other methods were shown to be superior to the
frequentTy used multiple regression techn1que in cal1brat1ng water
supp1y forecast models. McCuen et al, suggested-some criteria for
evaluating a model. These criteria include the examination of
res1dua1s evaluation of the relative importance of the predictor
.var1ab1es, and an examination of the rationality of model coefficients.
These criteria were considered more important than statistical
goodness-of-fit indices in assessing the reliability of forecasts,
especially for periods of extreme observatfons 1ike those with low
snowfalls.

One of the disadvantaoes pointed out in connection with the use
of principal components regression amalysis was that the components
. were not measurable characteristics, but a weighted sum of the
predictor variables. This disadvantage can lead to difficulty in
. assigning physical meaning to the components derived. Factor-analysis

can be a helpful method in.rectifying this difficulty.



The constrained pattern search analysis is a numerical optimization

method. The difficulty associated with this method is that of

estimating optimum values for the initial estimate of the unknowns.

Iterative techniques often require more computer time to determine the

4
- optimum values.

McCuen et al (1979) suggested that while conceptual mode]g might
be a better a]ternatige for forecasts‘of shorter duration, the
statistical methdds usually provide acceptable foreéasts.for durations of
several months.

Snyder (1962) discussed two of the basic premises of multiple
fegression analysis which must be considered in using the method as a
prediction tool. The first dealt with curve fitting by the use of the
simultaneous norma]fequations of the method of least squares. In the
derivation of these equat10ns it 1s assumed that thexl\gependent
var1ab1es are fixed variates and are measured without er#or He gointed
out that "in actuality the errors are inherited by the dependent
variable". He commented that the multiple regression analysis is
acceptable if the prediction of the dependent variable with minimum
error variance is the objective. Also, he suggested that if the
association of errors with variables is a consideration, there would.
be need to Took for other curve-fitting techniques. -

An application in which this type of @rror situation cannot be
considered realistic arises from the paired watershed concept. The
same chahces for errors are present in the 1ndependenf variate,
determined from the control watershed, and in the dependent variate

determined from the treated watershed.



14

——
The second bas1c premise is the assumpt1on that the independent
~ variables are not corre]ated w1th each other, 1In hydrolog1c studies,
the independent var1ab1es may not be uncorre]ated Snyder pointed out
that there is a positive correlation between amount and duratlon of
rainfg}]. '
‘aylﬁivariate analysis, which is defined as a study of arrays of
variables, is suggested as a technique -that can eliminate some of the
~problems discussed above, when'usedwto fit prediction equations toﬁ
observational data. The concept allows association of error with %ore
than ohe variable. Also, one of the subfields of multivariate analysis,
principal component analysis, deals with the determination.of all the
truly independent components of Qariapion in an array of variables.
Snyder applied the two methods of analysis (principal component
and multiﬁ]e regression) to rainfall-runoff data and showed that the
multivariate analysis offered the more satisfactory solution to the
problem of esfimating independent effects when the independent variables
are correlgted. The regression coefficients were found.to be all
positive with the:mu1£ivariate analysis, whereas, they were found
unstable when the multiple regression analysis was used. The coefficients
should be the weighting factors for each term.\ He, however, noted the
drop in multiple correlatién coefficient from 2\83 for the multiple
fegression solution to 0.75 for the muitivariate solution.
Eiselstein (1967) analyzed the surface runoff data from small
watersheds in New Zealand by principal component analysis with var{max

rotation of the factor weight matrix. For comparison a standard



predict sediment yield for 46 watershed Northern Ca]jfornia. The
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multiple regression analysis was made and he concluded thét the
advantages derived from a prediction equation resulting from varimax
rotation of the factor-weight matrix include: (a) clarification of

the line of thought underlying both the components of the equation and )

the equation itself, (b) increased stability of the regression

coefficients and (¢) greater accuracy in predfctions based on data

from a new population. He selected 29 (twenty-nine) variables to

account for variation in runoff from the seventeen plots he investigated.

Wallis and Anderson (1965) applied multivariate analysis to //#‘f/
watershed characteristics used in evaluating Yhe gdequacy of sediment
network design were physiographic, climatic, surface soil, Tithologic,
land-use and condition and hydrologic parameters. A prediction

equation was developed from principal component,ana]ysis with varimax
rotation of the factor weight matrix.

In his studies designed to develop a prediction model for mean

- annual flood in New England, Wong (1963) compared the .use of multipie

linear regéession equation without .the reduction of variables and the
reformulated multiple Tinear regression resulting from a principal
component ana]&sis Although the R2 of the reconstructed model is the
same as the original R2 which used five independent topographic
characteristics, he found the raformulated model used fewer var1ab1es
(two variables), wh11e at the same time resolved the prob1em of
mu1t1co111near1ty that 15 the ex1stence of a linear re]at1on among

the variables.



16

Dawdy and Feth (1967) applied factor analysis to thie study of
chemical parameters of groundwater from wells Hocated in the Mojavg
~River Valley in San Bernadino County, California. Their result -
.shdwed that four principal components accounted for 90.8% of the
covariance of the data. Eight variables were‘origina11y Se]eéted to
describe the water guality characteristics. '0wing to the fact that it
was found difficult to interpret the principal components in any
physical sense, the four components were then rotated. The rotation
operation made for an easier interpretation of the factors in terms of
the original variables. A brief mathematical descriptioﬁ of factor
analysis is given later in this thesis. Diaz, Séwe]} and Shé]ton (1968)
" determined the factors affecting the 17 watersheds in Ohio and 7
watersheds in Texas by applying principal component and factor analyses
to annual precipitation and runoff data from the watersheds. The
relative importance of the identified factors was also determined.
_Their result showed that, in Ohio watersheds, area and slope in that
order were the two mést important factors affecting water yield. Foﬁu
.the Texas watersheds, the ‘three‘a]most equally important watershed
féctors were identified as the soil type, culturai practices, and land
capability. A stepwise regression of runoff-precipitation ratio of
the Ohio data on area-slope variables confirmed the effect of afea
and slope on runoff as identified by the factor analysis.

_' Hordon (1972) examined the spatio-temporal changes in water
quality in central New Jersey during 1960-69 by the application of a

factor analytic technique. The period of investigation included the
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continuation of subdrbaniiation with its resultant effect on water
quality. The result showed that the cumulét1ve degree of explanation
 of the rotated factors declined during the decade (1960-69) under
investigation for all the three sites considered. It was theréfore
hypothesized that urbanizhtﬁon with its consequent changes 1n'1and

use and runoff patterns might be inter&ening in the natural ecology

of the stream. It was concluded that 'Jbanﬁzation.might be interfering
with in-stream interactions among the eleven vériab1es consideréd.

Kknisel (1970) analysed loss rates from five floodwater detention
reservoirs., Out of 13 hydrologic and climatic variables included in
a factor analysis to identify those significant for estimating
reservoir loss rates, three variables were found to be éignificaht for
only one reservoir. The results of the analysis showed that the data ’
cannot be poo]éd for all reservoirs. Reservoir stage was found to be
the most important variable for four of the five reservoirs. Loss
rate prediction equations were developed for the five reservoirs on
the basis of the factor apa1ysis result.

Héén (1977) used'the regression on principal cohponents to re]ate
runoff, the dependent variable, to precipitafion ;%d eight othgr
geomorphic variables. The principal components were determined for
the eight geomorphic variables.

York and William (1978) published the results of a field investig-
ation of the effeéts of urbanization and sediment-control measures on
streamflow and sediment transport in Montgomery County, Md. In the
study, thch_was made between 1962 and 1974, data were collected from

N

nine drainage sub-basins in a 32-sq. mile area.
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Mu]tip]é regression analysis was the statistical method used to _ '
" relate the criterion variables (streamflow and stream discharge) to

a number of other gnedictor variables that were se]ectedk Guy's

study (1964) (elsewhere réported in this thgsis) seemed to have

influenced York and William in their choice of the predictor variabies.

It was reported that.the T]arge scatter indicates that factor§ other

than the variables used in the regression equations affect the suspended-

sediment yields of the basins". Sediment-transport curves were from

logarithmic plots of daily susﬁended—sediment discharges and the

éorresponding dai]y water discharges. York and William {1978} pointed

out thgt there was a complex relation between sediment discharge and '
the factors affecting erosion and sediment transport., A number of

independent (predictor) variables were found to be significant]y'

correlated with each other; for example, the rainfall intensity

parameters. It was remarked in the study that 'much of the error (the

standard error of estimate in the statistical gna]ysis) is probably

attributable to factors not analyzed by the regression model’. The

advice offered was that 'factors such as the location of sediment

source areas and differing soil and cover conditiﬁns with respect to

the area distribution of rainfall must be analyzed'.

The conclusion derived from the review of the foregoing study is
that there is a need for the consideration of many variables that best
describe the numerous factors invoived in sediment yield. These
fgctors inciude physiography, soils, climate, land use and land cover.

Some attempts have been made in this thesis to respond to such a need
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and ére reported herein. They include statisticai apa]yses.(multiple
regression analysis and factor analysis) and a deterﬁinistic approach
using the USDAHL mode] (University of Mary]and version)

Anderson (1957) used multiple regression analysis to relate
suspended sediment discharge to fﬁg streamflow variables, "two topographic
variables, two soil variables, and one channel-bank variable. The dafa h,/>
used were from 29 watersheds in western Oregon. Flaxman (1972)
~ employed a similar tool to predict sediment yield in II‘western states of
the U.S. His data were for 39 watersheds which varied in size from a
few acres to more than 50 square miles (> 130 sq.kmz). His objective
was to determine if a few watershed variables could describe the
var1at1on and influence of changes in land use and treatment on sed1ment
yield, which was chosen as the dependent variable. The independent
variables selected were X] for the c]imaté; X2 for the topography, and
33 and x4 for 5011'characteristics.

The foregoing review can be classified into two sections: (1) A
review of the Titerature that dealt with the effect of land-use
activity, most especially constrhctiona] activity, on the sediment yield
within the basin. (2) Methods employed to relate the sediment yield to
some variables which are considered relevant.
| In the first classification above, the results of the studies
reviewed reveals that there is a general increase of frOm one to six
times in the level of the sediment yield generated from urban areas as
compared to the sediment yield generated from non-urban areas. Although

" the studies have been invaluable in providing an understanding of the
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problem posed by tﬁe sediments generated in urban environments, the
analytical methods empfgyed to relate the sediment yields to some
variables are;not considered rfgorous enough. Sbme important variables
involved in the sediment yield.process were not taken into consideration.
Some investigators used graphical pggﬁniques (Leopold 1968, York, Davis
i971, Thomson 1970). Others used empirical equations SNo]man 1971),
" while some others tried statistical techniques (Aﬁderson 1957, Wallis and
Anderson 1965, Guy 1963). ‘ |

It {s doubtfﬁl whether the analytical methods employed by each of
fhe diffgfent investigators are transferable to the pr6b1ems relating
.fo 6ther basins. One investigator (Guy 1964) has counselled against
- extrapolation of the prediction equations derived to basins of different
sizes-and locations as the problems may vary from-basin fo basin.

Some of the parameters of the variables selected to derive some
of the empirical eqﬁations appeaf to have been chosen rather arbitrarily
(Betson 1963). In some other cases, the equations derived for
predicting sediment load are only storm related (Peavy 1976, Qverton
and Mincar 1978). It seems only the Yariab]es considered were those
deemed relevant to the particular problem at hand (Guy 1964). The
. studies of Anderson (1957) and Anderson and Wallis (1965) on the sediment
yield process appeared to have taken into account a wide-ranging number
of variables which describe the different aspects of the sediment yield
process. However, the broad nature of such stud%es rarely permits the
considefation of the variables that are of special interest to urban

environment. For.examp1e; the studies of Anderson {1957) and Wallis
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and Anderson (1965) dealt with’suspended-sediment concentration in
fairly big rivers. The impact of land-use on the suspended sediment
concentration in small streams of the order considered in this study ..
flowing through areas undergoing developmént requires further study.

A literature review of some other form of statistical analysis,
such as factor analysis was undertaken because of the inherent weakness
of multiple regression analysis as a statistical tool in estimating al
debendent va%iab]e when the independent variapies associated with such a
variable are correlated (Hawley et al 1980, Snyder 1962, wong‘1963,
Wallis 1967). Most of the literature survey done in connection with
this statistical tool,.factor-ana{ysis, }a11s in the general area of
water resources. Eiselstein (1967)iana1ysed the surface runoff data
from small watersheds ip New Zeaiand by a factor-analysis method.
McCuen et al (1979) pointed.out the effects of mu]ticol1inearjty in
model calibrations to justify recqmmepding 'sﬁch other statistical
modeT és principat component regression analysis in water supply fore-
casting'. However, a review of the literature was invaluable "in '
understanding how the factor-analytic tool can be applied to the probiem
of estimating,suspended sediment concentration in areas undergoiﬁg
development. This included an understanding of how the variables are
selected and the difficulties that may be ecountered in giving physiéa]
meaning to the factors and the greater freedom in being able to select

a wide number of variables.
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2.4 Sediment Yield *
. ’N/’ -
Two ways to determine sedfment yield in a watershed are: (1) the

Direct Method and (2) the Indirect Method.

(1) The direct method involves the sampling of the rivers and
streams and other points in the watershed to determine the amount qf
sediment load that passes through a spec1f1c po1nt One sampling
procedure adopted for this study is descr1bed in th1s thes1s (Chapter 4).
The sampling procedure useful as it may be is cost1y and time

* consuming. However, the initial data gathered from sampling form the

-basis for ver1fy1ng other methods for estimating sed1ment yield.

{2} The Indirect Method
' nd1rect methods of estimating sediment yield include remote
sensing and the derivation of equations that relate sedlment yield to

¢ 'variab1es which may describe rainfall, runoff, Jand use, soil types and

geomorphic characteristics or any of the variableg listed in 2.1.

Thougﬁ sqme models have Jpeen constructed to estimate sediment yield, ,

Watershed. sedimenf yield models are yét in a stage of 'infancy™ {Sharma

et aT 1980). The modeling approaches, inc1ude the following:

(1) Stat1st1ca1 regression models, (2) Unit sed1ment graph models, .

(3) Parametr1c models, (4) Stochastic mode]s, (5) System model, and

(6) Multivariate ana]ys1s model (factor analysis). .
Statistical regression models have been developed to estimate

sediment yield by means of either computing gross erosion and sediment
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delivery ratio or directly determining sediment yield. The universal
soil 10ss equation (USLE) s a common method of determining gross

erosion rates {Wischmeier and Smith 1978, Wischmeier 1976). The USLE

is the result of statistigg] analysis of many years of erosion experiment

data. The equation -is® _

A

RKLSCP where s eeetrerietst e Ceser st eaneas (1)

A = the annual soil loss in tons/acre

R = the rainfall eresitivity index
K = soil erodibility index
L =_sTope'Iength factor

S = slope factor

€ = crop management factor "

P = conservation practice factor
The movement of sediments in rills and small channels is not
) wel¥documented by the USLE. The downslope soil movement overland and
in rills and small channels then becomes a function of sediment transport
' capacitiéfﬁéhiméntation Eng%neering ASCE 1977)}. The USLE is designe

to provide an estimate of average soil loss per year or on a long ¥erm
basis. Subsequent modification§ to the USLE (Williams 1975) sugges
a runoff factor to replace the rainfall energy factor. Recent studies
(Felton et al 1979) have attempted to use the modified form of the USLE
using the runoff factor to estimate soil loss on an-event basis. The

physical processes involved in the erosion, transport and deposition

triangle are not described in detail by the USLE.

(4
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Some other studies have used multiple regréssion analysis to

compute sediment delivery ratio. The delivery ratio, DR, is defined

as: DR #- where

Y

sediment yield at the measuring point, and

T .

the total materiaf:eroded from the watershed and drainage
system upstfeam of the measuring point. In common usage, the sediment
delivery ratio is considered a percentage.or 100(Y/T) (Sedimentation
Engineering 1977).

Roehi's (1962) statistical a;é1ysis 1isted several morphological
watershed characteristics that could be correlated with the delivery
ratios. Some of the watershed characteristics listed included drainage
area, average siope of the‘watershed, sediment source and its pro§imity.
and texture of the eroded material. The study.used data gathered from
field investigations in the southeast Piéﬁmont region of the United

log DR =4.5 - 0.23 log 10 W - 0.51 Tog L - 2.79 log B in which
BR = the sediment delivery'peréentage

[}

the drainage area in square miles

Al

L/R = the dimensionless basin length-relief fatio (watershed length

as measured essentially paral]éf—%ﬁ'the main drainageway
divided by elevation difference from the drainage divide
to the outlet)

and B

the weighted mean bifurcation ratio. Bifurcation ratio is
the ratio of the number of streams of any given order to the

number in the next higher order.
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At

A siﬁi]ar st dy/%n southern Kansas, western Oklahoma, and western
Texas produced the relation log D = 2.943 -'0.824 log L/R;

Upland ergsion di ffers from the meagqred_sediment yields because
of possible measuremant'and estimation errors and other factors which
include redeposition of thé particulate in surface water storage,
trapping of the sediment by vegetation and its residues, local scour
‘and redeposition'in rii]s and channglsf The statistical relation;hips
‘$e1ying on the morphological characteristics of the watershed have some
applicability for estimating long term (annual or more) deliveries.
‘However, their reliability for event de]iveries is almost nil (Norotny -
1980). 7

.In'order to predict sediment &e]ivery on an event basis, Norotny
(1980) qorré]ated the de]ivery‘rétio to the ?0110Wing variabTes, the
rainfallenergy factor, the runoff vo]ume,‘average storm intensity and
storm-durdtion. The delivery ratio, DR, was statistically related to a
few storm and overland flow characteristics on the assumption that the
DR is determined by the energy loss durfng the recession portion of the
overland flow. Norotny (1980) suggests relating the delivery ratio to
.the hydrograph characteristics. -

Some other multiple regression models (Anderson 1957, York and
William 1978) have been described earlier in this chapter.

The unit sediment graph model was proposed by_Rendon-Herrero
(1974). Rendon-Herrero (1574) derivéd a sediment-graph method to
estimate the washload bn a .storm-basis usiﬁg the unit-hydrograph approach.

The sediment-graph analysis is a form of unit sediment-graph whose

L
!
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~ standard unit was SIO\kg (one ton) for a given dufation distributed -over
the watershed area ana]ddous in unit hydrograph analysis to -

25 mm of effective rainfall ‘over the\same area. In order to utilize -
such a unit sediment—graph in generating Eediment-graph for a particﬁlar
storm event,-the tota] amount of sediment mobilized during the event
would have to be known or estimated. Rendon-Herrero remarked that the
method ‘does not apply to watersheds under treatment'.

Parametric Models. These are models desigﬁed to estimate the
sediment yield in a watershed by simulating the physical processés
invo]vgd in the sedimentation processes (Negev 1967, Bennett 1974,

Gupta and Solomon 1977, Curtis 1976, Foster and Meyer 1972). These
models are sometimes cé]]ed mathematical sediment yield models. The
parametric models are defined as 'hypothetical or stylized represent-
ations of the physical processes occurfing during the erosion and
transport of sediment from a watersheé' {(Bennett 1974).

Nearly all sediment yield models are second-stage components of
runoff-generating models. Negev (1967) propos;d a sediment yield model
which is based dn the Standford-Watershed model. Negev's model is-
designed for river basins {Sedimentation Engineering 1977).

Bennett (1974) proposed a deterministic structure initiating a
sediment yield model based on three differential equa%ions. These three
equations would form the basis for modeling the two distinct phases of
sediment yield, the upland phase and the lowland phase. The equations

are (Fig. 2.1):
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Fig. 2.1. Definition sketch of flow transport system
(Bennett 1974).
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'g-.E'*' UB—E'*' ha—l::q ...................................... (1)
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S M Mag(s -s) - (2)
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3thC 3y , 3(hupC) _ 3 3l

_Egt_)_+(] _}‘)Bt.{-JBTD_)_HS; hEpB_X Ceeeseranaan AP (3)

in which  C = sediment concentration
h = depth of flow
x = distance pésitive in the direction of flow,
y = local bed elevation |
t = fime
u = flow velocity
q = distributed water inflow
g = gravitational constant
S. = local bed slope
Sf = friction slope, » = porosity of deposited sediment
e_ = sediment particle masé transfer coefficient
up = average velocity of sediment-

These equations are designed to describe the movement of suspended
sediment particles in a one-dimensional, infinitely wide, free surface
flow. Actually, the flow in natural streams is not one-dimensional.
Also, the tyhe of streams sampled in this study cannot be considered
infinitely wide. However, solution procedures for two and three

dimentional equations may be complicated.
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Equations (1) and (2) are the standard conservation of mass
and momentum equations for the flow. Equation (3) in the conservation
of mass equation for the sediment. The solutions to equations (1)
and {(2) can be obtained by numerlcal methods. The numerical methods
of solutions can be costly, and may have stability and convergénce
problems. There are also the additiena] problems of defermining the
terms Sf and q. The friction slope 5%\may be written as

Sf = uz/Czh wherein voeevierenncnnnnnn, e, N (4)
C is the Chezy discharge coefficient. For shallow flows, it is.
difficult to eétfhate C on the basis of known physical measures of
surface roughness {Bennett 1974). The parameter q, the lateral inflow,
can be estimated by using é continuous simulation model such As

USDAHL-74.

Equation (3) can be written as

DF + Ry = 3c/dx 1n}r\ch/k\/_./

DOF is the net flow detachment rate, RDT is net raindrop detachment
rate, in terms of both weight per unit time and unit area andGF is

weight transport rate per-unit of width. In terms of (3)

= ypuCh
GF YPu

and DF + RDT (1 - ) ax- wh

r‘e1

istics.
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Curtis (1976) presented a conceﬁtua] model that utilizes a
physically based rainfall runoff compoﬁent and a set of re]atiohships
describing soil detachment and transport processes to 5imu1ate the
discharge of sediment from an urban area; The soiution procedure to
determine the soil movement throughout a catchment is given in Fig. 2.2.

The.rainfallfrunoff model is based upon the kinemafie

approximation of the fluid continuity and momentum equations known as

the St. Venant equations. The St. Venant equations are:

Continuity Eduatidn

89 , &Y _ .
axfat ‘q ............................................. ()

Momentum Equation

where q is the flow rate per unit width, y is the depth, g fs the
Tateral inflow, S is the channel bottom siope, v is the flow velocity,
Sf is the friction slope and g is the gravitafional acceleration
constant. Equations have been derived to describe the different
sections in the diagram Fig. 2.2. = However, it should be

noted that equations {1) and (2) cannot be solved analytically at
present. Numerical solutions are possible; however, they require
large amounts of computer time. Also, the type of data reqﬁired to
solve these equations are not usually available in}qﬁgauééd sites,

such as those dealt with in this study.
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Curtis (1§76) presented equations that describe soil movement
thrqughoﬁt the watershed for a storm event.These equations are based
on the éoncept that the erosion in upland areas is governed by four
processes: (1) detachment by rainfall, (2) detachment by overland
flow, (3) transport'by,rainfa11, and {4) transport by overland flow.

The equations for detachment and flow transport can be written as: .

_ 2 . =
dp = CprKprl™ 3 T = Stpdt
i 2/3 2/3
de = CpeKpes ™' 7g
a 5/3.5/3
Te = Grpkeps™ 7o

in which dR and dF are detachment rates per unit area at a location by
rainfall and flow, respectively. TR and TF are the rainfall -and flow
transport capacity, respectively; KDé and KDF are soil erddibility
factors, STR is a constant }ef1ecting 10éa1 soil and ground cover
conditions; KTF is a soil transportability factor (function of
barticIe fall velocity, diameter, density, etc.); CDR’ CDF and CTF'
are management factors that are a function of land use; S is slope
steepness and q is the per unit width discharge réte. For no erosion
control, the value of C is assumed to be 1. I is rainfall intensity.
7 This is an event model. The logic of the model which permits
both flow and transport simultaneously needs re-examination {Foster 1976).
Gupta and Solomon (1977) developed a parametric distributed
numeric model for estimating runoff and sediment discharge of ungaged
rivers. The model though based on physical analysis of the hydrologic

processes contained a number of parameters (coefficients) which were
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obtained empirically or statistically. It is to be noted that some

other parametric models (Negev 1967) had been built on a similar approach.

L1

The model appears to be for large river basins,'though it is designed
in part to estimate the changes in hydrology following changes -in land
use-land cover. The calibration work required could be significaht.
A particular feature of the distributed numerical model is the division
df the river basin into grid elements. However, the size of each
grid fs fixed for any computation. Though in theory the sizes of the
grid may be reduced when there is need for such reduction, the number
of computations involved in such reductions could increase éansiderably.
Woolhiser and Todorovic {1971) and Woolhiser and Blinco (1975)
have developed stochasticymodels of sediment yield on an event basis by
considering the probablistic 1ntérre1ationships among sediment yield,
rainfall, and runoff processes (Sharma and Dickinson 1980). Rodriguez-
. Hurbe and Nordin (1968) performed time series analysis of_the monthly
runoff and suspended sediment yield for the Rio Grande River, New
Mexica. The stochastic appraoch might have merit where there is some
. basic data to develop stochastic models. The data on sediment yield
(particularly during low flows) in small watersheds undergoing land-use
change are rather scanty.
Sharma and Dickinson (1979, 1980) have proposed a system model
of daily sediment yield. An input-output system concept was applied
fo the daily modeling of dai]y.runoff-sediment yield of the Thames River
in Southern Ontario, Canada. Using 9 years of record, it was shown

that a linear discrete dynamic model was possible in terms of the log-

7y
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transformed daily runoff and sediment yield sequences. It was assﬁmed
that rﬁnoff is the best single indicator of sediment yield. There is
still the need, however, to obtain the runoff records where records are
not readily obtainable. The sediment supply, especially in areas
undérgoing development and during JTow flows, requires consideration.

A review of the literature on. sediment yield models reveals that
there is scope for trying out other approaches to‘estimafe sediment yield
in streams flowing through areas undergoing development in Western
Quebec. It is to be noted that most of the sampling in this study were
.carried out during periods of low flow when washioad might be significant.
It ‘was therefore considered important to use a continuous simulation
model to predict the daily stream discharge. The details of the continuous
simulation model used USDAHL-74 are discussed in Chapter 3.

The variables involved in the detachment and transport of §ed1ments
are many. Mu]tivariate analysis, using step-wise regreséion analysis
and factor aanysié, were considered as appropriate tools in coping with
such a large number of variables.

The second group of variabies given ih section 2.1 seem more”
émenab?e to mathematical analysis and quite a few inveﬁtigators have
derived equations for sediment discharge by concentrating solely on the
variables in this group.

The most common of these equations are preéented in Table 2.1. (Tywoniuk
1979}. Most of these typé of sediment discharge equatidns are bed-load
equationé. Most of the bed-load equations wer% derived mainly from

Taboratory flumes and have not been found adeﬁhéf@xunder field conditions
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(Fleming 1969, Gupta 1974, Tywoniuk 1979, Simons and Senturk 1972),
especially when tested beyond the range of dafa wh16h served as the basis
for:their derivation. Einstein's equation and its modification have
been known to perform Better than others (Shen 1971, Tywoniuk 1979};
though they require considerab]y more data than are readily available
.-at an ungauged site. |

It is to be noted that Einstein's 'bed-load function' is
actually a mathematical procedure, analytically structured but complex
and lengthy which requires somé thirty steps for computing the bed-load.
Subsequently, the procedure has been modified by other ‘investigators
(Tywoniuk‘1979, Toffaleti 1969). The bed-load function presented in this
thesis is one of the original analytical functions proposed by Einstein (1950).

Bagnold's stream power approach has been quéstionéd on the basis of
the non-uniqueness of the relation between sediment discharge and stream
power, most especially when tﬁe bed changes from dunes te flat and the
depth-discharge. relation is discontinuous (Sedimentation Engineering
ASCE 1977). ' .

The bed-lioad was not considered in this study. The emphasis in
this study is the suspended sediment Toad (partfcu]arly the fine grained
sediﬁents) derived “from areas undergoing development in Western Quebec.
Fine sediments are an 1mportant‘factor for consideration in water

supply schemes because of the cost of removing them.
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DEFINITION OF SYMBOLS

7000

-,

and A4 are constants where A3 = 250 and Ay = 42.5 are valid for
sand with a specific gravity of 2.68 .

median size of bed sediment

the effective diameter of the bed material (m)

grain size in mm: '
bedload transport efficiency
acceleration due.to gravity (cm/secz)
the depth of flow (m)
fraction of the grain size D
is the fraction of the bedload of a given grain size

correction factor ™

the particle grain roughness in m1/3/sec

unit water discharge in cubic meters/sec/m

the part of the discharge aﬁportioned fo the bed and considered

responsible for bedload transport in litres/sec

bedload discharge by weight per unit width per unit time (kg/m/sec)

the critical discharge inums/sec/m; 9 is given by Qc ==0.00001944DZS4/3

for a sediment specific gravity of 2.65° i
the slope.

specific gravity of sediment grains

average flow velocity in m/sec

coefficient of dynamic solid friction

specific weight of water {n metric tons per m3

the specific weight (in air) of the sediment grain
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Y= ' the submerged specific weight of the sediment grain (in water)
1ﬁ_metric tons/3

AATEIN A

o = density of wéter in gram/cm3 \ﬁf

Pe = mass density of fluids 1b/ft3 (Einstein's eq;at?gn) .

p, = mass density of gglids 1b/ft3 {Einstein’s equation)
Hrc‘ = bed shear stress in kg/m?

T = unit tractive force exerted by the flow on the bed of a wide

channel
Vv = available stream power in kg/m/sec
) = is a dimensionless bedload parameter
¥ = sediment‘characteristic

-

The following définitions of symbols and units -apply to Rottner's equation

D = mean‘diameterbof the sediment mixture in cm

g = acceleration due to gravity (cm/secz) "
H = the depth of the sediment mixture in cm

Ty - = bedlcad in grams/sec/cm

v = velocity in cm/sec

o = density of water in gram/cm3

P = density of the sediment grain (gram/cmB)
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It is to be noted that the following units apply for the .corresponding

equations:
- Symbol - | ' Equation

D (ft} ] . Einstein's equation
Q... (1b/sec/ft) ' . Einstein's ‘equation

bw
qp (metric tons/sec/m) Meyer-Peter and Muller equation

W | .

S
Tt
»
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2.4.1.The Suspended Sediment Load

Theories have been developed to determine the distribution of the
concentration of suspended sediments. These .theories include
.(1) The DiffusionaI'Theoriesland (2) Cravitational Theory.

Diffusional Theory

The fundaﬁental equation that describes the distribution of the
concentration of suspended sediments along the depth of a two-dimensienal
flow is the equation of diffusion. The equation of diffusion can be

written as (Yalin 1977)

¢ dC ' _ . '
2 BC =0 L i (1)
dn i -
where
Y °
n T — ,
h
. ‘ w ¢(n)
I b, = -— e erera e e (2)
Vi 2}
; kY
T . u
$_(n) = ;oo () =—
T, v,
- 1 d¢ (n)
o (n) =
; ¢T(n) dn
If equation (1) is integrated, one obtains .
T
n
- b,dn
c n
— = ° e Ceeens e Ceens (3)
Co
' . , /

i
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where b, «= ha, 1is’ the dimensionless parameter
vy
and-n_ = -—
° n

The proportionaliﬁ? factor B in equation (2) might be comsidered a
function of the Reynolds number. |

It is to be noted from tﬁe equatipns above that the accuracy of
determination of C would depend on the acéuracy of knowledge oﬁ the

distribution of 2 and =
Ve T
u T

However the exact distribution of - and . along the flow depth
. * o

of the heterogenous dispersoid is not yet known. Therefore, when determ-
: u T
ining b, from equation (2), the common practice is to express —-~ and —

* Ta

by the formulae correspon§ing to the homogenous (clear) fluid. Such an
approach can be justified only in the early stages of the transpoert in
g suspénsion and if the absolute value of C can be régarded as small in
comparison to unity. However it can be sHown that in the advanced stages of
the transpoft of sediments iﬁ suspensiqn, the velocity diagfams corresponding
‘to the homogenous and'heterogénous cases differ from each other considerably.
(Yalin 1977). Various expressions of the mechanical properties of flow can
be made to obtain different forms for b, an@ for function ¢(n}).

Note that, for a given function ¢(n), the nature of the distribution of

c

the dimensionless concentration < is solely dependent on the magnitude of

o
w .
the ratioc v Ssince.8= constant). If the shear stress distribution is
%
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' =y
expressed as a linear function and the veloclty distribution is expressed

according to a logarithmic function, as assumed by Rouse

, and
Einstein (1950) .
¢ (n) 1 _ _
¢ _(n) = 1-n and i (4)
T b
dn Xn
1
i.e. e et s e Esaseerere b s ee e et ens 5
A T (5
}._m 1
t B, = — — e ittt ses st 6
hen % g v, <N Ci-1) (6)
When equation-(ﬁ) is substituted in equation (3), one obtains
i . .
C I w n - 1 l
-—-C—-——exp';(—ﬂ';;lnT——
o] - -==1
O
Thus we have
1 wl w
c —-l'—'é'-—
i.e = D {(7)
Co L—l
n
o
A

Based on the results of experiments, (Yalin 1977}, equation (7) can be written

as

1
|t
o
L
| E
;f

O
I
O
S| B
i
H
<
o+

o]
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The mean concentration of the suspended sediments can be obtained as

1 4" . .
Lm=‘—;— C.dn  ...... (8)

o

The tranéport rate of the suspended sediments (per unit widtly of
flow, otherwise known as the suspended sediment load, q., can be obtdined

¢

from the relation

where u = time-averaged local velocity.

Gravitational Theory

The gravitational theory is based upon considerations of the energy
exchange within the turbulent liquid-solid mixture. The gravitational
theory was proposed by Velikanov and the equation for the theory can be

written as

dg-
— + E =0 et ae et ee et .. (10)
dn

and 1ts solution as

- E*dn
\/\ c n
\ o
A

C
0
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with E, being

hYSw 1
: E= .
- V*Td . ¢u(”)¢’(”) -----............,.,””_.(12)
w -$S 1

Ve Y8 9 (M (n) ;

It is to be noted that equations (10), (11), (12) are similar to
equations (1}, (2) and (3) of the diffusional theory. In fact, it can be
observed that the differential equation (10) of the gravitational theory
is completely analogous to that of the diffusional theory equation (1);
6n1y the multiplier of the second term 1s ﬁifferent.

SubsFituting for ¢T(n):and ¢u(n) the linear and logarithmic relations as

assumed by Rouse and Eilnstein

1 n
d:T(n) = 1-n and ¢, (n) =-—lo—/
X
we have
w XY 1
5 .
E, = Ceresaean A ¢ )
ve ¥S (1-m)lnfm
“a
— H _
c w XY dn
thus —— = exp | - DI € X))
CO V* YS n (1"71)111(1’] \
° a.j
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Note that n = a remains outside the regibn of integration in the
éxpression on the right hand side of equigipn (14}, because

'nD > e > a 1s valid (Yalin 1977).

It has been shown (Yalin 1977) that the family of curves representing

the variation of %— with n is similar for the diffusional theory and the
gravitational theogy. For thé diffusional theories, the v;riation cf the .
distribution curve %— depends on the numerical valué of the parameter

° 1 w |

XB vy

.

while in the case of gravitational theory, the variation of the distribution

curve depends on the value of the combination’ XY

S

[11]
Ve ¥§

It may be noted that Yq implies Z whereas, w can be expressed as a
- M v
YS *

certain function of Rs and M. Thus we have V

1w _ ¢1(RS, M)
. XB vy
and ° Xg b, (R, M) 2
v, ¥8 M

*

The distinct difference of the gravitational theory from the
diffusional theory is that the character of the distribution of suspended
sediments in the gravitational theory is dependent on Z. Since the suspended
load cannot be regarded as transported in the vicinity of the bed by 1its

very definition, the gravitational theory would appear to have an advantage
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over the diffusional theories. In the diffusional theory, it‘has been
assumed that the suspeﬁded load is derived from‘the bed material over
which the .flow pésses, for 6nly'in such a’casg can the transport function
ever be handled as a uniquely solvable problem tRouse, 1950) . The Qash bed
is made up of fing—grained suspended material, only a small amount of the
material being at rest on the bed at any time. It is therefore doubtful whether
the quantity of such fine-grained suspended sediments can be predicted
from bed conditdons alone.

Since the transport of suspended sedimeﬁts is parfly due to turbulence,.

the mechanism of turbulence would require a more detailed iInvestigation

than the data available in this thesis permit.
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DEFINITION OF SYMBOLS

2w

1v|
dimensionless volumetric concentration of suspended sediments at
the leve} y
the dimensionless concentration at the level y = yé
dimensionless mean volumetric concentration of suspended sediments
grain size of a uniform material, typical grain size mixture
depth of flow
mixing length at the level y

2
ov, &

mobility number
v D

suspended sediment load or transport rate (per unit width of flow)

in the region

grain size Reynolds number
lTocal flow velocity in the direction of y
average speed of travel {in a vertical direction) of fluid

Tumps required to travel distance 1
T
shear velocity

is measured from the Towest point of the bed upwards
h

D
specific weight of a grain in fluid



= VYon Karman constant

the order of y which separates the regions of "bed load" and

.suspended load
total shear stress
total shear stress interacting between the flow and the flow

boundary (bed surface)

terminal (settlinq) velocity

48
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CHAPTER 3

v

ANALYTICAL METHODS

3.1 Introduction

The foregoing review of studies of sediment yield and transport-
ation indicates ‘that further studies for estimating sediment yield
and transportation in small areas undergoing_deve]opment‘are required.
As indicated in Chapter 2; many variables of the stream watershed and
preﬁipitation affect the yield of sediment. Two approaches have been
attempted in this study to allow for the complexity oflthe relation-

ship amoné them. The two methods of analysis are:

A. A statistical approach. Factor analysis and multiple

regression analysis arerapp]ied to the data collected in estimating the
sediment load. Twenty-five variables were selected to describe
geomorphic factors, hydrologic events, meteorologic events, land-use
conditions and soil and geclogic factors. The 25 variables were then
subjected to factor analysis and multiple regreséion analysis. The
procedure used is described below. A more detailed deseription of

the variables selected is given in Chapter 4. A discussion of the

analysis is given in Chapter 5.

B. A deterministic continuous simulation model. This model is

used to generate a runoff component which is an essential requirement
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in pfedicting sediment yield. fhe hydrologic hode1 described below
is the University of Maryland version of the USDAHL-74 model (UOM/
USDAHL-74). |

Input to the model .includes parameters to describe streamflow,
watershed and weather. A complete 1is§‘of the parameters required as
input is listed in Appendix B. A Tist of daily stream discharges
is one of the outputs available from the model, The daily discharge
can then be used in conjunction with a sediaent transport model to
estimate_the suspended-sediment load.

A sediment transport model requires as:inpht characteristics of
the fluid, the éedjment, the flow and the channel ggpnetry. It must
account for the transport of the sediment from source areas to the
point in question and provjdé“for scour and deposition of matefia] along

the stream channels. Such a model is described below in section 3.4.

[*)

3.2 Multivariate Analysis

Two common methods of statistical analysis that can be used for
prediction-are:

(1) Multivariate analysis, and

(2) Regression analysis.

Regression anaﬁysis is discussed in Appendix A.

Multivariate analysis is a statistical technique that investigates
relations among a set or among several sets of random variables. In
such an analysis, a vector of means and a matrix of covariances of

several random variables are used instead of the simple mean and the

|‘,
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variance of a single dependent variable of the multiple

.analysis. Whereas in the regression anaIysis,.it is assumed that the .
only random variable subject to error.is the dependent variable, Ehe
multivariate analysis has‘provision to associate errors in. two or more
random variables (Yevjevich 1972).
Some of the topiés that fall-under multivariate techniques are:
1. Principal component analysis.
2. Factor analysis.
3. Multivariate regression analysis.
4, Canonical.correlations., |
E§:5r4Ef description of these topics is given'in thi; chapter.- For a
“more complete treatment of these topics, reference should qi made to

books by Kendall (1975}, Harman (1967), Mulaik (1972), Cooley and
Lohnes {1971).

3.2.1 Principal Components . '

The objective of principal component aha]ysis fs to transform
originally correlated variabies into n uncorrelated gﬁforthogonaI :
components.

To determine the principal compoﬁents of a set of jgintly
distributed random vériables, the set of n linear combinations of the
original random variables 1s‘sought ghich are normalized combinations
and orthogonally uncorretated. The first linear combination is
determined such that it has the maximum variance 6% all the n linear :

combinations, the second is determined such that it has the maximum

[
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variance of all the n linear combinations, the secoﬁd is determined
such that it has thé maximum Variance of the remaining (n-l) linear
* combinations and is uncorrelated with the first. Each other
subsequent jth component{-is determined such that it Hasfthe max jmum
variance of the remaining (n-j) linear combinations. This operation
is carried out until n such orthogonal linear combinations have been
-;.&etermined. It may be found that the first q components account for
:;-most of the system variance-wﬁi1e the last n-q components account for

-
“

_;ﬂ:fitliitle of the system variance. The mathematical operation can be

1Y

- expressed as
s

no _,...,,....M.:j'ﬁ'"“""
Z; ='jE{1A1jxj | ‘ | (3.1}
in yhich j=1, 2, Len and i=1; 25 - 30 @ set of n random variables X
is rép1aced by the set of n random Zi variables (or components) which
are mutually correlated. ‘
In matrix notation, the expression becomes
Z = AX ‘ 7 (3.2}
where Z is a x N matrix of n observations of N variables, and A is

an N x M matrix of coefficients defining the 1inear transformation.

3.2.2. Factor Analysis

Factor ana]ysis‘is a linear model which resolves variables linearly
in terms of a small (usually) number of factors by taking advantage of
the intercorrelations among the variables. The factors account for the
linear relationships tﬁat exist between-observed variables. This

resofution can be acéomp]ished by the analysis of the correlations

F
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among the variables. Thus, the chLe,f a'nn is to attain scientific
. parsimeny or economy of description. The factors produced shoutd:

convey all the essent1a1 information of the or1g1na1 set of variables

(Harman 1967). The two most important requ1rements of the factors

Y
analytic model are (Mulaik, 1972): T i
1.  Relationships between variables should-be linear. 7 i
2. .The variables to be analyzed should have non-zero-correlations ‘;/’ -
" existing between them. : ' - o

' The'udinm1n purposes sought by & $actor- ana1ys1s mode1 are:

1. To extract max1mum variance

a 2. To reproduce besﬁiﬁhe observed corF%lations. _ . ‘o

Ly -

The. first. is known asothEUfactor pattern and the secorid is called the

L]

: . ) . o D
-Z = A, 31 f] + a F2 ...... Ajn Fn_+ bj Sj + ej Ej i_—_szg}Mney

factor structure.

i=T1,.ece.. n
dr more generally as
Lo I =y F1_ tag, Byt Asp Fn * d5 Uy | ?’3.4) '
where Zj is the standerdized value of the jtﬁ variable "5 ®
F is the.commion factor extracted ) '
"l is-a uniquejfactor for each variables =
Aig (351.2,..0m, i1 2,...n) -are the coefficients of the
factor loadings-. “\g )
‘The significance of these loadings s ‘discussed later on 1% this
: -
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) /’i\\\\\\ " chapter. Equation 3.4 can be written as follows -

Nd Uy (i=1,2,...N,§ 1,2,...n) (3.5)

ﬁfﬁ?’g? dj Uji i € residual error or unique factor in the' theoretical

representation of the observed measurement Zji‘

_ Composition of Variance .
The-total variance of a variable in.standard form when the common
factors are uncorrelated among themselves may be expressed as follows

2 . 2. 2 2 . 2

The unique factors are always assumed to be Unconpglated with the common
factors. The contribution of the unique factor to the total variance is
known as the uniqueness ajz. The uniqueness indicates the extent to
which the. common factors fail to account for the to Tt variance

. . ,4“\%,/' I .
of a variable. The uniqueness of a variable{can be decomposed into two

portions of variance

1. That due.to the particular se1eétion of variabﬁés in the
study, usua]ly.referred to as the specificity of thé ;ariab1és,
| ~ and — .
o 2. That due to unreliability of measurement, usually called the
erfor variance or unre]faﬁility of the variable. -
' : In equaiion 3.3 Sj and Ej are the specific and error factors

" respectively and bj andLej their coefficients. The specific and error
factorsfare\ysually-assumed uncorrelated. Therefore,.the following’

{
relation “follows
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2_,.2 =2
d; by” +e; S (3.7)
For hydrological pufposes, the factor-ana1yt5c model usuaily
employed reduces to
I, =1 A, F - (3.8)
o g 9P P

That is the variable is described in terms of the common factors alaone

In matrix notation, the fundamental equation can be expressed
as follows

Z=AF + DU (3.9)
or for the common factor section
Z =AF " {3.10)

Procedures in Factor-Analysis

There are three basiE steps .in the factor analysis model .

1. Preparation of correlation matrix. ’ .
L ’ .

2. Extraction of initial factors.

3.

Rotation to terminal factors.

— e — e —
et =
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Multivariate Regression Aﬁalysis

Most often in hydrology the interest is to develop a. prediction

equation. Such an equation can be derived from the rotated factor

analysis. One such prodedure is to use regression on the rotated

factors. The steps to be followed have been outlined by Haan (1977J:'

1.
2.
3.

Compute the factor loading matrix, a. o 4

Computé'a varimax‘rotation of a.

Eliminate X variables that have no high (> 0.90)} corre1itions
with any of the rotated. components {factors).

Repeat steps (1) and (2) with the remaining variables (i.e.
with variables that have correlations > 0.90).

Perform a multiple regression of Y on Z where A = AF based

on the results of step (4). . :

Eliminate the non-significant component from the regression.

. Put the resulting equation in the form of regressgpn eQuation

- P
Vi =By * B By Ay . (3.15)

where the @ are constant, Y is the dependent variable and

Xi js the independent variables.

A'éomprehensive treatment of factor analysis can be found in

Harman (1967) and Mulaik (1972).

3.3 USDAHL-74 - Continuous Simulation Model

The USDAHL-74 Model (United States Department of Agriculture,

Hydrograph Laboratory) was chosen as a deterministic model. The model is

5 continuous simulation model; it takes into account the different

6_?
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phases bf the hydrologic cycle in the_predfction of the runoff continuously

as opposed to a single event. The model was chosen for this study because

it had been specifically developed to model land-use change (Langford and

McGuinness 1976,.Ghefmazien et al 1979, Holtan et al 1977; Beﬁgtson ef al 1979).
The USBAHL model {Holtan et al 1975, Holtan and Yaramahog]u 1977) is

an accounting system that aﬁportions: precipitation to surface runoff,

infiltration, evaporation, transpiration, lateral flow; and groundwater

recharge. The 1nput\E;rameters are deriyed from physica]]y-measurab]e

batershed characteristics (soil survey records, land use patterns,

topography) and general climatic conditions. The USDAHL-model has the

advantage of baging many of the model parémeters on physical measurements.

Such an advantage is especially helpful fn the -calculation of streamflow

in areas where Tittle or no data are avéi]abTe. The University of

Maryland (UOM) version of the USDAHL-74 hydrology model is used 1n,thﬁs

study because it is designed to improve Eomputationa1 efficiency by

using a variable routing interval (Holtan and Yaramaﬁog]u 1977). _
The distinctive features of the UOM version of USDNHL—74.aré outlined

in Figures 3.2 dnd 3.3. The basic concepts and philosophy of the model

are completely described in Holtan et al 19743 Holtan and Yardmanog]u

1977 and Fleming 1975. ) : ;

The model accepts input from two .classifications of;barameters:,

1. Climatic Parameters.

" 2. Watershed Parameters.

Sy i
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Climatic Parameters

a. The rainfall values are to be 1npu£ in either standard form (say,
avery f{ve minutes) or preferdb]y in breakpoint form. The breakpoint
form of tabulating rainfall values ensures that the rainfall intensity
is well recorded by noting the change in slope w1th1n a correspond1ng &
time interval on a rainfall chart (Agriculture Handbook No. 224,
1979).
b. Evaporation. The data required are the consecutive weekly averages
of daily pan evaporation in inches. |
-¢. Temperature. ‘The data input required are the consécutive.wéek1y

averages of daily mean temperature in °F.

Watershed Parameters

Zon1ng, One of the fundamental concepts of the USDAHL-74 model is
the idea of dividing a water;;E?Pﬂq{o hydrologic response zones aning
aims at dividing a watershed into areas which are as homogenous as
possible. Zoning is the first decision in app1y1ng USDAHL-74

N~
(Holtan et al 1977). For the purpose of computing outflow from the
watershed, zoning would berﬁy soil types, by tapography or by lana use.
Zones «are numbered iﬁ an elevation sequence in a series so0 as to permit n
any cascading that is noted. After calculations of evapotranspiration,
infiltration, and depression storage, e€xcess surface water from each zone
cascadaes to the next zone in the sequence or diverts into the stréam or
onto the alluviums next to the stream. Once established, zones are fixed

| I

for the entire computation series.
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Soils. .The USDAHL-74 model requires that the soil profile be divided
into two layers. The model assumes that the total depth of soil is . ]
sufficient to inqlude the deepest ropt system. The upper layer is interpreted f
as the layer from which the plants draw the majority of their moisture.

In.the USDAHL-74 model, infiltration, moisturé-ho1ding‘capacity, and
outflow rates are computed as functions of volume exhaustion (Holtan 1962).
fhese hydrologic propertieg (infiltration, moiéture—hb]ding capacity and
outflow rates) are based upon dimensional descriptions of zones and soil
Tayers. For example, the percentage of cracks, and the final steady state |
rate of infiltration into a saturated soil are required to ca1cuTate
infiltration. The moisture-holding properties are described ﬁ§ G, the
percentage by volume of water in the soil between field capacity and '
saturation, and the available water capacity, the percehtage by volume
between field capacity and wilting poiﬁt. The University of Maryland
version uses inputs of total porosity, TP, field capacity, FCAP,‘and

wilting point, WP (see Appendix C).

Routing. The routing parameters are obtained from recession curves
plotted an semi-logarithmic scales. In all, five routing coefficients can
be used in the model: Mc’ for the ﬁﬁneam channel, my to m, for subsurface
retu?n flows in ordepfof increasing Bf depth from the surface, that is, m,
%or the first layer of soil, m., for the second layer of soil and my for the

deep ground water storage.

Crop Parameters. In USDAHL-74 a crop is interpreted as land-use. Once

a zone is defined, there can be many crops within the zone. For example,
]

within a zone there can be a certain acreage of construction activity (a

crop), a certain acreage of grass (another crop), a certain acreage of

woodland (a crop).
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There are two crop parameters that modify infiltration: (a) The
A value or basal area rating is a measure of the surface connected
porosify and shows a value between 0.10 and 1.; the higher the A value,
the higher thé initial rate of infiltration (Holtan et al 1975). (b) The
second parameter is the depression storage._.The depth of water stored in

the depression.

Input to the model consists of the 51 iteﬁ§”§ﬁV§ﬁ/2n Table 3.1.

3.4 Sediment Transport Model

The purpose of this sectfon is to describe a model proposed for
the flow in the streams during the period of study. Consideration of
this model will indicate the variables of importance in the transport
of fine-grained sediments.

The seasonal period duriqg which the measurements of this study
were taken was from late May or early June until late October or
ear1y November. This is a period of relatively low flows in the
streams studied except for occasional short rises due to storm
rainfall.

The major event during the year in the hydrologic regime of
these streams is the annual rise in flow during the spring snow
melt. During this period, the stream flow not only transports
suspended sediments from the system; aiso, sediments remaining in
the system are redistributed so that tHey are within or nearer to
the stream channels.

Flow in the streams of this study region recedes as the

groundwater level drops during the Tate spring. As this occurs
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the hydraulic g;&dients in the stream decrease and are:
characterized by short reaches subject to local controls which
are drowned out at higher flow levels. The streams become, in
effect, series of pools interspersed by connecting reaches of
narrower chaﬁnels with‘higher velocities. This transition
becomes more.p;onounced as summer proceeds and the'flow rates
in the streams drop. .

‘These pools act as settling ponds for the suspended
sediments transported by the flow. As the volume of stream
flow falls after the influence of the snow melt, fine—grained
sediments settle out in these natural settling ponds. It is
principally in these quiescent regions of the stream in whi;h
deposition and fesuspension'of fine-grained sediments take place
during the variations in summer stream flows.

The design of settling ponds to remove~discrete sediment
particles uses as parameters thé particle fall velocity and the
overflow rate which is the discharge divided by the surface
area. The level of turbulence in the flow is also a
significént factor in the performance of such ponds. However,
it is doubtfﬁl that this theory is directly applicable to clay-
'sized particles because of the presence of other forces than
the gravitaticnal forée. -The hindered settling of concentrated
suspensions 1s perhaps closer to the actual state of conditions,

™
N
particularly in.the lower, more dense, layers of the susbension.
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Resuspension and transport OF the fine-grained sgdiment
which has settled ﬁo or towards the stream bottom will occur
when the flow increases causing turbu;ence to resuspend the
éettled material. It shoﬁld be noted that stratification of
the liquid due to the density differences which exist because
of.the settling of the suspended sediments will tend to damp
the turbulent fluctuations méking the mixing less effective.

Thus, the existence and éffectivenegs of turbulence in
quiescent areas of the stfeams where settling of fine-grained
suspended sediments can occur during low flow ratés is
believed to be the principal hydrauiic factor accounting for
the presence or absence of these sediments in the summer flows.
The possibility of turbulence would depend upon the eﬁceedance
of some criticél value of a characteristic Reynolds Number
composed of a velocitf, depth and viscosity in the upper layer
. of the flow. Since the velocity and depth would be intefrelated,
it would be expected that the existence and degree of
turbulence would be related to the flow velocity and surface

water temperature.
The effectiveness of a given intensi@y and scale of
turbulence in remixing the fine-grained sediments would depend
largely upon the degree of density stratification. This, in
turn, would be related to the time since the settling pool had
last been disturbed. The process of settling is accompanied by

the consolidation of the lower layers which, if it were to
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continue undisturbed, would create layers of solid material
resistant to resuspension.
Thus, it is believed that the principal parameters affecting

the concentration of fine-grained sediments in the summer

flows of these streams are the velocity, e surface water

temperature and the time since the last significant flow rise.
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( CALL PARAMS {WATERSHED, ZONES, CROPS AND SOQILS.} )

‘——<;CALL DATA (RAIN, AIR TEMP., PAN EVAP. AND LAND USE DATA) )

MONTHLY AND ANNUAL SUMMARIES TO DATE

ET: 0
EvAaP3 O

DALLYS AND

POLLUT IF
REgQUESTED

CALL ETCALC

) CALL SUBSUR :
{TO COMPUTE MOVEMENTS OF SOIL WATER]

A

CALL PERQUT FOR OVERLAND FLOw‘>

St

Params and climatic data; annual & monthly

NO
KYDROGRAPHS
NO

summaries
END OF YEAR ?
¥ -
DAILYS? POLLUT? Land use
MONTHLY AND
ANNUAL SUMMARIES
Fig. 3.2 Schematic flow chart of mainline indicating order in which subroutines

are called (UOM version) {Holtan et al 1977).
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Table 3.1. Input parameters required for UOM/USDAHL-74.

(Items 1-36 are read in subroutine PARAMS.)

(1) Comments Watershed identity, rain gauge,
period of record, and other inform-
ation which will identify run.

(2) Dates for storm hydrograph Dates foﬁ!which hydrographs are
output . ‘ desired.. -

(3) W/S acres . Watershed acreage.

(4) Number of zones . Number of Hydro]ogic response units.

(5) Routing cdefficients. Tot41 number of straightline segments
Total ‘ _in recession curve of hydrographs

- ™ plotting -‘Togarithms of flow rate
versus an arithmetic ordinate of time.

Above weir Total number of segments in )

e recessions observed at outlet of
watershed considered. (Additional
segments may be included in total for
downstream return flows below the weir.)

{6) Number of crops . Total number of crops or and-use
2 practices (i.e. drilled and straight-
- row corn might be two crops).
{7} Deep groundwater recharge, Deep percolation rate which does not
IN/HR ' show up in the recession curve
' (usually regional estimate).
(8) Does land use change? If any crop percentages within zones
Yes/No change during the period of the run,
- answer Yes.
(9) Does tillage Ehange? Is the tillage practice available
Yes/No . yearly for each crop? (If No, include

“only practices for first year of
calculation for every crop.)

o

#



(20)  %.ASM

o) Dai1ys?’ Yes/No
(11) PolTUte? Yes/No
(12) " Z number .

(13) % W/S

(14) ’Length FT.. -

*
. ' ) '\\"
515) % s1opei -Z ::;}’W
(16) Fc IN/HR

R
(V) Topsoil IN.

\ .
(18) Total soil IN.

(19) % ASM]

2
. (21) Z. number

(22) % TPT

(23) %‘t;CAPT

Ty

(24) % W.PT,

' (25) 4 Cracking,

&

‘:\{26) Subscript 2 for above

o

o
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Do’ you want printout of daily stréam
flow?

Do you want printout of daily zone
and layer® summaries?

Zones numbered in an e]evat1on
sequence.

Percentage of watershed area in each

zone. N
- ,, '

Average length of overland fiow on

the zone (not to exceed half the

distance between mapped streams or

waterways).

Slope of the zone.

Final rate of infiltration after

prolonged wetting

Depth 1n inches of- A horiZon
(topsoil).

Depth 1in 1nches to bottom of B
horizon. &

Percentage soil moisture in topsoi]
at the beginning of calculations
(volume). ) .=

- -

ASM . for second layer.

Zone number.

. Percentage tota1 poros1ty in topso11

volume).

R Percentage ‘moisture in topsoil at
',_f1e1d capac1ty (vo1ume)

Parcentage mo1sture‘qn topso11 at o

wilting point (volume}).

~ Percentage of topsoil volume occurring

as cracks when soil dries.out,

Same as previous for second layer.

This refers to (22) through (25).
o

‘
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(31)

(32)

t33)

(35)

(36)

AT hrs

‘Mc hes . ™

Initial IN/HR

-

- Initial snow:cover

Thaw °F

e1 to q, IN/HR

4

m; to m, HRS

% eubfloﬁ diverted
to channel

-

% Zn cascad1ng‘Zn+1

Remainder

——

68

Maximum time interval permissible for

accuracy in channel routing.

approximate” 1/5 of the channel
: routing coefficient.)

Channel routing coefficient.
(Essentially time of concentration
for the watershed. )

(Shouid

Rate of channel flow at the beg1nn1ng
of the calculation period.

The water equivalent of average snow -

covering theﬁg

calculation

Temperature et which snow melt starts
on the watershed.

Max1mum rates of return flow associated

round at beginning of
eriod.

with each segment of the recession
curve except the chapnel flow segment.
(PTot flow rates,
on a logarithmic scale~yersus an
arithmetic time scale traig

segments indicate . f]ow rdgimes 1f
present. 41 1is the largest rate, q,
" is.the smallest.)

f

storm or mean dailys,

ht-1ine

Routing coefficients for sub-surface

return flows.

m

= AHRS/Agng (i

1.e.

hours for segment slope to cross one

log cycle)/2.3.

Percentage return fiow from all zones
above the alluvium which does not
cascade the alluvium, but goes.
directly to-the channel.

Percentage overland flow which
-cascades the succeeding zones.

(Highly dissected zones do not cascade )

Surface “flow which does n t cascade

sj/sequent1a11y

but goes e1th§

_channel or al1®ium, but not

et
T

r to the
oth. '

l\
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(Ttems 37-51 are read in subroutine LANUSE.)
(37) Crop name ) Name of each crop (in fields of eight
letters, starting in cotum 1).
(38) A values v Basal area of vegetation used as an
) ' ' ' index of surface connected porosity.
(39) Vd IN.- Volume of depression storage
(40) ET/EP ' ' Ratio .of daily evapotranspiration to
pan evaporation during fubl growth
vigor of plant.
.(41) Root Depth IN. Deptﬁ of significant roots. {Crops -
' such as Tawns or heavily grazed
pasture have shallow root systems to
balance root-top ratio.)
(42) TU%F . “ Temperature above which crop's ET is
‘. . ' impaired. ' :
(43) TL O - \\\\ X : Tempeyature below which crop- does not
, , ‘ transpire. _ '

J -

A more detailed description of the data réquired in Appendix C. follows:

i - N

(44) Temperatures Of ~. Consecutive weekly averages of daily
mean temperatures (fields of eight
columns}. N

(45) Crop name ' : This name must match exactly the name

given in item 37. Delete unused cards.

(46) GZ - . Percentage reducfion in evapotranspir-
ation attributable to grazing or other
crop damage. i )

(47) TIL ' E One of the four tillage codes.

©(48) . MMDDYY | * Month, day, and year of the tillage
- . practice. Two dates for the same
' crop may not be in the same week.
(QQ) Z number 4. ~ Zone number.
- | &
. SN .

o

Ki



(50) % Crop

(51)

E_. IN/DAY
o 1N/

70

Percentage of the zone in the crop.

" The sum of the percentages for a

given zone must equal 100.

Consecutive weekly averages of daily

pan’. evaporation.
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CHAPTER 4

, STUDY SITES AND DATA COLLECTION

4.1 General Description of the Study Area

{
Location |
The study area lies between 45° 27' 00 and 45° 33' north
latitudes and 75° 40' and 75° 51" we§t fongitude. Most of the study

area lies within the Outaouais Regional Council. The sampling

stations are Tocated in the following counties: Gatineau, Templeton,

Touraine, Chelsea and Hull. There were rapidly developing areas in

this region when the project was begun.

Climate

"The elimate of Western Quebec is of the cool temperate type.
The monthly prec1p1tat1on is slightly greater "n the*summer than at
other times. The temperature and precipitation va]ues used for the
area were values recorded at the Ottawa Exper1menta1 Farm, which is

w{ibin the Ottawa Valley region and is the nearest station to the

~ study érea for which records are available.

Topography '

The study area-can be characteriied by two main physiogrdphic
regions: T

(1) The Ottawa Valley pr]and to the east, ana_

(2) The Laurentian ‘Upland physiographic region to the north west.
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&
The Ottawa River valley region rises from 140 feet above sea level
at Touraine to 400 feet at Gatineau and Hull. The Laurentian Upland.
region, excepting river valleys and lacustrine basins, is aﬁ old _ -
penepiain that ranges from.800 to 1400 feet above sea. level (Lajoie
1962). It is rolling to mountainous. The river valleys ané lacustrine
basins are undg1ating to level and are 400 to 800 feet abové sea level.
The Ottawa valley regiqn is also characterized by an undulating to
level topography. It is quite possible that there may be minor
differences in the values of climatic data within the study area due
to local factérs such as Wlevation, air drainage, exposure of slope

-and proximity of large water bodies.

:Drainage
The stﬁdy area is a part of the Gatineau hydrographic basin.
The Gatineéu Biver flows sthhwards and drains into fhé Ottawa River.
The Gatineau is tﬁe,most‘important tributary of the Ottawa Rﬁver, The
four main creeks which drain the study area and on which the sampling
stations were located drain intc the Gatineau River. The fdur main il

creeks_afe Moreau, Desjardin, Chelsea and Leamy.
The whole Laurentian Upland region is characterized by a multitude
of lakes and fast flowing streams. These have made the area an

important tourist and vacation region (Lajoie 1962).

Natural Vegétation

Deciduous tress and some conifers are to be found on the part of the

.5tudy area drained by Moreau Creek and Desjardin Creek. On the western
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part of the Gatineau River in the study area, the usual tree ‘association
is dominated by conifers. This part contains excessively drained soils.

The particle-size distribution of some materials is shown in Appendix B82. .

Parent Materia]si;

The study area is mainly underlain by Precambrian rocks. The
Precambrian rock formations belong mainly to the Grenville series,
which consists largely of metamorphic rocks suﬁh as crystalline Timestone,
quartzite and various kinds of g}eissic rocks. Nearly all the
_Laurentian.Uplands region is covered by till. The till consists of
rock fragments and rock flour, and the pértic]es range in size from

' é]ay and silt to sand, gfave] and bou]deré; The tills are derived
from the underlyfﬁg hard metamorphic and igneous rocks.
‘ Thick marine and lacustrine clayey deposits *are found 1n‘the
other part of the stUdy area. The thickest is of marine origin and
“was gpparent1y deposited in deep water. It is more than 60 percént
clay and has a uniform massive structure (the upper part of Moreau and
Desjardins). The lacustrine deposits are intermediate in clay and

silt content (the lower part of Leamy Creek).
. %

. iy |
4.2 Sampling and Measurement \\

It was in this developing region (Figure 4.A) that gauging stations
were established in 1973 on some streams for the purpose of collecting
suspended sediment samples angd medsurfhg the stream discharges associated

L

with such ;amp]es.

'
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Some of the stations which drain areas undergoing development were
located on streams which were close tosone another, in‘order to ’
facilitate the field investigation while still monitoring stream
conditions associated with constructiona] deve]opment. Others were
located on streams which drain predom1nanﬁ§< rural areas, the
rationale being that data gathered from such streams would be used to
correlate with the data obtained from streams draining areas of develop-
ment. Table 4.1 sﬁows the locations of thé gauging stations and the type
of areas the étreams drain. In some casag, more than one.gauging
~ station (two at most) wefé located on a stream. The aim was to
determine the contrﬂbution, if any, made by the areé between‘the'stations

to the sediment yield. In most of su;h cases, the upstream areas were

rural or were not undergoing any significant development.

Sampling Frequency

Sampling wés.started in 1973. VThe samples were collected weekly
’from Apri] 1973 through Novémber 1973, Apriil through November 1975, and’
‘June through September 1976. There were no field investigations in 1974.
The periods of sampling coincided with the period of active development.
- At the end of'1973;saﬁp11ng on the Ga;}neau River was discontinued as
the control of the river'upstream by reservoirs was known to cauée.
considerable fluctuations df discharges so that the results were not
meaningful for this study. The sampler used was the USDH-59 depth-
integrating sgspended—sediment sampler. The sampler is made up of

cast bronze and partially encloses the sample container. It is equipped

with tail vanes to orient the intake nozzle into the approaching flow.
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- / +
This sampler is suspended >n a suitable hand-line.

Sediment Measurement Techn1ques

There are d1fferent types of samplers that are used in fluvial
sediment measurements. A comprehensive study of sampling equipment
would include suspended sediment, bed-load and bed material samplers.
However, fof reasons stated in Chapter 1 only suspended-sediment
samp]fng was carried out in this study. A description of suspended-

-

sediment samplers can be found in Sedimentation Engineering (1977).

Depth-Integrating Samplers

Depth-integrating samplers aré designed to collect a water-~
sed1ment m1xture as they are lowered to the stream bed and raised-to
the surface at a uniform rate. During trans1t the ve1oc1ty in the
intake nozzle is assumed to be ‘equal to the local stream veloc1ty at
all pointé in the vertical. "To avoid error in sediment contentegf the

- sampler due to outflow through the air exhaust, the transit time is

usua11y adjusted so that the sample conta1ner is not completely f111ed.

The filling times for a pint conta1ner for various intake ve1oc1t1es
and. three diameters of nozzles are shown in Fig 4.p.

Some of thé different types of depth—integrated samplers include
(1) the USDH-48 sampier, which weights 4.5 1b., (2) USDH-59 sampler,
weight 24 1b. shown in Fig. 4.c, and (3) the cable suspended "UsD-49
sampler weight 62 1b. The three samplers mentioned above are equipped

for pint milk bottle containers. !

A
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1

The DH-48 sampler is equipped with a wading rod suspension and is
used in shallow streams. fhe DH-59 sampier with a handline suspension
is used in streams with {gz,ve]ocities but wiﬁhhdepths that do not allow
eahp1es to be collected by wadjng: lThe UsD-49 same] r is designed with
a cable suspehsion and isfuséd in streams beyond the range of the hand-
operated equipment. Both»ﬁe1ocity and suspended sediment concentrations
observetions cen be made by these samples up fo a point within 0.3 ft
of the bed. )

Depth—integreting samplefsﬁare designed to improve sampling
accuracy and‘a]so'to reduce the cost of obtaining records of suspended
eediment discharge. The‘USDH~59 sampler was used'in this study because
of a combination of factors: (1) The samp1$§ is not too heavy,
weighing 24 1b. (2) It is equ1pped with a handline suspension which
permits samplies to be co]lected‘from a bridge or from the top of a
culvert. (3) The USDH-59 is especially developed for use .in streams

with low velocities.

« : .
The samplers described so far were deve1oped in. the United States

Sources of Error in the Measured Suspended Sed1ment Concentration

The accuracy of suspended sediment concentrat1on measurements is

affected by the following factors (Gupta 1974)

A

1. The samplers .do not traverse a region about 0.3 ft in depth adjacent

"to tﬁe bed. As sediment concentration is maximum near the bed, a

et ]

" significant portion of suspended sediment load may remain unmeasured.

Special care was taken in this study to obtain samples at points
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of constriction in the channel. The stream velocities at such
points would be greater than the mean ve10c1t1es of the stream and
such re]at1ve1y high ve]oc1t1es might entra1n the sed1ments close

to the bed.

Experimental ev1dence suggests that the standard deviation of the

' depth 1ntegrated suspended load concéntration at a vert1ca1 ‘may be

i

H

10 percent or more of the mean,
Standard dev1at1on of po1nt samples of the order of 10 percent of

the mean is the best 0bta1nab1e while 11m1t1ng samples to a

\\\‘_I,///reasonable vo]ume _ -

4.

The depth 1ntegrated concentrations. between two vert1cals in the
cross-sections on thetsame day can differ by more than 100 percent.
For'sand bed streams, it is doubtful whether a single vertical in a -
cross-section can be representative of the entire cross-section for
suspended sediment concentration,

Furthermore the verticals cdntaining the max{mum'gpd—éuhlmi: concen-
trations change pos1t1on 1n the crags section with time, so t\\i
difficult to*select which, if any, single vertical in the cross-

section is representative of the whole. In this study, samples

were co]]écted from the central part of the stream By the depth-

“integrdted method. Tt is difficu]t to guarantee that the concentra-

tions of suspended sed1ments near the bank wouldhbe equa] to the

. concentrat1ons in the mid- port1on of the stream. ‘It is, however,

assumed that the streams being small a thorough m1xing of the sediments

m1ght aceur espec1a11y %t pomts o‘(constr'lctwn
| | - (

E N :



5. In a cross-section, the vert1ca1s fgr maximum concentrat1on of
d1fferent size ranges may not coincide.
6. Local transport rate of suSpended sediment, along a given bed form,

may be more for sed1ments of coarser sizes than for sed1ments of

finer sizes.

Laboratory Procedures

T52 ~{} Tﬁéqu1low%ng procedures were used for the analysis of the samples

v

for suspended sediments.

Comparison of Millipore and Nucleopore: Filters

A test -was made to determing whether millipore and/or‘nqcléﬁporé
45y filters lost weight during washing (filtering) with distilled
water and Ottawa River water. Ottawa River water was used because ;
was at_ this time (1973)cthat the Ottawa River project was started.

The suspended ébiids (s.s.) analysis (fqr details see section on
Suspended Sediments Analysis) was done using each of two mii]ipore and
two nucleopore .45u fiTters utilizing 200 ml of disfi]1ed water as the
filtered medium. After these filters were dried and weighed, the
suspended sjyids analysis was carried out using 300 ml of Ottawa River

water utiliZing the same filters and an unwashed millipore filter. The
I~

results axe™as follows (Table 4.3).
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Table 4.3, Comparison of Millipore and Nucleopore Filters,

‘Distilled Water

Filter Tare Weight Weight after " Weight difference
omg s.s. analysis mg
. g
Millipore F§1ter A 87.6 88.3 + .7
Millipore Filter B 90.6 91.4 . + .8
Nucleopore Filter A 16.0 ©17.5 g + 1.5
Nucleopore Filter B 16.4 R \ + Y

'Ottawa River-

Filter Tare Weight Weight after MWeight . . Suspended
. s.5. analysis difference solids
mg mg mé  ° mg/l
Millipore Filter A 88.3 89.0 .7 2.3
Millipore Filter B 91.4 92.1 7 2.3
"Miliipore Filter C 91.4 92.5 1.1 3.7.
. Nucleopore Filter A 17.5 18.1 .6 ' 2.0
Nucleopore Filter B 17.5 18.1 .6 2.0:

-




e

f‘-#’

. Conclusions I N

Both mi]lipore and nucfeopdéé‘.45u filters gaiﬁed weight when
filtered w1th d1st111ed water ‘The weight gaiﬁ is assumed to be
approx1mate1y equaT to the concentrat1on of suspendeﬂ solids in the
f11teréd\wa¢er The unwashed m1111pore filter gave a significantly
higher suspended solids concentration va1ue (mi11ipore filtér C)

N\
The extremely Tight weight of the nucleopore filters made them

difficult to handle. It was felt that thewguspended sediment COﬂC&J%%—

ations in streams f1dw1ng through areas undergoing development were
Tikely to have a higher value than the concentrations of the suspended
sofids in Ottawa River, hence it might not be advisab]é to use f{1ters
as light in weight as nucleoporg fi]ters.- 1t was therefore decided to
use millipore filters in the anaiysis of suspended solids. Besides |
there was a greater gain in weight when 200 ml of distilled waﬁér'ﬁas
filtered through nucleopore filters compared to the weight'ga%q recorded
for millipore filters using the same volume (200 m1) of distin@d water.
It is puzzling that the gain in weight recorded for gach of théx
nucleopore fi1ters'was much smaller when Ottawa River water was filtered
through each of the nucleopore filters than when the distilled water
alone was filtered through the filters. g

The filtering of the distilled water was carried oyt because some
small amount of distilled water is used in washing down-the sediments
that stick to the receiving container durtng filtration. When a sizable
guantity of distilled water is used for washing, the average weight

gain due to washing should be determined and substracted from the value
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of the suspended solids concentration arrived at in step 10 (see next

section).

I'd

Analysis of Suspended Solids

The following procedure was followed in the analysis of suspended

solids. Millipore filter papers (0.45n) were used:

—
.

10.

The fi}ier paper was placed on a glass dishy

The glass dish and the filter paper were then dried in the oven at

a tempe?ature of 1030-1059C for fifteen minutes (the temperature

should not exceed IOSOC).

The glass dish and the paper were cooled in the dessicator for ten

minutes. ’ R

The filter paper alone was weighed. The wéight recorded was known
as the .tare weight. It has been expefienced that the wéfghing of
the filter paper alone rather than the filter paper plus the glass
dish provides a more reliable set of readings. |

The filter paper is then placed on the-filtering equipment and some
measure volumed (< 300 ml) of aliquot sample was filtered. (Note:
The maximum volume of each of the receiving-cy]inder on the
fift;ring equipment is 300 ml.) N
After filtering, the filter paper was placed on thecg1a§s dish.
Step (2) was then repeated.

Step (7) was fo]loweg_by cooling as in step (3).

The filter paper a1one was weighed. This was known as the dry weight.

The suspended solids =:Dry Weight - Tare Weight. If y ml (y = < 300-ml)

of .#fliquot sample was filtered, the suspended solids (mg/1) =
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o
Dry Weight ;_Tare NE1ght.x 100. For example, if 300 mT of aliquot
sample was filtered,, the suspended solids concentration {mg/1) = ,;nﬁﬁﬁﬁ_‘
Dry Ne1ght360Tare Weight % 100. ' 3 e~ <
¢

- 4.3 Data and Selectiom of Variables for Muitivariate

Analysis K\*

It was assumed that the observed suspended sedinment is-dependent on
certain groups of variables, descriptive of the pthTta1 characteristics
of the watershed and the hydfo1ogica1 and meteoro]ogiba] conditions of
the area. These variables can be calssified as follows:

1. geomorphic factors

2. hydrologic events

3. metéorologic events

4, TJand-use conditions

5. soil and geologic factors

4.3.1 The Geomorphic Factors

Four variables selected to describe the geomorphic factors are:
V14 AREA (A) = Watershed area above stream gauging site, square kilometers.
V]Z SLOPE (SLPC) = Average stream slope, defined as aH/Ls where sH is
the difference in meters in elevation at the stream gauging;point and’
the origin of the stream channel within the basis and Ls is the axia]“ﬂj
length of the main stream channel in meters (Magette, Shanholtz and

Carr 1976). It is to be noted that for this type of study, this measure
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of average stream slope is found to be adequate and simpler to compute
than Horton's (1932) method or that proposed by Bowden and Wallis (1964).
\.f]3 ELEVATION (ELEV) = Mean,e]evaﬁqgh of the watershed area in

meters. This was determined by the

Vo3 LENGTH OF FLOW PATH. () ppyip) = Tota

length of the stream channel

divided by the drea, otherwise known as the drainage density. The
drainage density is a measure of basin efficiency in removing excess
precipitation inputs (Patton and Baker 1976). It is an indicator of

the permeability of the surface of a dfainage basin (Horton 1932).

4.3,2 The Hydrologic Factors

Eleven variables were selected to describe tﬁé hydrologic factors
during the data collection periods.  Since sediment discharge is closely
related to the. water diséharge, it was considered appropriate
to account for some of thelruanf processe;. There?ore, njne varﬁéb]es
were selected to account for the soii moisture conditions prior to the
day of sampling. The total 5-day antecedent rainfall had been found to
be an important index in runoff production from other studies (Knisel 1970).

The hydrologic variables selected are:

'Vg AP15 = The maximum 5-day precipitation (rainfall) antecedent to the

1
7_,_!

day of sampling.

V1 (AELS) = The maximum antecedent 5-~day EI, the rainfall energy and the
maximum 30-minute intensity of the storh, that was derived to describe

the-.relative erosion-producing capacity of individual rainstorms

(Wischmeier, Smith and Uhland 1958).
P



' V2 (APRCPS) = The total maximum 5-day antecedent 6-hour precipitation

intensity.

]

V., (APRCPT)

3
precipitation intensity mm.

The total in mm. maximum 5-day antecedent 2hour

V4 (APRCPN) = The total maximum 5-day antecedent 1-hour precipitation

Jintensity mm.

V5 (APCPTH) = The total maximum 5-day antecedent 30-minute precipitation

intensity mm.

-

V6 (APRCPF) = The total maximum antecedent 5-day 5-minute precipitation

intensity mm.

V; (APRDH) = The total precipitation-period in the 5 days prior to the

day of sampling (hours).

V8 (NPRCP) = The percent of the antecedent 5-day period which received

no precipitation.
The other hydrologic variables selected are:

V24 (DISCHA) = Discharge of the stream measured at each gauging site
during sampling period (litres/sec) divided by the area of the

drainage basin.

Vog (SEDIMA} = The suspended sediment Toad kilograms|sq.km{per day
divjded by the aréa of the drainage basin. This variable is a function
of the suspended sediment concentration and the sediment discharge.

A large number of antecedent precipitation intensity variables was

considered necessary in order to satisfy the following criteria:
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1. The 1ength of input record antecedent to a p?ft1cular out- put
should be long so that the effects of 10ng -term components such as
lthe groundwater system are represented.
2. The time .increment used for the input record should be short so
that rainfall values affecting shqrt-term surface ruﬁ%??rcomponent

£

are adequately described (Bidwell 1971).

2

4,3.3 Meteorologic Factors

: Two meteorologic variables were selected:

V]O (AVTEMP) = The éverage atmospheric temperature at the time of
sampling. This variable was ton514ered{;§ an indicator of water'

temperature and thereby of viscosity.

V]1 (ATEMP5) = The average of mean 5-day temperature antecedent to the
day of sampling. This variable was selected to describe the seasonal

-

effect.

4.3.4 Land-Use Factors

7

A group of four variables was sé$eetéd’f6/;haracterize the effects
of Tand use in the watersheds stud}ed. Some of the measurements in this :
group are rather crude, for they were estimated from aerial photographs.
It was also assumed that the condition depicted‘iﬁ any year's aerijal
photograph represented the conditions in the basin for the entire
sampling period, the previous year.‘/?BF‘EXQ@pTe, to determine thé Tand-

use variables for the year 1973, the aerial photographs for 1974 were

examined. This assumption is reasonable bearing in mind the fact that
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the photographs are made in spring (AﬁriTQMay) aﬁd the data-coilection—

period was from May-October. The variables are:
V17 (wDLD) = The percent of tﬁg drainage basin area made up Qf woodland.

Vig (GRSLD) = The percent of the drainage basin area made up of grassland.
. - _ .

V19 (DEVLPD) = The percent of the drainage basin area made up of
developed land. The developed Tand here is defined as that portion of
the drainage basin that js considered impervions, such as paved area,

roofs, etc.

Voo (DISTRB) = The percent of the drainage basin area. that is
disturbed very near the stream channel. An estimate of this variable was
made by the visual observation of the field conditions during the data-

‘gathering exercise.

4.3.5 Soil and Geologic Factors

A set of four variables was selected to characterize the effect

of soil and geology. -As~some portion of the drainage basin studies is

\\

known to be susceptible~to ]andsTides; it .was considered appropriate to

account for this phenomenon.
-

V]S (LANSLD) = The percent of the surface area of the basin considered

as landslides (from the soil map of the area, Lajoie 1962)..

Vs (CLAY) = The percent of the surface area of the drainage basin made
up of clay. The topsoil texture up to a depth of-0.5 m. was considered.
This variable was computed with the assistance of the personnel at the

Federal Agricultural Research Station, Ottawa.

<
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VZ] (UNCONS) = The percentage of area covered by unconsolidated sediments.

This is assumed to be all sediment equél to or younger than cenozoic.

L d

V22 (CONSLD) = The percentage of aréa covered by conso]idated‘sediments.

This is assumed to be all sediments older than cenozoic.

The two foregoing variables are also indicators of slope stability

(Wallis 1965).

4.3.6 Gauging Stations

Tables 4.1 and 4.2 show the list of stations sampled ihitia11y'at
the beginning of the project (1973). Table 4.2 shows the 1ist of stations
retained for sampling throughout the period of the investigation. T
Figures 4.1-4.8 show the pictures of the stations listed in Table 4.2..
Figure 4.9 is an iTiustration of a typical land-use activity
(construction) whi;h was in progress during the sampling period (1975).
This particular activity was upstream station 7. '

Access to station No. 10 (Table 4.1) was blocked during construction
period (Figure 4.9), hgnce sampling on that station was discontinued.
Station 8 which was located &ownstream of station 10 was then used to
monitor the ]and:use activity of the drainage basin in which Station 10

was located.



Table 4.1. Sampling Stations.

9

-

Station
No.

Location

" Type of Activity within the
Basin (1973) -

10

U1

Gatineau River,

~Highway 8, Pointe

Gatineau

- Morgau Creek,

Pointe Gatineau

- Moreau Creek East,

Templeton

Desjardins Creek,
Trailer Park,
Touraine

Desjardins Creek,
Confluence Gatineau
River, Touraine

Alonzo-Wright Bridge
Gatineau River,
Touraine

01d Chelsea Creek,
Fleury Road, 01d
Chelsea :

Chelsea Creek,

Hwy 11, 01d Chelsea

Leamy Creek, Mine
Road, 01d Chelsea

Leamy Cieek,
Freeman Road,
01d Chelsea

Leamy Creek,
Hwy 11, Hull

Drains predominantly rural area, flow
controlled, upstream. Downstream of
Station No. 6.

Drains area undergoing development.
Residential building construction in
1973 season.

Flows through an area denuded of
vegetation.

Flows through area undergoing
development, trailer park.

Flows . through Touraine, a rapidly Nr\*\\

developing residential settlement,
downstream of Station No. 4.

Drains predominantly rural area, flow
controlled upstream.

Drains rural area.

Drains rural area, downstream of
Station No. 7.

Qutflow from a dam. Drains rural area.

Flows through a highway construction
area, located downstream of Station No. 9.

Located doﬁhstream of Station No. 10,
draihs partly area undergoing develop-
ment and partly rural area.

N
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Table 4.2.°SampT1ng Stations.

Station Drainage Type of Activity Within

No. Area the Basin (1973)
1 Moreau Creek, 8.0 x 105 sq m - Drains area undergoing

Pointe: Gatineau
2 Moreau Creek East, 4,75 x 105 sq m Flows through an area
) East Templeton : denuded of vegetation.

development. Residential
building construction in
1973 season.

3 Desjardins Creek I, 1.36 x 106 sqm Flows through area
Trailer Park, - undergoing development,
Touraine . trailer park.

4 Desjardins Creek II, 3.42 x 196 sq m °, Flows through Touraine,
Confluence Gatineau ! -2 rapidly .developing

River, Touraine residential settlement.
; .

\

5 01d Chelsea Creek I, 8.94 x 10 sqm Drains rural area.
Fleury Road, 01d :
Chelsea R

-~

6 Chelsea Creek II, 11.97 x 106 sqm Drains rural area.

07d Chelsea

7 Leamy Creek, 3.4 x 106 sqm Drains partly area
Hwy 11, Hull : undergoing development
and rural area.

8 Leamy Creek, Mine | 2.94 x 105 sqm Qutflows from'a dam.
Road, 01d Chelsea _ . Drains rural area.




Fiqure 4.1

Moreau Creek
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Figure 4.4 Highway 8 - Desjardins Creek II
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Fiqure 4.5 Fleury Road, Chelsea Creek I

C("l_!",l"’f!{h D!‘lpl?h
PAPIEDP NE COULEUR

—



Figure 4.6 Chelsea Creek II
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Figure 4.7 Ieamy Creek IT ~ Hull
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Figure 4.8 Leany Creek I - Mine Road
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Figure 4.9 A Highway Construction Activity

{(Upstream Station 7)
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4.4 Data Reduction - Mu]tivarig¥€”ﬁnaﬂy§}§“a\k

The concentration of the-suspeﬁded sediment in each of ‘the
-gamp185 collected was determined by fiit®ring the sample or an aliquot
sa&ﬁﬁe. The filter used was a 0.45 y millipore filter. The units were
.. in parts per million. |

The discharge at any one gauging point'was calculated from the

known values of the diameter of the nozzle of the sampler, the volume
of the sample collected, and the cross-sectional area of the stream-
cﬁanne] at the point of coiIection.

The suspended sediment discharge was therefore determined as the
product of the concentration éf the suspended sediments?and.the discharge

of the stream. The suspended sediment load (kg/day/sq.km) was derivéd

frog the foregoing calculations and was used as the dependent variable.

Theé other remaining twenty—four variables were determined from
published data o ment Canada's Atmg?pheric Service, the
geologicdat~and soil maps S?Mtbg_area and thé:air-photographs taken of
the basins for the year following each year of field sampling. Details

of these variables have been discussed-in this chapter.

4.4,1 Data Limitations

1. The values for thé meteorological and some of the hydrological
variables were computed from the pu?]itat?ons of the Epvironment
Canada's Atmospheric Service. Such values as ptsiigitgtion
intensities and temperature were taken for the stations located in
Ottawa, which stations were about 25 kilometers from the points of

stream sampling. It was assumed that the values obrained from the
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Ottawa stations could be applied to the drainage basins sampled.

_—

P
. The percent of clay in the surface horizon was determined by c

~ comparing the soil-map of the areas under investigation with the /' :

knowledge &f soil composition of similar soils in the Ottawa arﬁg/
(Lajoie 1962), Agriculture Canada.

It was assumed that to obtain a 1inear.m§de1‘a11 the variables
had to be transformed logarithmically (Wallis 1965, Anderson 1957).
The period of sampling during the investigation was most convenient
in-terms of avai]aBiTiFy of faciTitiesufor experimentation and
suitable weather conditions. However, this period also coincided
with that of-considerab1e activities o€'1aﬁd—use (roughly from

May through October). -T{

For any specific year, some of the land-use variables were

assumed to be constant (the percentage of woodland, the percenfage
of basin aréa made up of grassland ..., etc.). Thfs assumption was
app1{ed,to mast of the variables except the hydrologic and meteor-
ological variables. In fact, some of the variables, the 5011.and
geologic variables, the percentage of clay in the surface horizon,
the percentagé of basin area considered as Tandslides, the drainage
density hardly varfed from year to year for any particular location.
- There was, however, some variation from one dréinage basin to the
other. Siﬁcé‘these variables were derived from maps, air photographs
or by compariSons,.their measures are rather crude; they are thought

to be the most practical methods of measuring them, however.
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6. Those hydrologic and meteorologic varfab]es except the discharge.and
sediment discharge measurements were assﬁméd to have varied-in time r
but not in space. The variables had different va]ue; for each
sampling period, but the value derived for any particular period

for any station was assumed app]jcabl@ to all other stations for

that time. ' (%ifﬁ

4.5 Model Parameters - USDAHL-74 Model

4.5.1 Climatic Parameters

The climatic data used were recorded at Centré] Department of
Agriculture (CDA) in Ottawa, a location about 20 km from the test basin.
The climatic data included the daily rainfall charts (from which the
breakpoint data were abstracted), the daily temperature data, and. the
dai]j evaporation data for the pe}iéd selected (1975). |

The values for evaporation were deduced from the pan evaporation
readings recorded at Central Department of Agriéu]ture (CDA) station

in Ottawa. The climatic data for CDA were used and applied to the test

basin because recorded climatic data was not available for the test

basin. )
4.5.2 Watershed Parameters

Zones

Zonés werelselected on the basis of land use because the effect
o% Tand use on the fluvial suspended sediment Toad forms part of the
major concern of this study. However, it seems the land-use zones

selected closely approximate areas according to soil compositions for the
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Leamy Creek watershed which was chosen (Fig. 5.1 and 5.2). The four

selected zones are as follows:

Zone 1 - Woodland

Zone 2 - Pastureland

Zone 3 ' - Urban-Residential Industrial
Zone 4 - AlTuvium

Soils
The soil types were derived from a soil survey map of the watershed
(Lajoie 1962). The principal types of soi]l and the parameters were

derived or estimated f%om data and principles given in USDAHL-74 manual

* (Holtan and Yaramanoglu 1977). -The USDAHL-74 model requires that the soil

profile be divided into two layers so that the total depth of soil is
sufficient to include the deepest root system.

The two hydrologic properties that are to be described numerically
are (1) infiltration, and (2) the moisture holding capacity. The
parameters required to calculate 1nfi1tra£ion are (a) the percentage of
cracks in the soil, and (B) the final steady rate of infiltration into
a soil after prolonged wetting which is ‘based on Holtan's infiltration
equation (Holtan 1961)}.

Holtan's infiltration equation is as follows:

_ 1.4
f=A Sa +C
where f = infiltration capacity in inches per hour.
A = infiltration capacity in inches per hour per inch of available

storage
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Sa = available storage in surfagé Tayér (A" horizon in agricu]tqral
soils) in inches water equiv.

fc = final steady rate of infiltration into a soil after prolonged

wetting.

The moisture-hqlding properties are described by .-TP, FCAP, and WP.
. Estimates of TP, the percentage of total porogity; FCAP;'the percentage
of moisture at field capacity; and ‘WP, the %gycéntage of maigfure at
wilting point were obtained from the literature (Holtan et a1H1977),
which gave values for several soil types. It should be noted that the
5071 proéerties measured in the laboratory tests are- highly variable
even from samples within the éame s011 typéﬁ It was tﬁerefore congidered
reasoriable to obtain values which weﬁgﬂaetgrmined on thousands of soil
samp]eé of various textures. Values qﬁiﬂa””as given iﬁ;Holtgn ét al
1975 are'éiven in Appendix C. B

Estimates of fc, the final steady rate of infiltration were obtained
from Holtan et al (1975, 1977), and'Eng1and (1970) where soils are grouped
Jin hydrologic c]gSSes.h, B, C, and D. Table 4.5 shoﬁg +the hydrologic
soil groups.

There was’ho cracking. This fact was deduced from field

observations and discussions with local residents..

Routing

. 3 .
The methods for determining the routing parameters Mc’ my s My My
are outlined in Holtan et al (1975). Routing parameters estimates were

deduced from daily discharge data collected from Meach Brook below
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Carmen Lake by the pepartment of Environment (Surface Water Déta,
Ontario, 1975). No discharge data were available for any of streams
within the_watershed ugﬁ&g&gonsideration. Meach BrooR~was selected for
routing parameters becéﬁgga?f)'the brook was near the Leamy Creek
wétetshed being just aboﬁgﬁia‘km north east of Leamy Créek; (2) Meaéh
"Brook drains a sma]]varealof about 2944 acres (4.6 sq mi) (11.914 sq km).
Leamy Creek drains an area of about 2080 acres (8.42 sq km); (3) Meach
Brook is not regulated; (4) Meach Brook flows through a heavily wooded
area within the Gatineau Park. It is to be recalled that zone 1 which
is largest single zone within Leamy Creek watershed is a wooded area and
within the Gatineau Park. However, judging‘from the soil survey map,
the soil groups through which the two brooks flow are not quite the same.
MeacH'Brbok flows through a variety of soils, mainly made up of clay loam,
silty clay Toam and sandy loam. (For details of the soil composition
within Leamy watershed see Table 4.4.)

The routing coefficient for subsurface retum flows were determined
by pldtting flow rate (in/ﬁr) against time on a sem{rlogarithmic paper. )
The 'days for which discharge data were plotted were from May 4 to May 18,
1975. Those were the days for which-there were no recorded Eainfal] (1972)
1975. The year 1975 was the year examined because in that year there
~was. a full year's discharge data on Meach Brook and a full year of
rainfall data was available. However, there were a number of recorded
discharge data which were marked as estimated.

Three routing coefficienfs for subsurface return flows were determine&:
My, My, and ma (Figure 4.}3). Thel§é1ues of m derived for each 1inear

segment of the semi-logarithmic plotting are assumed to represent
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successive flow regimes, starting with Mc for channel flow énd proceeding
_through a series: mT, L and m3'f0r successiveli deeper or more devious
regimes of subsurface flow (Holtan et al 1975). The corresponding maximum
rates of return fiow 9 to d3 in/hr associatgd with each segmeﬁt pf the
recession curve were also determined (q] is the 1argest:rate,lq3 is the
smallest). ' |

A percentage of overland flow from each zone is desiénated tb t
cascade across the subseqyent s0il zone with the remainder, if any,
allocated to alluviums, or directly to channel inflow. th\ca]cu]ation
of the parameters required to cascade overland flows from zené to zone
could be a matter of judgement. However, such judgement should be based
oﬁ the nearness‘of a zone to alluviums or on the presence or absence of
diversions, graded terraces, 1isted furrows, or other .interceptors
leading directly to  stream channel (Holtan et al 1975). Fig. 4.14
shows the basis for cascading flows from zone 1 to zone 2.

The percentage of subsurface flow diverted to the stream was
calculated on the basis of the percentage portion of the stream estimated

-

to be in the steep upper reaches of the watershed (Langford and

McGuinness 1976).

Land-use or Crop Parameters 3

Once a zone is fixed, the type of crops or 1an3xu§e in that zdﬁe
can be determined from a knowledge of the Jand-use activity in the
watershed. Five differént types of crops were determined. The crops‘
were: {1) construction, (2) forest, (3) basin, (4) impervious and (é)

grass/pasture.



12

*sua7sweded BuLlnod 83 |N2[EI 01 PIsn AJIND UOLSSIIBY gl v "6y

.

wgzosuumewh
L 0cl oLt 0ol 06 @m QL 09 05 0¥ 0¢ 02 oL poo.

*sIy 10T =

T T T | I [ I

1 T T 1

200"

*w

G00°

—
o

¢0’

= 50°

‘AY-UlL MO|4 40 ajey



- "SMOTF puelxaac burtpedsed I p "HBIJ

s . . 7 SUOZ OUT MOTI

T PUBRTISAO0 T BU0Z JO $(X-T) °opeOoSe)

sadoTs daojs m:u,mm asneoaq Tauueyd
WeaI3s 9Y3 OIUT MOTI PUBRTISAQD
T 2U0Z JO gy spedse)d

T 2uo0zZ 30O 3X

pusbarg




114
-

The perceﬁtages of each crop determined for each zone are based
on a recoinnansance survey of the area and Fhe,examination of the air-
photographs of the watershed taken for the following year. Basin refer;
to a body of water, e.g. a lake or an impounded body of water.

Six parameters are required to describe each of the crops. The six
parameters are: (1) (A), vegetative parameter in infiltration equation;
(2) vd (in), the volume of depression storage, the parameter estimates
were obtained from 1iterature {Chow 1964, Cr ! et al 1979, ﬁo]tan et
al 1977); (3) ET/EP - the ratio of daily ev&potranspiration‘to pan
evaporation was evaluated from figures obtained in the literature for the
type of crops selected in this study; (4) TU 9F - temperature above which
éropis,eyaporation is impaired (Holtan et al 1977, and Felton et al 1979}
(5) TL.OF - temperature below which crop does not transpire {Holtan et al
1979). ’

The Titerature quoted after each of the parameter indicates
‘the source from which parameter estimates were obtained. (6) Root depth
in - depth of significant roots (Ghermazien et al 1979, Holtan et al 1977).

The parameter estimates are Tisted in Table 4.4 and Appendix C.

4.6 Derivation of Parameter Values for USDAHL-74 Model

Precipitation

The period considered for input into the model was from June 1, 1875
to October 1975. The period was considered for two main reasons: (1)
There was a construction of a highway through Leamy Creek watershed in
1975, (2) The sampling period of the streams was also within this period.

However, only ane year {1975) was considered. It should be noted that

-

N\
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the requirements for precipitafion input into USDAHL-74 model prefer
that the precipitation input be in break-point values.  The break-point
values are derived from the rain gauge charts in the following manner.

The period w1th1n which therg is a unlform intensity of precipitation
is noted. A change in the intensity of precipitation is usually
1nd1cated by a change of slope of the lines on the graph of daily
precipitation. The 1nf11trat10n rate and the runoff are influenced in
part by the precipitation intensities. The breakpoint values for
precipitation are 1isted in Appendix C. The values are read as follows
at 0830 a.m. on 5th June 1975 - precipitation beéins. Between 0830 and
1100, there was recorded 0.06 in of rainfall at a uniform rate of
intensity.

This method of deriving breakpoint values is rather time consuming

if a number of years of data is to be considered.

Pan-Evaporation

The net water Toss from the pan was calculated by subtracting
from the rain gauge precipitation values, the amount of water removed (or
added) from the pan. The rain gauge precipitation values and the amount
of water added or removed were obtained from the Central Department of
Agriculture, Ottawa. The consecutive weekly averages of daily pan
evapo}ation are required and are shown in Appendix C. Note that the
values of pan evaporation for June through October 1975 are recorded.
The consecutive weekly averages of daily mean temperatures (in OF) are

comﬁuted and shown in the same table (Appendix C).
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Zone Parameters

. Some of the zone parameters_which are measurable were derived from
the topographical maps. Sbme of these parameters include fhe length in
feet of each zbne:and the percentage slope. The final rate of
iﬁfi]tration fc was .estimated - {Appendix C). The values for top soil
and total soil for each zone were derived from the soil map of Gatineau
and Pontiac counties. The parameter ASM was estimated using the

principles as outlined in the manuals (Holtan et al 1975, 1977).

Soil Parameters

The USDAHL-74 model requires that four parameters for each of the
two layers of soils be determined. These parameters are %TP, %FCAP,
“WP, %CRACKING. For a given type of soil, the methods of determining
%P, iFCAP, and %WP are given in the USDAHL-74 manual (Hoitan and
” Yaramaﬁog]u 1977). Table 4.4 shows the values calculated:for these

parameters. The % cracking was set to zero.

‘Channel Parameters

AT was set at b.]O. This is a calculating interval desired for
channel routing. The other channel parameters are Mc’ initial snow,
and thaw. MC was derived as previously de§cribed, initial snow was set
at zero because there was no snowfail or snow accumulation during the
period for which the calculation was made (June through October 1975).
Thaw was set at 35°F. It should be noted that USDAHL-74 accepts the
English system of units. It was difficult to establish the initial
channel flow at the beginning of calculation because'no measurement of

channel discharge was taken on that day, Day 156 (i.e. dJune 5, 1975).
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However, channel flow measurements were reéorded for May 27, 1975 and
June 3, 1975. The discharges measurement taken for May 27, 1975 was
initially used as aﬁ>initia1 channel flow. The simulated flow printout
underpredicted the flow as recorded for Day 156. The initial channel
flow was then adjusted by various runs unti]lthe flow simulated was
close to the recorded flow for Day 156. Initial channé] flow wés then
sef at 0.019]1 in/hr. Three different results produced under varying

rates of channel flow are discussed later on under Results and Discussion.

Subsurface Parameters

The subsurface parameters qy, my, Gy, My, M4 Were derived from the

recession curves plotted for Meach Brook (Fig. 4.13).

Land Use or Cropping Parameters

Fjve different crops or land uses were established for the Leamy
Creek watéréhed for the period June through October 1975. The five
croﬁs derived are: (1) construction, a high constructibn was under way
during the sumer of 197%; (2) forest, part of Gatineau park was in the
'watershed; (3) basin, basin as used in this context refers to lakes or
any big impounded body of water; {4} impervious, the impervious portion
of the watershed consisted mainly of roads and rooftops of buildings. The
impervious area was determined from air photographs; (5) grass, the crop
labelled grass—refers to any crop that inc]udes‘grass and pasture.

Ghermazien et al (1979) applied the USDAHL hydrology model to a
native grass watershed over a 24-year calibration period. The result of'
the investigation and the sensitivity analysis performed was that the

model was found to be highly sensitive to ET/EP (evapotransporation/
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evaporation) index and to“a" and to be just moderately or slightly

sensitive to other land-use pﬁrameters. The values of/a \an /EP
used in this study for grass are based on the results of-the'report of
Ghermazien et al (1979) and Beﬁgston et j; (1979). The values thus
used differ from the values used by Holt Q‘Et al (1977) for gfass. \fﬁd~
Adjustments were also made to the parameters Vd and ET/EP for the

crop, forest, Since the slope in the forest region of the watershed is
rather steep (zone 1, slope?35%), it was concluded that there might not
be much of a depression storage in this zone, hence the value of Vd was
set at 0.15 instead of .50 as used by Holtan et al (1975}. The values
suggested for ET/EP parameter (Holtan et al 1975) are 1.0-1.2 for shorﬁ
' grasses, 1.2-1.6 for crops to shoulder height, and 1.6-2.0 for forest.
A value as high as 2.5 for ET/EP for. forest has been used (Felton et al

1979, Hajtan et al 1977). How§ver, it was found necessary to use the
Yégg;/;fjsi of the suggested value of 1.6 to obtain a fairly reasonable
simulated flow. The use of a value of 1.6 for ET/EP for the crop fore;t-

in the Leamy Creek watershed may have some“physical reasoning to suppoét

it. Zone 1 is the main zone with the highest percentage of crop forest ’

in it. It would be recalled that zone 1 is part of Gatjneau Park, a
park that consis£§ of gréss, some impervious area, lakes, some outcrops

and some other vegetation which is referred to as a forest, but not very

dense forest as such.

Land Use Percentage

The percentage of crop (land use) in each zone was determined
mainly from air photographs. Tables 1in Appendix C show a typical series

of data used as input into the USDAHL-74 model programme.
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Table 4.5. Hydrologic soil groups used by tﬁe Soil:ﬁonsérvation-
Service (England 1970). | ' S

-

Hydrologic Soils included® Final constant
so0il group : infiltration
. rate, (fc),in/hr

A (Low runoff potential) _Soils having 0.30-0.45
: high infiltration rates even when
thoroughly wetted, consisting chiefly
of sands or gravel that gre deep and
well to excessively draihed, These
soils have a high rate of water
transmission.

B Soils having moderate infiltration 0.15-0.30
¢ . rates when thoroughly wetted, chiefly
moderately deep to deep, moderately
Wel},to well drained, with moderately
fINe to moderately coarse textures. ,//’—\\\\\*—ﬂ
These soils have a moderate rate of ‘ -

R . - E)
water transmission.

C Soils having slow infiltration rates 0.05-0.15
when thoroughly wetted, chiefly with a
layer that impedes the downward move-
ment of water or of moderately fine to

N4 fine texture and a slow infiltration

rate. These soils have a slow rate of
water transmission (high runoff
potential). .

D - Soils having very slow infiltration rates 0 to’0.05
when thoroughly wetted, chiefly clay
soils with a high sweiling potential;
s0ils with a high permanent water table;
soils with a clay pan or clay layer at or
near the surface; and shallow soils over
nearly impervious materials. These soils
have a very slow rate of water transmission.

1 .
Soils are classed in the next lowest category when a high percentage
of stones is present. -~
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CHAPTER 5

ANALYSIS AND DISCUSSION

5.1 Factor Analysis

\
Out of the eight gauging points sampled for the entire period of

the investigation, five of them were subjected to factor analysis for
the final results. The three stations that were not included were
Moreau East, Highway 8 and Fieury Road.

Moreau East was not included because the stream flowing through it
would dry up for a few week§ dqring the hot summer months. It was
theréfore not possible to obtain disch%rge and sediment discharge
measuremeqts for the dry period. Since it was not considered de;ifab1é .
toq{ﬁgfuae many zero values for many variables, Moreau East station was
thereforirdeleted from the final ana]ysis. |

Thé;;tatjon on highway 8 {Figure 4.4) was observed to be a sedimentation
pond. For nngt occasions, except.when there were high flows due to heavy
rainfall, the flow was noted to Ee sma]l. In fact it appeared still.
Besides, the surrounding bank area has been known to be a landslide-prone
area. It was then concluded that this gauging station did not quite
monitor the type of activity for which the investigation was designed.

The station at Fleury Road {Figure 4.5) drained a rural area (part
of Gatineau Park). The station on Mine Road (Figure 4.8) also drained a

similar rural area. It was felt that it would be enough to include

only one of the stations draining rural areas. For this reason, the
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Fleury Road station qggyé%itted froﬁ the final factor analysis.

HoweQer, in a pre1§;3na§y factor anaiysis, the station was included.

The resu]téuof these analyses are reported 1éter on in this chapter.
There are many computer programﬁes fdr factor analysis. The

programme that was used for the analysis in this study is the SPSS for

0S/360 Version H. This programme was recommended‘for iﬁs relative

simplicity and wide applicability. (SPSS is the statistical package for

the' social sciences. ) Before the values of the variables were transformed

iogarithmically, each variable of value (X) was replaced by (X + 1)y

because of variablesiwithizero values.

Two methods of factorfng were tried. These were PA1, the pf?;cipa]
factor without iteratfon and PA2, the hrincipaT factor with iteration.-
-A description of these two methods is given by Kim-(1975).

The.PA] method was used for the final analysis because it was the
only method of‘factoring known that ig applicable when the determinant
of the correiét{on matrix is zero. In such cases, when the correlation
matrix is singular (that is, t;e determinant of the cor%é]ation matrix
is zero), the cokre]ation matrix cannot be inverted. It should be
recalled that a central problem in the factor analysis technique is the

es%imation of. communality, hj2 to be inserted in the principal
diagonal ofwfﬂé‘corre]ation matrix (Chapter 3). One of the main
characteristics that differentiates one method of factoring from

another is the procedure used for estimating the comminalities.

2 .2
"i(n-1) N

<1

N
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That is, the square of the multiple-correlation coefficient for predicting
a variable from the n-1 other variables in a correlation matrix is a
lower bound to the communality of-variab]g. .

A convenient method for obtaining the squares of the mu1tip1é-
corrg]ation coefficients for predicting.each Variabie from the n-1‘other
variables in the corre1ation:matrix is baged;upoh‘inverting the
corre1atidﬁ matrix. If one_také?‘the diagonal ‘elements of the inverse
matrix of the correlation matrix and finds the rec1ﬁroca]s of these
elements he'ﬁ111-haVE'thb errors of estimate for each of the variables
in the matrix. These errors of estimate can then be subtracted from
the 1s in the diagonal of the corre]ation matrix, and the result wiTT
lTeave the square muTtip1e correlations in the.prihcipa1 diagonal
kMu1aik 1972).

The data analyzed in this-study are stored on disk in tHe University
of Ottawa computing centre. The data deck of cards™is also available at
the Department of C{v11 Engineering, University of Ottawa, Ottawa, Canada;.

The data values for five of the watersheds sampled were analyzed.
Table 5.1 shows factor matrix using principal factor without iterations.
The following steps were followed before obtaining the results listed on
Table 5.1.

1. The data weré subjected to a logarithmic transform.
2. The transformed data were standardized.
3. The correlation matrix for the standardized transforhed variabies

was then calculated.



124

309%°0

695€°0 " 8L90°0- £€69°0. ¥8¥0°0- z962'0 YWIaIs
0L92°0 9GTT"0- ZL6L™ 0 6FEE"0 TPLO 0~ LSET"0 YHOSIA
Z18%°0- ST00°0- pZ0L" 0 S8EY°0- 8950°0 €200°0 YHAdT
ZyvT 0 6TT0"0- ¥050° 0- £G€0°0 804670 TOPT 0~ FISNCO
- ’ S¥ZE 0~ L£20°0 660" 0- G8LE"O TZ8L" 0- 080T"0 SNOONN
972S°0 £700°0- 9L0T°0- - vv8y0- VLEQ'O- 9910° 0~ RIISIA
T9TT 0 8520° 0~ GEST"0- V659770 82£6°0- 8TST 0 aFIAAd
ﬁ 209e°0 6YE0"0- 1862 "0~ 6087 " 0- L2970~ 06L0°0 qISHD
: S8E0°0 S020°0- 9100°0 LOYT 0 725670 L6TT 0~ aTaM
0960°0- 9E£TO0" 0- 8S6T°0- T4 M 9918°0 ZETT 0~ TISANTT
y950°0- pzI0°0 6EST 0~ 802270 Z€06°0-- 692T° 0 AVD
9560°0 ¥520°0- SZ8E"0- 6£L8°0 G9€C°0 y120°0- VeI
yS0T"0- 86000 €95T°0- pZET 0~ Z6£8°0 €2ZET"0- ATTH
. 99%0:0 ¥T00°0 €LEO O~ LZOZ"0- T€S6°0 T6FT70- odTs
L 068T1°0 -9Zy8°0 AR 6690°0 £900°0 ZLY0" 0 SANALY
N . Z08T° 0~ LS8Y:0 9L10°0 gzenTo LEOO"0 £420°0- JWELAY
' €L00°0- 8£90° 0~ £¥S0°0- TOTO" 0- £SE£T°0 zI06°0 SIdV
T6T0°0 1059°0 90T0°0 6000°0- 0050°0- €L8€°0~ RN
£590° 0~ 1922°0- £00T°0- S0L0° 0~ 6TTT 0 958L°0 H®IAY
" Z9€0° 06— LSST"0 ZES0°0- €520 0- pSET'0 €106°0 JIMAY
+ LLZO"O- SEZT 0 6L70° 0~ £820°0- 7TVT 0 5596°0 HIADAY
. £LT0°0 00£0°0 9020 0- 6120°0- LIET 0 pTS0°0 NI AV
6220° 0~ 6£00°0 L9Y0"0- 9Z€0° 0~ 8ZVT"0 0646°0 LIRIAY
ZLTO0"0- LS60° 0~ 6¥S0°0-. £2Y0°0- 89£T°0 90560 SIAY
T2zZ0"0- £S€2°0 6L£0°0- 9810° 0- £9€T°0 €T16°0- STAV
9 HBUHm.m g A1030%q ¥ I03oed £ aoaoe] ¢ JICo30ed T x0o3oed STARTIEA
(seTqRTIeA ST)
ON ‘aogoed [edToulid buTsn XTI3eW 10308l '[°g 3|qel

SpoUSAo)eM SATJd 103 e3eg JO suoTierall

£}

P



~ ‘ 125

The Effect of Transformation of Data

Since natural processes are not necessarily 1inear in their mode
of action, a logarithmic transformation is somet imes app]iéd to data.
Tﬁis procedure may also be used for reduction of variable. However,
the following points should be noted regarding the effects of transform1ng
data to the 1ogar1thm1c base:
1. Transforming data to log, has been shown (N.R.C. 1966) to cause

demagnification of the inaccuracies present in larger values, e.g.:

If y =f(x)

Thus each f' is reduced by 1/f(x).

2. If an analysis such as a regression analysis is performed on
transformed data, the confidence 1imits obtained apply ‘to the
fransformed data and differ slightly from those obtained for the
raw {untransformed) data.

- The coefficients listed in the table usually called facfor

loading are measures of correlations between the variables and the

factors. These factor loadikgs are used to attach physical significance

to the f&ctors. The correlations exceeding Q.90 are upder]ined. On]}
two factors cofiwained variables with corre]atibns equal or higher than

0.90. However, it can be observed that the factor loading matrix

contains quite a few intermediate correlations (.40 to .75). The

preéénce of the intermediate correlations renders the interpretations of

the factors difficult. The six factors listed in Table 5.1 weré those
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having eigenvalues greater than 1.0 and the six factors accounted for
84.4% of thé&tota1 variance {Table 5.2). The first two factors-combined
account for 56.3% of the total variance. |

Table 5.3 shows the-varimax rotated factor matrix-and:the correlations
eXceeding 0.90 are underlined. There are still a few intermediate
correlation values but they are fewer than those in Table 5.1. Anr attempt

can- now be made to assign physical significance to the factors.

FACTOR 1 - This factor is highly correlated with seven hydrologic
variables that were selected to indicate soil moisture conditions; AEIS,
APRCPS, APRCPT, APRCPN, APCPTH, APRCPF and.API5. There is also a mild
correlation with APRDH. The low correlation with NPRCP would seem to
suggest that this variable should not be included in a study of /)

_ sedimentation in” areas undergeing development.

FACTOR 2 - This factor is highly correlated with the followifg -
variables, SLPC, CLAY (negative coefficient), NDLE)/DEVEﬁB:)CONS and
mildly correlated with ELEV and UNCObQ,%neg;ET;;Jcoefficient). For the
Ottawa River Valley area, this factor represents a steepness factor. The
high negative coefficient on clay compared with the high positige
coefficient on SLPC (slope) wéu]d éeem to indicate an inverse relation-
ship between slope and the variable CLAY. In a study of groundwater
flow in Russell County, Ontario, Charron (1974) suggested that the clay
areas are associated with gently slopes. 'The clay areés are generally
flat'. Russell County is also in the‘Ottawa River Valley region. A
visual observation of the study area reveals that the steep areas are

wooded and relatively undeveloped. It should be borne ih mind that a
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portion of Gatineau Park is in the study area. This park area is
wooded and is located in an area with steep slopes. The geologic
variables are also represenfed in this factor, with thé CONSLD having

a high positjve correlation with the factor and the UNCONS having a
negative correlation. For the area of study, such correlations appear
to have some meaning in that areas of steep slopes are relatively.
undeveloped, wooded and contain some fair amount of older deposits.
CONSLD has been chosen to represent all sediments older than cenozoic.
In fact, a few outcrops are quite visible in the region of steep slope.
Judging from the soilmap of the région (Lajoie 1962), the Tands1ide areas
are relatively steep in gradient. A mild correlation of the variable
LANSLD with this factor would seem to make sense. It would be expected
that a factor that represents sieepness would be associated with

elevation. Hence a fairly mild correlation with ELEV appears relevant.:

FACTOR 3 - This factor represents the stream density. The factor has
a fairly mild and p3§itive corre]ation:&ith & (AREA) though. This
suggests an inverse relationship between area and stream density. This
is not surprising for in the caleulation of the values of stream density

variable, only the main channels were considered.

FACTOR 4 "~ This is another hydrologic factor. The factor has high
correlations with DISCH and SEDIM. It is to be expected that these

two variables would go together since sediment load is related to stream

discharge.
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The first four factors account for 73.7% of the total variance.
The last two factors with eigenvalues greater than one do not have any
variables high]} correlated with them. However, some variables have

intermediate correlations with each of the factors.

FACTOR 5 - Appears to be a land-use variable, for it is mildly

correlated with the variables GRSLD and DISTRB.

FACTOR 6 - The mild corre1ations of variables, ATEMS and NPRCP, would
suggest that this is a dryness féctor. In other words, the meteorologic
variable and the variable depicting the period without rain would
represent dryness of‘thelstudy'area.

From the initial factor-analysis, 15 of the original 25 variables
have been retained. The 15 variab]e§ retained were then subject to another
factor analysis with varimax rotation of the factor-weight matrix. The

results are presented in Tables 5.4, 5.5, and 5.6.

Factor 1 still appears ‘to represent the soil moisture conditions.

Factor 2 can still be considered a steepness factor.

Factor 3 is a sediment yield factor.

Factor™ 4 represents the stream density.
The four factors account for 93.4% of the total variance of the 15
variables subjected to factor analysis. Table 5.6 is then used to
produce the regression formula

'z

»c = 0.155 F, - 0.037 F, + 0.955 F; - 0,021 F (5.1

3 4

1t is obvious that the most important factor for determining



131

255 (SEDIMA) s Factof 3. The variance of SEDIMA accounted for by the
variation in Factor 3 is (0.955)° = 0.912. That is, 91.2% of the total
variance of SEDIM is accounted for by Factor 3 alone. The proportion
of the variance in SEDIMA accounted for by all four factors is:
T 0.155)% + (0.037)% + (0.955)2 + (0.021)% = 0.937
Compared with the variance accounted for.by Factor 3 alone (0.912), the
contribution of Factor 1, Factor 2 and Factor 4 to the variance of SEDIMA
is only 0.937 - 0.912 = 0.025. Thus it can be assumed that it is
sufficient to use F3 in predicting SEDIMA. '

Table 5.7 contains a matrix of factor-score coefficients. For each
data case a vector of factor scores f can be calculated such that

f=F

where f is the fattor-score‘coefficient, and Z is the vector of

standardized values of the variables which have been factor analyzed.

Thus from Table 5.7:

FACTOR 3 = 0.035Z + 0.0037

1" 0.01222 - 0.016Z

3 4

0.03Z

- 0.052Z

+ 0.003Z, - 0.059Z

5 3 9 12

0.023215 + 0.092Z,., +.0.043Z,, + 0.037Z

17 19 22

0.049223 + 0.509224 + 0.54225 | (5.2)

If it is assumed that equatfon 1 can be approximated by

Lyg = 0.955F3 (5.3)

*7 is the standardized form of the variables Tisted in Chapter 4.
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~  Thus equation 5.3 can be used to predict SEDIMA (the sediment load).

-

It is to be noted, however, that the 15 variables need to bé'mggsured
before applying this prediction equation. However, an examination of
the coefficients in equation 5.2 would suggest that F3 can be

approximated as

F, = 0.509Z

3 og * 0.54225

*. from equation 5.3, Z,y = 0.955(0.50922 + 0.54Z

4 25)

| | i.g. 0.48225 = 0.49224.

It is to be noted that Iy, 1s the standardized variable for Vou

(Chapter 4), the discharée.
Another approach of predicting Z,; (SEDIMA) was to-perform'a
multiple regression analysis on the fouf‘%actors. The results are
_presented in Tables 5.8, 5.9 and 5.10. It should be noted that the equation
. derived is similar to equation 5.1. The only advantage here is that

more statistics are given.

A

Significance of the Statistics | _< \

The usual t and F'statistics are not ﬁirect]y applicable in a step- \\ {

’ wise variable selection process (Biawe11 1971). It was\fherefo;e \}

assumed that the goqdﬁess of fit of the regression equation can be J
evaluated by examining the square of the multiple correT%tion, Rz. /f

The R2 for the equation was 0.94 and the standard error of estimate was °

0.25. , W
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Wallis (1965) suggested retaining not more than two variables per
factor after the initial factor ana]ysis.' The aim is probably to
minimize the muiticollinearities that may éxist'%n a set of variables.
It'Qas assumed that if th2 variables retained aft;r the initial factor
analyses ére still to be factor-analyzed, such-a procedure may not bé .

necessary. However, it is considered advisable to screen the variables

égi before performing a multivariate regression analysis. In this analysis,

a prediction equation (equation 5.3) was developed by considering only

one Factor.

[

Many other trials were made. Factor-analysis was performed on data

for two, three and four watersheds separately. ~The purpose was two-fold:

‘ \{< To determine whether there was the need to transfofm the variables
. before analysis, and |
>
2. To find which type'of transformations yielded the type of factors

that were interpretable in terms of the physical characteristics‘\~

of the areas studied.

Table 5.13 shows the results of-one of those attempts. ~The'data for four
watersheds, Highway 8, Moreau, Chelsea and Fleury Road, were subjected
to factor-analyses.  In this case, the Togarithmically-transformed

variables were analyzed.

%he Jﬁriab]es highly correlated with each factor was urrder] ined.

Four factors were extracted and the four factors accounted for 78.0% of

'ghe tof%*iﬂﬁgég?ce (Table 5.14).

("

e
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s

Factor 1‘représents the moisture conditions
Factor 2 is a steepness factor
Factor 3 represents a Iand-use factor

Factor 4 is a streamSdensity factor

The two variables that had high corre]atjon-with Factor 3 were
LANSLD and GRSLD, and it would be recalled that the drainage basin on
which the station at Highway 8 was located is a landslide- prone area.

A step-wise multiple regression ana1y51s was then performed on the
variables with high loadings.on the factors The results are presented
‘1n Tables 5.15 and 5.16. The step-wise regression was performed without
subjecting the variables with high loadings on the' factors to a second

factor-analysis. The R® was 0.58 and the standard error was 1.71.

Anotheé trial made was to perform a step-wise multiple regression
analysis on the logarithmically transformed‘data for the five watersheds
for which a prediction équation was formulated (equation 5.3) in a
foregoing factor-anﬁ]ysis. The results are listed on Tables 5.11 and 5.12.
The value of R2 was 0.93 and the standard error of estimates was 0.94.

‘The high R2 obtained in the results should be evaluated bearing in
mind the closeness of the watersheds ard the assumptions stated earlier
in this chapter concerning the definition of some of the variables.
Besides, in the case of multiple-regression anaiysis, thére is the
question about the reliability of the regression coefficients when multi-

collinearity exists among the variables.
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5.2 USDAHL-74 )

The résultgipf fhree_rﬂns for different types of input of-initiél
channel flow are ;}ésented in Tables 5.17 and 5.18 and are shown
graphically in.FigureS 5.1 and 5.2. The runs were_méde for initia]
‘channel flows of: (1).0.00191 in/hr, (2) 0.000954 in/ﬁr, and (3)-
0.0191 in/hr. Table 5.19 shows the results of‘phe funs made for different
values of ET/EP. Data was cbllected for recorded flows weekly for over a
ZI—Qeek périod. |

The statistical summary Table 5.11 provides an easy reference’éf
results of the -calibration of the USDAHL-model over a short span of-é1_
weeks.

Oﬁe of the objectives of this study is to explore for a mo@gl
whjsh can simulate fTow, hence sediment flow for an area undergoingé
deQé]oﬁment. The USDAHL-74 model waé employed in this study because the
mode] was especially developed for Tand-use purposes and the model has
been tried on small watersheds (Bergston et al 1979, Ghermazien et al
197é, Holtan et al 1977, Feiton et al 1979). A ﬁérticular1y distinctive
feature of the model is éhe zoning concept which permits the jnvestigatﬁr
to reduce the areal complexity of flow paths -across the watershed. The
surface and return flows for each zone are also computed by tﬁe,mode].
Such.a feature allows for isolation of source areas of pollution loading.’
However, in this study the results of simulated flows for eﬁch zone could

not be verified because flows were not recorded for each zone.

7
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The results of the ca]ibr&%idn show a better agreemeht between’ the
recorded and the simulated flows for high flows, espéciq]]y.after heavy
_‘rainfa11. The simulated flows for low flows are rather:poor when
compared‘with the recorded f]oWs(Tab]esS.15—5.19). It:has been suggested.
(Holtan et al 1977) that an improvement in the simulated flow can be made
by increasing estimates of makimum,base floﬁs and the corresponding
- storage coefficients. This would require some stréamflow data. In this
st@dy such streamflqw d&tafare rather limited for Meach Brook. \
ﬁﬁjﬁé If Run 3 (Table 5;18) is considered as the best run, the results of
F'fhe;%un'guggest thaﬁ the USDAHL-74 model overpredicts streamflow shortly
aftér?peribds of high precipﬁﬁétiohnand~undehphédibts5§fﬁeéhfibwiafter
perioés of Tow or no precipi?étion.

_ The determination of chantiel- flow -is -important in‘predicting the
f1uvia1.sedimen£ load. The channel flow may influence ban erosion in
small streams, hence a fafﬁ1y accurate method of predicting the channel
flow 1is desiréble. The results would have to be eva1uatea in terms. of
the shortness of record available. In this regard, the results of the

model appear acceptable. That the model appears to underpredict during

low flows has been attested to by Bergston et al 1979, and Holtan et al
1977.



and measured strea
values of channel flow.

-~

mflow using different inftial
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e

) o . Run 2. Channel flow =
Run 1. Channel flow = 8.00191 in/hr 0.000954 in/hr N
Day_ Observed  Simulate - Diff. %Error Simulated biff. % Error A
flow(cfsd) flow(cfsd) (cfsd) ° flow(cfsd) -(cfsd) 7N
161 2.24 1.185 1.055  47.1 " .800 1.44 64.3
168 .99 .626 364 36.8 7 .375 T~ .615  62.1
= 175 .96« 271 .680  71.8 188 S\.772  80.4
. 183 .572 134 .438  76.6 ..098 . M74 82.9
189 VAN .084 .676  88.9 .061 {699  92.0
196 S .073 .657 _90.0 .057 673 92.2, ¢
\Lﬁigakhv - 203. .048 962 . 95.2 .036 974 © 96.4 -
" . 210 . .081 1.089  93.1 .072 1.098  93.8
g 219 : .037 4937 93,0 .031 499 94.2
: 224 253 023 23 - -90.9 .018 235 92.9 ‘
s . 23] . 012 . ~..478  97.6 .008 .482 . 98.4 oy
238 .44 .005 o 435  98.9 .002 .438  99.5
. 246 .34 .028 312 91.8 . 026 .314 92,4
. 252 .601" .042 ' ,559 93.0 .040 561 93.3 -
259 .521 .056 .465 89,3 , .055 .466 - 89.4 '
266 .88 .097 783 89.0 .096 78k~ 89.1
273 .854 . .488 ..366  42.9 .487 .367 o A
280 éfssg\\ ..375  .487  56.5 375 487  56.5 S
288 *5.39 \_ 8,884  -4.494 -83.4 9.883 -4.493 - -83.4
294 6.70 ~2.066 4.63¢  69.2 2.065 '4.635  69.2 .
1,47 510 .96  65.3 .509 . .961  ©5.4
127.763  116.125 £15.282 - i
] | - ik'f’
y N
-- L
o
" R
N\
J |
. L ®
m ~
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- .
- - . "

“Table 5.19. Simulated and measured streamflow using different va]ugélof ET/EP.

Initial chanpel flow = 0.0191 in/hr | . - | .

Measured ET/EP = 1.60 o ET/EP = 1.80
Day Observed Simulated Diff. & Diff. Simulated Diff. % Diff.:

flow{cfsd) flow(cfsd) -(cfsd) . flow(cfsd) (cfsd)

. " Va :
161 2.24 - 3.022 -.782 34.9 2.995 -, 755 33.7
168 .99 - 1.437 -.447 45.2 1.396 -.406 41.0.
175 .96 - .376 584 60.8 370 .59 61.5
183 572 ¢ 176 . 396 6d.2 .168 .404 70.6
189 . .76 .108 .652 B5.8 .101 .659 86.7
186 .73 - .09 .639% 87.5° .084 .646 88.5
203 1.01 .060 L950 94.1 .054 .956 94,7
210 1.17 .089 .921 78.7 .082 1.088 86.2
219 - .53 .42 - .488 92.1 .036: .494 93.2
224 .253 .027 .226 89.3 .022 .231 91.3
231 .49 . .015 475 96.9 - 010 .48 98.
238 44 .008 A32 98.2 004 436 99.1
246 .34 - .031 .309 . 90.9° .026 T L314 92.4
252 - 601 .044 587 92.7 .038 563 93.7
259 .521 .058 463 88.9 .053 - .468  89.8
266 . 88 .099 .781 ° 88.8 .093 . 787" 89.4
273 - .854 .489 . 365 42.7 .438 416 48.7
280 .862 - ,376 .486 56.4 . 320 .542 62.9
288 5.39 9.862 -3.23 -58.9 9.744 -4,354 80.8 .
294 6.70 2.078 4.622 69.0 1.864 - . 4.836 72.2
301 o 2 1.001 68.1

47 - 511 950 65. -469

e



~ Table 5.20. Statistical summary .of regression of

- simulated and measured flows..

Regression equation measured
Simulated

_a + b(recorded)

Statistic’- . Run 1 - Run 2 Run 3
a 54 <53 ' -39
b 95 - .95 .98
R . .73 725 73
R? 53 .53 .53

n T2 2] T2

Std, error 1.51 1.2 1.54

of estimate :

Cumulative

flow {c.f.s-

day) : 16.13 15.28 19.00

The measured cumulative streamflow = 27.8
c.f.s. days. :

g2
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-

5.3 Concentration Versus Velocity Curve

To investigate the re]atlonship between the measured suspended
sed1ment concentrat1on in the streams and the mean velocity, the
concentrations observed and the mean velocities were pTotted on log
paper. Other investigators (Fleming: 1969) have found these var1ab1es to
be correlated. However, a wide scatter of points was noticed in most of
the plots (Figs. 5.3-5,10). A regression run was made on the data for
each station on a yearly basis, the year being defined as the period of
samp]in§ for that year. The statistical summary of the runs as presenfed
in Tables 5.21 and 5.22, and the plots (Figs. 5.3-5.]0) show the variations
¢f the results both in time and space.

An examination of the Tables 5.21 and 5.22 shows that R%, the
fraction_of Tog (C) variation accounted fﬁr by the regression, is rather
small. Some general observations can be made ffom the results.

1. There seems to be a much Qeaker association between the Tog (C)

and Tog (V) when a development ;Ezh\a{ a construction project was

underway just upstream of the sampling point. Such weak association
might suggest that the fine-grained suspended sediment concentration in

the stream was more influenced by the supply upstream rather than biriii//'rﬂﬂﬂ)

vé]ocity of the stream.

2. Flow conditions at one sémp]ing station (Desjardins Creek) are :
affected by backwater from the Gatineau River. The results at this
station show a negative correlation between 109 C and tog V.

3. For at least one station (Moreau East Creek), it appeared that a better

correlation resulted where it was known that the runoff was from storms '"\\

causifig surface runoff. \\\i

S

P
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Also, it may be questioned whether theare]ations that are known

to be valid for large rivers, such as log (C) a function of log (V),

i~

are applicable to small streams with shallow flows. Further study
of fine-grained sediment movement in shallow flows is required.
It should be noted that the flows on the streams were not sémpled

at some specified time intervals on any particular day of sampling. In

other words, only one sampling-was carried out for each station on the

day of sampling.

o
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a + b(log V)

Regression equation

Log €

a + b(log V)

Regression equation

Log C
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1.04

Table 5.22. Statistical summary of regression {log C and log V).
Chelsea Hull .

Statistic 1973 1975 1976 Statistic 1973 ~ 1975 1976
a 0.944 0.771 3.101 a 2.49 3.33 3.58
b 0.756 0.732 0.155 b 0.14 -0.25 -0.173
r 0.289 0.313 0.078 r 0.096 -0.15 -0.09
r? 0.084 0.098 0.006 r? 0.009 0.021 0.008
n 19 24 17 n 18 24 17

. F 1.548 0.67 0.092 F 0.15 0.483 0.12

Std. error 0.90 Std. error 0.91 1.04

of estimate 1.00 0.67 of estimate 0.72

‘ Mine Road Fleury

Statistic 1973 1975 1976 Statistic 1973 1975 1976
a -0.66 1.27 -0.26 a -2.443 -2.30 -0.71
b 0.69 0.19  0.68 b 1.033 0.871 0.67
r 0.68 0.17 0.37 r 0.322 0.328 0.21
r? 0.47 0.03 0.14 r? 0.103 0.108 0.04
n 19 24 17 n 19 24 20
F 14.85 0.64 2.432 F 1.96 2.66 0.82

Std. error Std. error™1. .

of estimate 0.50 0.52 0.71 of estimate 1.20 1.50
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Fig. 5.3.  Moreau Creek.
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STREAM VELOCITY, V, IN CM PER SECOMD

C. 1976
5.6. \]Jesjar'dins Creek II (Highway 8).
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Fig. 5.7. Chelsea Creek I (Fleury
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STICAA VPLARETY, ¥, 1N PR 'R SEMD

B. 1975,
Fig. 5.8  Chelsea Creek II.
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CHAPTER 6
g

CONCLUSIONS AND RECOMMENDATIONS

¢

A.study of the suspended sediment load in some areas
undergoing development in Wéstetn”QUebec has been described.
Measurements of. the suséended seéiment concentration in some
streams in the fegion qf study were taken approximately once
a week during late spriné, summer and fall seasons in 1973,
1975 and 1976 The condltlons of flow and area of sampling
limit the study to the transport of pr1nc1pally fine-grained
sedlments in small streams durlng summertime flows.

Attempts were made to.find a modeléto predict the
suspended sediment load,in small streams. The models

considered can be classified into two parts:

'l. Statistical models ﬁsing factor analysis. and multiple
regression analysis. ‘
2 A, determlnlstlc model using the USDAHL- 74 hydrologlcal
"model for flow predlctlons combined ;ftﬁ#a model for the
transport of sediment in the streams. The USDAHi474.
hydrelogy model is a continuous ,simulation model_that is

designed to predict the daily streamflow discharge.
Factor analysis was used as am exploratory tool (1) to determine how

fhe .wvdriables cluster, and (2) for the redﬁction of the

number of variables. A total of 25 variables wefe defined
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{ b = -

[N

andAmeasured. The 25 variables were classified in' the
following groups:’
1. Geomorphic factors ' _ _ -

2. Hydrologié,factors

3. Meteorologic factors

4. Land-use factors ' N

.

5. Soil and geologic factors

- v

k\\\ A varimax rotation of the féctor—weight matrix was

\ performed to determine the variables that were highlx

“eofrelated (> .90) with the factors. On the basis of the -

-

high correlation of.thetvariables with the factors?ﬁfour

factors were selected as significant. An attempt was made to

assign physicdl meaning ‘to the factors.
i A multivariate regression analysis was performed .using the
suspended sediment load as the dependent variable a%d the four

"

factprs considered significant as the independent variahles.

A prediction equatidn was thus develoﬁéd (equation 5.3).

<

A step-wise multiple regreséion analysis was performed on

the logarithmically transformed variables using the suspended

sediment load as the_@ependent variable and the other 24

Py

variable$ as the predictor variables. The equation derived

. P , e . .
was compared with:the equation derived .from thé multivariate

AN .

regression analysis performed on the four factors.

-

-

A deterministic contépuous;simziation model, the USDAHL-74

hydrology moéel was applied to the ta available fox' the

¥

s

s | )
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; brediction of the daily stream discharge. fhe USDAHﬁ—?é
.hydrology model uses as part of its input some readily
measurable parameters to describe the watershed character-
istics. The fesults of thé calibration,ihdicate the need to
carefully select”some of the regiénél parameters, such as

the routing ccoefficients, mq v mz...etc., when applying the
modell"The fesult of the calibration also suggests the need
to better define the range of values for some of the land-use
parameters, especially the evapo-transpiration index and the
surféce—connected éorosity parameters for the different crops.
The conclusion drawn from the use of the model is that{ the
USDAHL-74 is acceptable for prediction‘purpéses on‘a-l g term
basis, say yearly basis. The model appears to perform rat
poorly in predicting iow flows. In this case, the model
might:be of use in predictive storm—induceé flows in
ephémeral st?eams.

The zéning concepts used in USDAHL-74 makes it advantageous
in studying sources of sediment. Finally, the results 6f the
study afforded an opportunity to determine if there was a
clear relation between stream velocity and sedimentconcentration.
The ‘suspended sediment concentration was related to the average
stream velocity -on full logarithmic scales, The results of
the ﬁlot show a poor relationship between the two variables.
The result suggests that the sediment concentration in shallow
natural streams is limited by the supply of sediment from

upstream sources.
r
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Based on the result of this research, the following

conclusions can be drawn.

1.

To pfedict sediment yield from the fluvial sediment flowy
in small streams flowing through areas undergo}ng develop-
ment in Western Quebec,‘sedimeﬁt yieid can be related to
the stream discharge in the form given in equation*S.I.
Where elevation is of some concern, a slope

parameter should be taken into account when felatﬁng
sediment yield and sediment dischargeh -

A continuous simulation hydrological model sucﬁ as the
USDAHL-74 hydrology model can be used to predict the .

-

daily streamflow discharge. The USDAHL-74 hydrology-model

has the special advantage of being- able to predict flow S

from a particular area within the watershed under

consideration by using the zoning concept. However, it

‘seems research needs to be carried out to ygive better

definitions to the subsurface and land-use parameters in the
USDAHL-74 model. '

The sediment flow in shallow upland streams differs from
the sediment flow in large rivers. This conclusion results
from the poor relatioﬁ derived from a plot cof log of
suspended sediment concentration'and lég of average stream

velocity.
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Further study of the relation between hydraulic stream
properties ahd the suspended sediment cdncaptfation is
needed. A model proposed in the thesis requires more

detailed.measurements to determine its value.

]
The application of a continuous simulation model has

provided an understanding of the physical processes

involved in watershed hydrology and the means of describing

.such processes.

The following suggestions are offered as topics for

further investigation:

1.

"model was not entirely satisfactory in this regard as it

‘ -~ ‘
The mechanisms I tural streams involved in the

deposition and resuspension of fine-grained sedimeﬂts
need to be better defined.

There 1s-a lack‘of i;formation on the properties of and
processes by which fing—graiﬁed soils are eroded and
transported. I

Study of the transport of fine-grained suspended sediments
requires a continudﬁs flow model which will model a range
of flows accurately. The application of the USDAHL-74

-

did not simulate the low flows well. Improvements are . .-:Ax

needed for this purpose.

>

L]
L+
r'—‘*’""

%S
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APPENDIX A

REGRESSION ANALYSIS

b K
N ¢

Regression analysis is\gne-o
=

tistical tools used Tﬁk
hydrology. Regression anal )

s for estimating
individual values of one varia om the given values of the other
variables. The regression equation gives the average amount of change

in the dependent variable corresponding to a unit change in the

independent variable.

Basic Assumptions
The basic assumptions required for regression are as follows

(Tywoniuk and Wiebe 1970, Brown, Konoplyantsev, Ineson, Kovalevsky

. -~
1972):

1. The principal requirement of the regression method is that the
deviations of the dependent variable about the regression line be
normally distributed with the same variance fof each v§1ue of the
independent variable. The assumption of norma]ity'is required in
establishing confidence 1imits and in conducting tests of

significance, but not in obtaining the least squares fit itself.
\

-2. Observations from which the regres:jon is developed are statistically

independent; for any value of the /independent variable, observed
values of the dependent variable are uncorrelated random events
3. The 1ndepenggg$ variables are measured (or are known) without error.

N,
The dependent variable is considered as an observation on a random

/'-
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variable, and the independent variab]e”as some known constant
associated with.this random variable.

4. Each of the variables is homogencus, that is, all individual values
of a variable measure the ﬁame thing. Daté are consideredjhpmogenous
if any subgroup to which certain of these data may be 1ogiqa]1y
assigned has the same expected mean and variance as any other sub-
group of the population.

5. ' A correct form of the model has been chosen.

It should be noted that analyses are often made on-data which do

"not cémpletely conform to the assumptions.

Multiple-Regression Equation

The general multiple regression relation may be expressed in the

form (Yevjevich 1972)
Ty = flxpaxgx) ve o - (A.1)

in which Yi: X1s Xpse.-X, @ren + 1 variables and ¢ are the residuals.
This equation gives the estimate of Y} for given values of all other
vériab]es. Eﬁuation A.] can be linear or non-linear. Because linear
relations areaeasier to deal wifh than non-linear relations, the
variables- of non-linear relations in hydrology are often transformed

to linear relations for the multiple regression ahalysis. Fof example:

- p . ‘
Y=u X1 X2 ...Xp _ _ (A.2)

where Y is the dependent variable.

« and B are parameters to be estimated. The equation A.2 can bgﬁ
/ g



Jinearized by using a logarithm¥ transformation

log ¥ = In'a + 8, In Xy + 8, In Xyt Bp Tn Xp

(A.3)}

‘Many hydrologic rélations‘are.non-1inear (Haan 1977, Yevjevich 1972,

Tyweniuk and Wiebe 1970}. Yevjevich (1972) lists 15 ypes of functions '

g

and their transformations in linear form. In hydro]ogy. the logarithmic

transformation seems to be popular.

The advantégés that may be obtained from transformations are as

follows:

1. A simple linear relation is obtained among the trans%orme& variab]es;

2. The marginal distributions of transformed variables approach more: d

closely normal distribution than do those of untransformed variables',

—
./rand

The variation of the point$ along thé regression is more homdgenous,

that is, the variance is stablized. 5 L

~ A

These advantages may or may not all occur in a given transformation.

CURVE FITTING AND ESTIMATION OF PARAMETERS

Graphical Association

A great variety of graphical associations is used in. hydrology.

A common application is in the case of simple linear regression. The

data are plotted on graph paper and a Tine of best fit is estimated by

eye and drawn through the points. From the line so drawn, the

coefficients o and 8 are obtained. Lyon and Cavadias (1966) pointed out

some reasons for using graphical techniques in hydrology.

Some of these are:
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1. Graphica] correlations are visible and thus can be more easily
understood. ‘55/) |

2. Little or no knowledge of statistical methods is necessary in
applying graphical fechniques.

é} Graphical techniques do not require the large number of manual
computations necessary for analytical methods.

4. Graphical correlation curves can take any reasonable shape that can
be drawn. whereas thé analytical methods must assume a Zhape for the

curves at the outset.

Solomon {1966) pointed out that a preliminary graphical analysis
is always beneficial because this may save many unnecessary computations

and indicate which statistical model to use.

4

ANALYTICAL

Yevjevich {1972) 1ists five steps that are necessary in performing

a regression analysis:

1. Selecting a function of corre]htive reTation, simple or multiple,
of linear or non-}inear type.

2. Estimating parameters (statistics) that measure the degree of
correlative association.

3. Testing the significance of staéfstics that measure the correlative
association.

4. Estimating parameters of regression equation, and

5. Testing the significance of regression parameters, or drawing the

confidence limits about the fitted regression functions.
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The most commonly used analytical method is the least squaréﬁ*
linear regression analysis. }ﬁ;@‘-

A general linear equation of the form

Y=a+s]“x]+52x2+...spxp+e (Ad)

is considered where Y is a dependent variable, and X], XZ""xp are
1hdependent variables. The question is: for what values of ay 81...8p-
-is the equation the best?

Least-Squares Estimation Method

This method.consists of thguestimatfﬁn of parameters o, B, by fitting
the chosen theoretical‘1iheér function to an empirical distribution. The
sum of all squares of deviation, e, of observed points from the fitted
function is minimized to produce least squares (Yevjevich 1972).

Thus values-of a, bj, j = 1...p will be determined that minimize

the sum

)-2=2{Y-(+BX + B x)}2 ‘ (A.5)
.I ,iCL -I-l. pp .

in which X] and Y] are coordinates of observed points, and o, B are

n
s =zl = (y,-¥
1 i
replaced by their estimates a, b and N in the sample size. This sum can
be minimized with respect to a and b by taking the partial derivatives
of S with respect to parameters a, b, and setting the resulting equations
equal to zero:
n
3z (Yi—Y)2
i=1 . .
=0 = 05l (A.6)

These partial derivatives give n equations for the determination of n

-
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parameters. - N should be so chosen so that N > n, that is, there should

be more points than parameters to be determined.

Efficient Estimation

According to Yevjevich (1972} three conditions are necessary for the

least squares method to be an efficient estimation method:

a. that the deviations of equatioﬁ A.5 are normally distriQutéd;

b. that the population variance of e, is independent of the position
of a given group of values e, or the deviations are mutually
independent h]ong the Tine;

c. that the population variance of e; along the curve is a constant.

Often in hydrology, the deviations e, depend on Y, and as a consequence,
these conditions are rarely satisfied in hydrology. To rectify thig,
anomaly, various transformations are used.

Another analytical method that can be used for the analysis of
parameters in é regression model is the Maximum Likelihood Method
(Tywoniq? and Wiebe 1970). By this method the value of a parameter is
sought to make the probability of obtaining the observed outcome as high
as possible. In mathematical terms, it is stated as: 3 log p(X)|su = 0
where p(X) is probability density and u is a statistical parameter. The
use of this method is rather infrequent due to its complexity.

Haan (1977) pointed out that the total sum of squares can be
partitioned into three parts. These are:

1. n?z, the sum of squares due to the mean.

2

2. e =S, the sum of squares of deviations from regression or the

residual sum of squares, and

=2
3. (Y - Y), the sum of squares due to regression.
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MEASURES OF ASSOCIATION

The degree of correlation of a dependent variable Y to many
independent variables in a multiple Tinear association can be measured

'by any of five parameters: -

1. The standard deviation of residuals.

2. The mh1tip1e correlation coeffient.

3; The coefficient of multiple determinatfon.
4. The partial correlation coefficient, and

5. The beta coefficients.

The mathematical expressions for these measures of association are
documented by_igxggyich (1972) ;nd Haan (1977).
Multiple corre]atgon coefficient, R, measures the
degree of correlation of a dependent variable to other mutually independent
~variables. The coefficient of determination, Rz, which is the square

of multiple correlation coefficient indicates the part of the variance

of the dependent variables 512 that has been accounted for mathematically.
rZ - sum of squares due to regression : A
sum of squares about the mean s

"

ngs the multipie correlation coefficient. The standard deviation |
of residuals represents the spread of points around the regression line.
The partial correlation coefficient measures the association of the
dependent variable Y with any given independent variable Xi' A simple
method of estimating the partial correlation coefficient ry.y involves
the determination of (1) multiple correlation coefficient R] between Y

and all the independent variablies, and (2) the muitiple correlation
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(:;f;:ijf¥éient Ry 5 between X, and all the independent variables except the

osen X,. The partial correlation coefficient r,_; is then expressed as:

S - ' 2

- 2 R
- ri_g =1 =1 (A.7)
- - 1-1 —2——

TRy

The effect of individual independent variables on the dependeﬁt variable
may be measured by a dimensionless form of the regression coefficient

known as beta coefficient.

STATISTICAL INFERENCE

Since the regrgssion lines and the degrees of association are
measured by paramgters, the reliability of these éstimated parameters is
important. A good discussion on the confidence interval associated with
the statfética] inference is given by Tywoniuk aﬁ%f131ebe (1970) and
Haan (1977). @ |

Two Important Assumptions

[ 3

There are two important assumptions in the derivation of regression

analysis with which hydrologic stiudies do not quite comply.

1. In the derivation of the simultaneous no}mal equations from whiéh
curves are fitted by the method of least squares, it is assumed that
thé explanatory (independent) variabies are fixed variates and Are
measured without error. The fact is that the errors are inherited
by the dependent variable. There are app]ications in which this

error association is not a realistic situation (Snyder 1962).
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The second basic assumption is that the indepeﬁdent variables are
not_corre1ated with each other. In hydrologic studies, fhe independent
variables may not be uncorrelated. In such cases,.the reg%ession
coefficients become hnstab1e and can not therefor® proQidé a reliable

and consistent estimate of the independent contributions of these

variables.
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Bl. SUSPENDED SOLIDS DATA SHEET

Nozzle area = 0.18 cm?
(unless otherwise specified)
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SOIL MOISTURE CONTENT, PERCERT BY VOLUME
NOTE: Adapted from "Represenfative and Experimental Baosins,” edited by
C.Toebes ond V. Quryvaev, pubkished by UNESCO, 1970.
Soil moisture~constants by texture
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. Tentative estimates of vegetative parameter'gs“ in
. o= infiltration equation (Holtan et al 1975}.

: o Basal area rating a
Vegetation Poor condition Good condition
FalloW" 0.10 0.30
Row ¢rops 0.10 . .&ng‘”“—’
Small grains 0.20 0.30
Hay: S :
/nﬁﬁgumes . ' 20 _ .40
Sod . .40 . " .60
Pasture: : _ :_ .
Bunchgrass .20 .40
Temporary (sod) .40 y .60
Permanent (sod) .80 1.00.
Woods and forests ' .80 1.00
—_—
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