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Abstract
A hydrological study of the island of Newfoundland (Canada) was carried out to identify
the key basin characteristics associated with a range of flow measures and to assess the
potential for improving flow estimates at ungauged sites using various regionalization
methods. The data set was the natural flow records of 40 stations on the island with
record lengths of more than ten years. The research included a detailed assessment of thr,
flow records, selection and computation or abstraction of appropriate flow and basin
variables, analysis of the relationships of the flow measures to basin characteristics,
grouping of the basins (for flood analysis only) into regions of geographic and basin
characteristic dataspace, development of predictive equations for all groups, and
assessment of the effectiveness of the regionalization methods. A procedure was
developed in this work for estimating the effective precipitation in ungauged basins from

geographic and topographic variables.

The most important explanatory variables were found to be drainage area, area controlled
by lakes and swamps, fraction of barren area in the basin, and distance of the basins
north and/or southwest of defined lines. A detailed assessment of five methods of
regional subdivision carried out using the mean annual maximum daily flow as the
measure of interest found that dividing the island into regions generally improves the
estimates at ungauged sites. Clustering based on basin characteristics is a promising

method of regionalization.
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1 Introduction

In this work, the hydfology of the island of Newfoundland (Canada) was examined, with

two purposes
o to identify the key basin characteristics associated with a range of flow
measures;
o to assess whether flow estimates at ungauged sites can be improved

through regionalization, and if so, to identify the preferred method of

defining regions.

The island of Newfoundland is a large, roughly triangular island about 111,000 km? in
area lying off the east coast of North America, between latitudes 46° 30’ and 51° 30'
North. The island has a cool, moist, maritime climate characterized by unsettled weather
conditions with few extremes of temperature and precipitation. It lies in the belt of the
westerly trade winds, and weather systems from continental North America cross the
island in a generally southwest-to-northeast direction. Runoff is consequently high in the

southwest, at over 2000 mm a year, reducing to just over 700 mm on the northeast coast.

Surface water is much more important than groundwater in Newfoundland. Mnst of the
island consists of bedrock overlain by a thin veneer of glacial till, so subsurface aquifer
storage is negligible. Most of the population obtains its water from surface supplies, and

about two-thirds of the island’s energy comes from hydroelectric generation from surface
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sources. The abundance of good quality water in lakes, streams and ponds also sustains

important recreational and fisheries uses.

Despite the importance of surface water, the hydrometric data base is quite limited.
There are only thirteen records of unregulated streams with lengths of over 30 years, for
example. At present, there are about 40 stations with record lengths of 10 years or more
(on average one station per 2800 km?), Installation of additional gauges in the mid-1980°s

means that within a few years the useable data base will be about 50 percent larger.

The climate network is also sparse, and the stations are not well located for hydrological
analysis. In general, the stations are in communities which are situated along the
coastline. As a result, there are almost no precipitation records representative of the

central or upstream parts of drainage basins, gauged or ungauged.

Nevertheless, estimates of flows at ungauged basins are required throughout the range
of flows from droughts to floods. Flood flows are obviously needed for design of
structures, and low flows are required to estimate maintenance flows for fisheries and
possible failures in water supplies. Daily flow sequences are required for design of new
hydroelectric and water supply facilities, and for improved water n.anagement at existing

facilities.
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Previous studies have provided regression equations to enable hydrotechnical engineers
to estimate some flows at ungauged sites. But with the limited data base, appropriate
regression equations are frequently not available or are not suitable for application to the
ungauged basin of interest. The purpose of the present study is therefore not simply to
provide equations, but to enhance the understanding of basin response. Estimates

resulting from equations can then be rationally assessed and adjusted if required.

This thesis consists of six chapters. Chapter 2, which follows this Introduction, provides
a review of the literature, much of which has been in the field of regional flood
frequency analysis. Chapter 3 presents a review of the data, selection and computation
of the flow measures, and selection and abstraction of the basin characteristics. Chapter
4 presents the analysis of relationships of all the flow measures to the basin
characteristics, paying particular attention to variables representing hydrologic input.
Graphical techniques, principal components analysis, and multiple regression are the tools
used for the quantitative analysis. In Chapter 5 one of the high flow measures, Qavgfld
(the mean of the annual maximum daily flow series) is used to assess whether
regionalization can improve predictions. Qavgfld was selected because it is frequently
used as an index flood in regional flood frequency analysis, and many investigators have
noted that the estimates of the index flood are a large source of error in estimates of

more remote events. Conclusions and recommendations are provided in Chapter 6.



2 Literature Review

The definition of homogenous regions for hydrological analyses and the relating of basin
characteristics to inflows within those regions has long been of interest to engineers
secking to improve estimates of hydrological variables at both gauged and ungauged
sites, It continues to be an active field of research, being revisited each time there are
advances in either techniques of estimating the variables at gauged sites or in statistical

multivariate techniques.

This section reviews the relevant literature in three categories, depending on the focus

of the particular study. These categories are briefly described below.

1. Regional Flood Frequency Analysis
Most of the interest in regional hydrology has been in the delineation of regions
for the purpose of improving estimates of flood flows. Until recently, most
regions have usually been defined geographically, with perhaps a simple statistical
test to confirm groupings. The purpose of the regionalization is usually to
improve flood flow estimates, especially at ungauged sites. Recent improvements
in flood frequency analysis techniques have improved the definition of regions.
The statistics o_—btained using the L-moments method in particular have been

shown to be very useful in identifying vasins with similar flood responses.



2. Relating Hydrologic Response to Basin Characteristics
Estimates of hydrologic response variables, whether for floods or other flow or
meteorological variables, are often required at ungauged sites. These estimates
are usually obtained using regression equations relating to the hydrologic response

to basin variables. Regionalization techniques are used to improve the estimates.

3. Regional Analysis in Non-Geographic Dataspace
Many investigators have noted that for the purpose of predicting hydrologic
response it may be more helpful to group basins together in a data space which
is not necessarily geographical. Such grouping can be done using multivariate
techniques such as cluster analysis. A variation on this approach has been called
the region of influence approach (ROI), in which each basin has its own unique
region. The regions have flexible boundaries, and consist of basins particularly
similar to the basin of interest. Multivariate analyses can be carried out without
computers, but there is no doubt that access to powerful multivariate statistical

programs has led to substantial development in regional hydrology.

The remainder of this chapter reviews the relevant literature for each of these categories
in turn, in roughly chronological order to show the development in each category. The

studies specific to Newfoundland are described in a final section.



2.1 Regional Flood Frequency Analysis

One of the most influential of early investigators into the use of regionalization in flood
frequency analysis was Dalrymple (1960). Like many others, he was principally con-
cemned with improving estimates of flood quantiles. He proposed a method of using data
from many gauges to compensate for the fact that individual records were too short to
produce satisfactcry estimates of upper quantile flood flows (i.e., he substituted spatial

information for temporal).

His method, the index flood method, has become widely used, with relatively minor
variations. It depends on the fundamental assumption that all the flood series within a
region come from the same parent distribution. Dalrymple also published Langbein’s test
for homogeneity, based on the premise that the slope of an individual frequency curve
shall be no more at variance with the regional curve than can be explained by errors in
sampling. The test is applied by plotting the flow having an estimated return period of
10 years on a plot which also shows the control curves representing a range of variation
equal to two standard deviations of the reduced variate for the extremal distribution. If
the flow for the basin falls within the control curves, the basin passes the test for
homogeneity. Because of the funnel shape of the control curves, this test is sometimes

referred to as the funnel test. Its publication by Dalrymple and shortly thereafter by
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Chow (1964) led to its wide use and acceptance. Condie (1979) expanded the concept to

include lognormal distributions.

A growing recognition by hydrologists of the improvements in statistical techniques,
aided by computers which allowed more sophisticated analysis and plots, led to increased
use of three parameter distributions. It soon became clear to those working with three
parameter distributions that skew cannot be reliably estimated from the short records
typically found in most hydrometric networks. Matalas, et al (1975) and Wallis, et al
(1974, 1977) were among the first and most influential to call attention to some of the
problems related to this issue. Regional analysis becomes important because it has the
potential to provide regional estimates of a shape parameter (skew), which can be
combined with at-site estimates of the location and scale parameters (mean and standard

deviation) to improve quantile estimates.

Maclaren Atlantic (1980) used a regional approach to estimating skew in a regional flood
frequency study of Nova Scotia streams. The invest.zators first identified mainland Nova
Scotia as a homogeneous region different from Cape Breton Island, based on experience
and judgment. They then estimated a regional skew coefficient based on the average of
the skew coefficients of stations with record lengths longer than 20 years. Multiple
regression was used to develop the relationships between the average flood flow, as well

as flows with return periods of 20 and 100 years, and basin characteristics.
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Gabriele and Amell (1981) took this type of approach a step further, using a hierarchical

approach to regi .nalization. They assumed that the shape parameter (skew) would be
constant over a larger region than the scale coefficient (represented by coefficient of
variation Cv). In other words, a basin would be classified into a large region for skew,
and a smaller region for Cv. They did not have much success with this approach on the

Italian basins on which it was tested.

Fiorentino, et al (1986) continued this approach, using simulation to consider three
levels. The most general level was Cs constant in a region, the next level was Cv
constant in the region, and the most specific level was multiple regression to obtain the
location parameter (the index flood). The observed variance of Cs was similar to the
sampling variance from the simulation; however, the observed variance of Cv was nearly
twice the Cv in the simulations. They concluded that further subdivision would be

required to obtain good stimulation results for Cv.

Armell and Beran (1987) used a concept similar to regional skew in testing the suitability
of the two-component extreme value (TCEV) distribution proposed by Rossi (1984) for
regional flood estimation. Two parameters of the TCEV distribution contrel skewness
and kurtosis and the ratio of outliers. In their regional analysis, they assumed that these

two parameters were constant in a region. This pproach produces realistically variable
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estimates of sample skewness, but it needs long records for successful calibration, and

is not robust in non-TCEV worlds.

Other investigators continued to explore other ways using regional information to
improve flood estimates. Wood and Rodriguez-Iturbe (1975), and later Kuczesa {1982,
1983) considered Bayesian approaches to infer probabilities of extreme hydrologic events.
The Bayesian approach is one method to combine at-site and regional information. In a
case study by Wu (1988), quantile estimates from the Bayesian approach were much
lower than from the index flood method. Care is required with Bayesian approaches
because at sites with short records the prior distribution will dominate, and must be

correctly specified (which may be difiicult).

Heo, et al (1990) developed some regional frequency models and estimation techniques
for gauged sites with short records, assuming independence in space and time. They
concluded that regional flood frequency analysis was preferable to single site analysis

even when both intersite dependence and heterogeneity appeared.

Guo, et al (1990) investigated a regional maximum likelihood estimation (MLE) method
as an alternative to index flood, multiple regression or empirical Bayesian techniques for
predicting floods and gauged and ungauged catchments. They found that the regional
MLE method performed about the same for predicting flood quantiles at ungauged
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basins. They noted (as have many others) that finding the proper basin characteristics to
be included in a regional model is more important than finding the proper regional model

to improve the performance of regional flood frequency analysis.

Cavadid, et al (1991) examined the operation of the Box-Cox transformation for regional
fiood frequency analysis, especially its performance when the underlying distribution is

lognormal, Gumbel or gamma. They concluded that its use is not very promising.

Caissie and El-Jabi (1991) analyzed 237 stream records acioss Canada using the theory
of stochastic processes applied to extreme values. They preselected the regions based on
Government of Canada (1984). Using a partial duration series (peal:s over threshold),
they found that they needed to have four peaks per year above a truncation lzvel to obtain
reasonable results. They noted again that the weakness of the method is in estimating the

index flood.

The most promising work of the last few years in regional flood frequency analysis is the
L-moments approach, which provides powerful tests of regional homogeneity in flood
response. L-moments are mathematically equivalent to probability weighted moments
(PWMs), brought to the attention of flood frequency analysts by Greis and Wood (1951).
The technique of PWM's offers an alternativ~ * - the method of moments (MOM) or

maximum likelihood (ML) for estimating parani...rs of a distribution. As in the
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conventional index flood method, regional quantiles are scaled using an index flood, e.g.,
the average flood flow. This approach is robust, especially for short, highly skewed or

highly kurtotic records.

The first important publication in this area was by Hosking, et al (1985). In their
pppraisal of the U.K. Flood Studies Report, they demonstrated the superiority of the
PWM method. Similarly, Wallis and Wood (1985) showed by Monte Carlo simulation
that an index flood approach using PWMs was superior to the Log-Pearson III approach
recommended by the U.S. Water Resources Council. Hosking and Wallis (1988) later
showed by a Monte Carlo experiment that regional flood frequency methods give better
results than at-site analysis, even if both the assumptions of intersite independence and
homogeneity are violated. They point out that the error in quantile estimate is often due

more in estimating the at-site indc: flood than in estimating the regional growth factor.

Both Potter (1987) and Cunnane (1988) discussed the contemporary situation in regional
flood frequency analysis. Potter reviewed the research from 1983 to 1986, and noted that
the index flood methods based on PWMs performed very well in a variety of situations.
The main source of variability appeared to be the uncertainty in estimating the at-site
index flood. Cunnane (1988) provides a good discussion on the methods and merits of
regional flood frequency analysis. He notes that the dimensionless scale and shape

parameters Cv and Cs are commonly used as measures to judge regional homogeneity,
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as well as the funnel test. He prefers across-region averages using PWM's and L-
moments, although he cautions that there may still be unusual catchments for which at-

site analyses are: preferable.

The introduction of L-moments appears to have led in the last few years to the consensus
Potter felt was lacking in the mid-1980’s. Like PWM’s, they allow use of a regional
averaging to obtain growth curves. Hosking (1990) and Hosking and Wallis (1992)
present convenient and efficient methods for using L-moment statistics in regional
analysis. The L-moments approach also provides a method of selecting an appropriate

regional distribution, testing for homogeneity and identifying discordant gauges.

The L-moments procedure has now become well-accepted. Vogel and Fennessey (1993)
concluded from a case study that L-moment diagrams should replace product moment
diagrams. Using large samples of daily streamflow in Massachusetts, they found that
conventional moment diagrams based on estimated product moments (Cv, skew, kurtosis)
revealed almost no information about the distributional properties of daily streamflow,
whereas L-moments diagrams enabled them to discriminate among alternate distributional

hypotheses.

L-moments are now used in Environment Canada’s Consolidated Frequency Analysis

(CFA) package, and the use of L-moments to estimate flood quantiles within regions is
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recommended in Maidment's Handbook of Hydrology (1993). In New Zealand, Pearson

(1991) estimated L-moments for 275 annual maximum flood peak series to identify the
most suitable parent distribution and compare it with previous assumptions. This work
is continuing, as well as application of L-moments to low flows and extreme rainfalls.
In Canada, Pilon and Adamowski (1992) demonstrated the value of regional information
to flood frequency analysis using the method of L-moments in Nova Scotia through
simulation. Pilon (1991) also used L-moments in a simulation study to show that all the
gauges on the island of Newfoundland can be considered to be part of a homogeneous
region. L-moments have been applied to other data besides flows; Cong, et al (1993),
for example, used the L-moments approach to identify the underlying distribution form

of precipitation using regional data.

2.2 Relating Hydrologic Response to Basin Characteristics

In order to make flow estimates at ungauged sites, flows at gauged sites must first be
related to basin characteristics. In the analysis described in Section 2.1, the concern was
with flood flows. Other investigators have been interested in relating not only flood

flows but other flow measures to basin characteristics.

A landmark study was carried out by Thomas and Benson (1970), in a large scale

multiple regression analysis. They preselected four regions in continental United States,
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with quite different climatic regimes and physiography (eastern, central, southern and
western continental U.S.) and assessed the relationships among a wide variety of basin
topographical and meteorological characteristics and 71 flow indices. Their flow indices
did not include extremely rare evenis; they ranged from the seven day low flow with a
return period of 20 years at the low flow end to an instantaneous flood peak with a return

period of 50 years at the high flow end. They found that

1. streamflow characteristics can be defined more accurately in humid regions;

2, low flows can be only weakly defined,

3. medium flows can be more accurately definsd than high;

4, standard deviation of monthly and annual flows are significantly related to basin
characteristics; and

5. some indices of flow distribution in time can be better described by regional aver-

ages than by basin characteristics.

These conclusions have generally been reproduced by others in one way or another. They
also noted first, that some basin characteristics, such as basin geology, cannot yet be
satisfactorily represented by simple numerical indices (which may partly explain why low
flows are difficult to predict); and second, that the basin characteristic indices most

highly related to streamflow are drainage basin size (a physiographic characteristic) and
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mean annual precipitation (a meteorological characteristic). The usefulnecs of other

variables (forest cover, snow, and surface storage) varied from region to region.

Another influential regional study also carried out by the USGS a few years later was a
regional analysis of streamflow characteristics (Riggs, 1973). It is intended as a manual
Jescribing ways of generalizing streamflow characteristics and evaluating their
applicability under various hydrologic conditions. It is mostly concerned with regional
flood frequency analysis, and notes that four basin variables, three physiographic
(drainage area, slope, and percent lake and swamps) plus one meteorologic (mean annual
precipitation) will ordinarily reduce standard error to a minimum. Like Thomas and
Benson, he observes that the application of regional analysis to low flows is less
successful because of the greater dependence of low flows on basin characteristics that

are imperfectly known and that cannot be described by simple indices.

Schaefer (1983) took an interest in regionalization from a meteorological perspective, in
considering storm analysis for spillway design. He argues that extreme storms can be
analyzed more reliably on a regional rather than on a point basis. His regions are
geographical, and homogeneity is assessed by judgment and experience. Regions can be
considered homogeneous if events originate from the same storm type, or if the
precipitation data at all stations with the region share homogeneous statistical

characteristics. He concluded that large events are rare for any given station but are quite
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commonplace for a region, a result important fo: regulators responsible for all structures

in a region.

Schaefer continued his work in this field with a regional analysis of precipitation annual
maxima in Washington State (Schaefer, 1990). He looked for site-to-site similarity of Cv
as the mark of a homogeneous region. He defined his subregions using a continuously

varying mean annual precipitation (in geographic space).

Mimikou and Kaemaki (1985) sought relationships which could be used to predict the
shape of flow-duration curves in western and northwestern Greece, They described the
flow duration curve as a cubic polynomial with four parameters. Assuming the area to
be one homogeneous region, they developed regression equations using precipitation,
drainage area, hypsometric fall and channel length to predict the values of the parame-

wrs.

Fennessey and Vogel (1990) also developed a regional hydrologic model for estimating
flow duration curves, but they approximated the lower half with a two parameter
lognormal function. They developed regional regression equations using drainage area
and a basin relief parameter, with good results, Vogel (1992) took a different approach
a few years later in estimating low flow statistics. He approximated low flow behaviour

with a simple stream-aquifer model, and then estimated modified model parameters (area,



17

slope and base flow regression constant) using multivariate regression procedures. In the

region considered, he found that the low flow statistics were highly correlated with these

parameters.

Acreman (1985) reviewed the U. K. Flood Studies Report (FSR) in the Scottish context.
Taking Scotland as one region, he used the FSR data base expanded to include new data
to develop a prediction equation for the mean annual flood Qavg, based on basin
characteristics. He found that the standard average annual rainfall (SAAR) is a better
predictor of the mean flood flow than the extreme rainfalls used in the FSR; that the
fraction of lake storage (LOCH) is a better predictor than the fraction draining through
lakes (LAKE), and that drainage area, stream frequency and a soil parameter are also
important variables. Slope, whether average basin slope or main channel slope, was not
statistically significant, although examination of residuals suggested that it is an important
explanatory variable in some basins. It is either not well represented in the data set or
is not adequately specified by the indices. Unlike other investigators, he found no
correlation between average valley slope and basin slope, possibly because the region was

glaciated.

Pilon (1990) outlined the extension of the index flood method to low flow analysis when

the regional distribution is assumed to be Weibull. He derives a homogeneity test similar
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to the funnel test, and suggests using non-geographic regions. He also recommends
extending L-moments techniques to investigate the distribution.

o

2.3 Regional Analysis in an-Geographic Dataspace

The studies relating hydrologic response to basin characteristics showed the importance
of defining regions. Another line of research dealt with methods of grouping other than
geographical for establishing regions. In New Zealand, Blake, et al (1973) took a
different and then-novel approach to regionalization. The hydrologic network in New
Zealand had been established with the aim of ensuring that all regions would have
representative basins, i.e., that a representative gauged basin could be assumed to be
representative of the region in which it was located. The regional subdivision had been
made on the basis of rock type, slope and precipitation, and the regions were
geographically contiguous. Blake et al (1973) used a principal components analysis to test
the regional subdivision. They found that they could reduce their original 39

characteristics to seven.

White (1975) took a related approach, using data for basins in Pennsylvania. She used
factor analysis of basin geomorphological characteristics, including drainage density,

slope, shape, and geometry.
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Mosley (1981) continued the evaluation of New Zealand hydrological regions. He

developed clusters based on specific mean annual flood and coefficient of variation, and
concluded that where a number of factors are equally important in controlling hydrologic
regime (e.g., climate, lithology and topography), a complex mosaic of hydrologically
homogeneous areas results, and no broad scale regions can realistically be identified.
Where one factor is dominant, a regional system may be identifiable, as in the South
Island, where differences in climatic regime appear to dominate. He stressed that the
groupings should be based on sound principles of classification, and in particular should

be based on attributes of the basin, not on factors that supposedly influence the attributes.

Tasker (1982a) published a useful paper comparing methods of regionalization. Using
data splitting techniques on 221 basins in Arizona, he compared the effect of clustering
on basin characteristics with clustering based on flow characteristics. Had he only based
his results on the estimation data, he would have concluded that clustering on hydrologic
characteristics was better. In fact he found that better prediction results were obtained
using basin characteristics. Elsewhere (Tasker 1982b) he suggested using the Wilcoxon
Signed Ranks Test to test whether the apparent clustering of plotting residuals from
regression is real or the result of chance. Several years later (Tasker, 1986) he reviewed
the issue of regional homogeneity in the context of regional floods, concluding that more
work was required to define homogeneity, and pointing out that the estimates for some

sites may be adversely affected by regionalization.
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Although regionalization for the purposes of improving flood flow estimates has received
the most attention in the literature, the interest in other flow characteristics has
continued. In the mid-eighties, Hughes (1987) used cluster analysis to group 77 rivers
in Tasmania into four groups based on 12 hydrological indices of monthly, annual, peak
and low flows. She found that the groups were distinctive and spatially significant, and
that drainage area, mean annual rainfall and Cv of annual flows could be used as
indicator variables to extrapolate other indices. No basin characteristics were used except

drainage area and mean annual rainfall.

Acreman and Sinclair (1986) took the opposite approach to data from 168 basins in
Scotland, classifying the basins independently of the discharge data. They th 'n tested
homogeneity using flood flow data, using the likelihood ratio test based on Generalized
Extreme Value (GEV) parameters. Where homogeneity was rejected, they found it was

due to a small number of badly fitting basins.

Hawley and McCuen (1982) used regions defined by cluster analysis for the purpose of
estimating water yield in the western United States. The separation of the study area into
five regions using cluster analysis of 18 characteristics (17 basin characteristics and one
flow characteristic, yield). The clusters were geographically contiguous. They used
principal component analysis to identify important factors and stepwise regression to

develop the equations.
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An important contributor to the research on regional analysis is Wiltshire. In the mid-
eighties, he carried out multivariate studies of drainage basins in Britain and developed
homogeneity statistics to test their classification. In Wiltshire (1986a), he notes that
although the funnel is much used, it is weak, and developed two statistical tests of
regional homogeneity and examined properties of the test statistic. He also notes that the

U.K. Flood Studies Report did not use any statistical test to define regions.

The first test Wiltshire developed was based on Cv of the flood series, on the assumption
that Cv is related to the slope of the flood frequency curve. (Similarity of Cv is often
considered an indicator of a regional grouping.) Simulations, however, showed that this
test is not very good; it accepted homogeneity too often. The second test, based on the
distribution function of the regional parent, performed beiter. Its power depends on
region size, record length and choice of parent distribution. He found that a few long
records will characterize the data better than many short ones. Also, if the series are ten
years or less in length there will rarely be sufficient information present to detect

heterogeneity even where there are gross differences.

In Wiltshire (1986b), he tests clusters in a flow statistic dataspace of average flood
specific runoff and Cv. The clusters were developed using a partitioning clustering
scheme rather than an agglomerative hierarchical scheme. The clusters were interpreted

in terms of basin characteristics through the use of a multivariate linear discriminant
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analysis. He also considered fractional membership using weighting. Clusters in a flood

statistic dataspace were not particularly well mapped onto a basin characteristic

dataspace.

In Wiltshire (1986c) he reports a procedure for grouping basins by an iterative search
through the basin characteristic database to optimize statistics that describe the efficiency
of the grouping. When he applied the procedure to U.K. data, five groups resulted,
based on drainage area, mean annual precipitation, and fraction urban. He tested the ten
geographical regions identified in the FSR with the same statistics, and found that only
five were homogenous. Overall the regions were not significantly different in terms of

their mean Cv's.

Wiltshire and Beran (1987a) continued this investigation into multivariate techniques for
the identification of homogeneous flood frequency regions. In their study the regions
were identified using a plot of Cv as a function of the average flood specific runoff.
Basins which plotted near each other were recombined until the total sum of squares of
the distances from the centroid was minimized (a partitioning scheme). They then used
discriminant analysis to determine which basin characteristics should be used to describe
each cluster. They found that some basins did not fit into any of the flow clusters based
on their basin characteristics. This was particularly a problem for basins/clusters with

relatively small mean floods and high Cv’s. They addressed this problem by using the
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scores from the discriminant analysis to weight the growth curves, and suggested that
other statistics could be used to define the clustering dataspace. They concluded that the
effectiveness of the discriminant analysis, as well as the regression estimate of the stan-
dardizing parameter, are limited by the available basin characteristics. Wiltshire and

Beran (1987b) also present a significance test for homogeneity of flood frequency

regions.

Burn (1988) addressed the delineation of groups for regional flood frequency analysis.
He was concerned with both the technique for determining a homogeneous group, and
with the robustness of the method for estimating regional parameters with respect to the
distribution. He used a principal components analysis of the correlation structure of
annual flows at 41 stations in Manitoba as the flow dataspace. The number of principal
components was the number of groups for the analysis; three groups were finally
selected. He then evaluated the technique using Monte Carlo simulation, considering
four alternative estimators. He found that at-site estimates were improved using these

regions.

Bum continued his regional analyses in an appraisal of the region of influence (ROI)
«pproach, similar to the fractional membership approach of Wiltshire and Beran (1987a).
In this approach, each site has a unique set of stations which constitute its region.

Considering the flow dataspace only, he found that the ROI approach performs better
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than traditional methods of grouping, probably because the available information is used

more efficiently. In 1989 Bumn used cluster analysis (by partitioning) of flow variables
as a method of grouping basins (Burn, 1989), and followed up on this work with a report

on a large study using the U.K. FSR data set (Burn and Boorman, 1993).

In this report, Burn and Boorman present a procedure for estimating various hydrologic
variables (high and low flows, mean flow, and rainfall-runoff model parameters) at
ungauged catchments. They grouped the catchments using cluster analysis by partitioning
of three principal components obtained from seven flow measures. They then identified
three groups, those with flashy, big floods, those with slow, sustained, low runoff
production, and those with slow, sustained, but high runoff production. They used
stepwise discriminant analysis to select the key basin variables, and canonical analysis
to identify canonical variables for discriminating between clusters. These canonical
variables separated the clusters based on flows reasonably well. They applied the
technique to two parameters of a rainfall-runoff model used in the U.K. for ungauged
catchments. Burn’s most recent published work uses Newfoundland data, and is

described in Section 2.4.

Haines, et al (1988) used cluster analysis for descriptive purposes, to prepare a

preliminary global classification of seasonal flow regimes, based on a data set of mean
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monthly flows. Their results were presented as a map of regime types drawn for the first

time on the basis of streamflow characteristics alone.

Bhasker and O'Connur (1989) present a comparison of cluster analysis and the method
of residuals for flood regionalization. The pattern of residuals has been used in
conjunction with regression analysis to identify geographic regions in regional flood
frequency analysis. Like Wiltshire they choose the mean specific flood and Cv as the
clustering variables (although they use log Cv). They found that clusters were in no way
similar and were not coincident with geographical boundaries, but were better
discriminating in terms of the hydrological characteristics than region based on patterns
of residuals. They then used discriminant analysis of the basin characteristics to compare
assignment of basins to clusters. They selected drainage area, slope, sinuosity and shape

as the basin characteristics for the discriminant analysis.

Nathan and McMahon (1990) present the results of a thorough investigation into the
identification of homogeneous regions for the purposes of regionalization. They used low
flow as the catchment response for grouping. They discuss previous approaches and note
problems with them. They conclude that cluster analysis is a promising approach, but the
classification should be based on catchment characteristics; variables must be selected and
possibly weighted, and results will be highly dependent on scale. In addition, there are

a plethora of linkage algorithms and distance measures, which will lead to different
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results with the same data. Once regions have been selected, the final problem is how

to allocate new catchments. Computerized procedures such as discriminant analysis, will

always assign a variable to some region, even if it is quite dissimilar.

The purpose of their study was to develop regression equations for predicting low flows
and yield characteristics. They addressed the problems identified above by using multiple
regression to select and weight the independent variables (basin characteristics) before
carrying out the cluster analysis. Once the preliminary groups were selected using cluster
analysis, they used multidimensional plotting (Andrews plots) to identify group signatures
and minimize heterogeneity. The multidimensional plots were also an aid to assigning

new catchments to the appropriate group.

Gingras and Adamowski (1993) took an unusual approach to homogeneous region
delineation, basing their analysis of New Brunswick basins on annual flood generation
mechanism. Their approach combines geography and flood data characteristics through
the use of the shape of the probability density function, which is dependent on the
processes that generate floods in the watershed. Once they identified three regions, they
used multiple regression to develop equations for flood quantiles. For all regions and all
quantiles, drainage area and mean annual precipitation were the only significant

independent variables, and they were significant in all equations.
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2.4 Regional Analyses in Newfoundland

Since the late 1960°s a number of studies have been done in Newfoundland which include
some form of regionalization, although the regional boundaries rarely agree. The earliest
large study was undertaken for the Atlantic Development Board by Shawinigan-Maclaren
(Gov't of Canada, 1968). It reviewed the island hydrology and water uses. It was
followed two years later by a study done by Ingledow to develop a hydrometric plan for
the Atlantic Provinces (Gov’t of Canada, 1970). An important component of the work
was to delineate hydrologic zones for the purpose of ensuring that each zone was
adequately sampled in the hydrometric network. Two types of zone delineation were

identified

° physiographic, having generally uniform topography, geology and
vegetative cover, and subject to similar climate variations;

° statistically similar, having similar runoff parameters, so that within each
zone computation models (regression equations) can be developed to relate

physiographic characteristics to hydrologic response.

In Newfoundland they did not have sufficient data to undertake the second approach, so
they defined the zones using geographic and climate features as well as the annual runoff

distribution, They finally ended up with four zones on the island. In the process they
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identified two flood zones, the first consisting of the west coast and the Great Northern
Peninsula, plus the Avalon peninsula, and the second the remaining central area. They
also identified two average runoff zones, eastern and western. These were similar to the
flood zones, with the exception that the Avalon peninsula was included in the eastern
zone. In the final regionalization they subdivided the large eastern region into three
zones, one north and one south of the Water Survey of Canada (WSC) divide between
subregions Y and Z (plus subsubregion YS), and the third consisting of the Avalon
peninsula. Because of the lack of data in Newfoundland, they were able to undertake
only very preliminary statistical analyses. They recommended the addition of about 17

new gauges, many of which were installed.

The first flood frequency analysis relating flood flows to basin characteristics in
Newfoundland was undertaken by Poulin (Gov't of Canada, 1971). He treated the island
as one region, using 17 stations with an average record length of 15.8 years. Poulin
found that the average flood flow based on these records was a function of drainage area,

area controlled by lakes and swamps, and slope.

In the early 1980's the provincial Water Resources Branch, in association with the Inland
Waters Directorate of Environment Canada, undertook a major regional flood frequency
analysis (Gov't of Nfld, 1984). Regression analysis techniques were used to develop

relationships between flood flows with return periods of 20 and 100 years and relevant
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basin and climate characteristics. Equations were provided for two regions, as well as
for the island as one region. The regional division was north-south, based on the
observation that in most years the maximum daily flows in the north region occurred in
the spring in conjunction with snowmelt, whereas in the south region the maximum daily
flows could occur in almost any season. Five rivers in the two regions failed the funnel
test. Plots of the residuals showed no need to have two regions, but the regions were

maintained because the standard errors of the estimates were smaller.

Using logarithmically transformed variables, they found that for the island treated as one
region, and in the south, the peak flows were a function of drainage area, mean annual
runoff, area controlled by lakes and swamps, and shape. In the north region, treated
separately, the best explanatory variables were drainage area, mean annual runoff, and
latitude. The report noted the lack of snowcourse and inland precipitation data, and
indicated that they had used location (latitude and longitude) as a pseudohydrologic index

of exposure to major storms.

Sharp and Moore (1988) used the data from the regional flood frequency study to explore
the possibility of improving the regression results using principal components analysis.
They found five components that explained 82 percent of the variance, and plots of the
first two components suggested possible east-west clustering (not north-south as the

regional flood frequency study had found).
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Some problems with the 1984 regional frequency analysis were identified by Lye and

Moore (1991). The particular items they identified were as follows.

1)

2)

J)

4)

Fitting a multiplicative model using logarithmic transforms leads to biased
partial regression coefficients and biased estimates of the flood quantiles,
as well as goodness of fit statistics that do not reflect the accuracy of the

predictions.

The use of mean annual runoff (MAR) as an explanatory variable is
problematic, both because it is difficult to estimate at an ungauged site,
and because the correlation is spurious, A correlation between drainage
area and MAR is implied by the formulation of the equation, but such a

correlation does not exist.

The high correlation between latitude and MAR may lead to problems of

multicollinearity.

The use of the variable LAT (latitude) is suspect because of its small
coefficient of variation (Cv) together with the very large coefficient

associated with it in the regression equation.
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Some of these problems were addressed in a thorough revision to the provincial regional
flood frequency analysis carried out by the provincial Water Resources Division in the
late 1980’s (Gov't of Nfld, 1990a). Neither of the variables MAR or LAT was used.
This study identified four regions, based on specific flood runoff (m*s per km? and
time of occurrence of maximum flows. These four regions gave better results in
homogeneity testing than the previous regions or than one region alone. The report
provided regression equations for estimating instantaneous peak flows having return
periods ranging from 2 to 200 years. The significant variables were drainage area, a
lakes and swamps factor (combining the area controlled by lakes and swamps with the
fraction of the basin consisting of lakes and swamps), drainage density, and slope. Not
all variables were important in all regions. As with the 1984 study, the limited range of

the data was noted.

The provincial Water Resources Division also carried out a low flow frequency analysis
(Gov’t of Nfld, 1991). Three regions were identified, based on annual precipitaticn,
runoff potential, and the fractions of barren and forest areas. These boundaries were
different from the flood regions. It was difficult to obtain significant regression
parameters; the only significant explanatory variable was drainage area, with fraction of

forest coming in as a second variable in one region.



32

In the early to mid-1980's, two other studies were carried out by Acres with a somewhat
different focus. These were hydrologic design methodologies for small scale hydro
projects at ungauged sites (Gov't of Canada, 1984, 1985). The first was a general study
for Canada as a whole; the country was subdivided into 12 regions, of which the island
of Newfoundland was ore. In the second project, the methodology was developed for the

Atlantic region (except PEI) in more detail.

In the Atlantic study, the three provinces were divided into 14 regions based on
physiographic and climate characteristics. Three methods of synthesizing flow records
were developed, and an index flood approach was recommended for floods. In
Newfoundland, four regions were identified, corresponding with minor modifications to
Ingledow’s. The regions turned out to be the same for both floods and streamflow; when
the stations used in the 1984 regional flood frequency analysis were retested using the

streamflow regions, no new nonhomoge-eous stations were introduced.

All the above studies used a geographic approach to regionalization. The advent of
relatively easy-to-use multivariate techniques along with a good data set provided by the
provincial 1984 regional flood frequency study has led to several interesting papers using

alternative regionalization approaches.
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Cavadias took a canonical correlation approach to regional flood estimaiion, presenting
the results in two related papers (Cavadias, 1988, 1990). Like principal components
analysis, canonical correlation reduces the dimensionality of the problem, in this
application in the spaces of both the basin and the flood characteristics. Using the data
set of flood quantiles and basin characteristics from the 1984 regional flood frequency
analysis, he identified canonical flood variables and canonical basin variables. He found
that the locations of the gauged basins in a plot of the first two canonical basin variables
were similar to their locations in a plot of the first two canonical flood variables. An
ungauged basin can be located on the plot of the canonical basin variables, and the
neighbouring basins can be identified. The flood characteristics of the ungauged basin can
then be assumed to be similar to the flood characteristics of those basins, as represented

on the plot of the canonical flood variables.

In a preliminary study, Sceviour and Lye (1993) also used graphical techniques to
represent multivariate flow and basin data in two dimensional space. Rather than
reducing the data to canonical variables, however, they presented it in Andrews Fourier
plots (Andrews, 1972). Four key basin characteristics were taken from the 1990 regional
flood frequency study; for the flood characteristics they took the L-moment ratios
computed from the annual maximum discharge series. Well-defined clusters could be
identified using Andrews Fourier plots in both flow and basin characteristic dataspace,

but the same basins were not always clustered together in both dataspaces. The clusters
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did not coincide with the geographical regions identified in the regional flood frequency

study.

Pilon et al (1990) used Newfoundland data to test an approach to regionalization similar
to the funnel test but based on L-moments. They were particularly interested in
addressing the problem of how much of the difference in hydrological response is due
to heterogeneity (that is, where there are true regional differences) and how much is

simply noise.

Starting with the assumption that the island of Newfoundland is one region, they
generated 1000 replications of the hydrometric network, computing the variance of the
L-moments for each. The advantage of the L-moments approach is that no assumptions
on the distribution are required. They computed the expected value of the variance based
on the simulation results, then tested to see whether the differences were statistically
significant. They found that the differences were not significant at the 95 percent level,
and concluded that all the basins in the network could be grouped together in one region.
Based on their work, they noted that the amount of information in the flood statistics that

could be related to basin characteristics may be relatively small.

Zrinji and Bumn (1994) present a homogeneity test which allows them to define a region

of influence for any basin. As noted previously by Burn (e.g., Bum, 1990), the ROI

o



35
approach allows flexible cluster boundaries, and for weighting of results, based on the
proximity (in dataspace) of an ungauged basin to gauged basins. Gauged stations are
added sequentially to the region of influence of an ungauged basin, in order of similarity
of catchment characteristics. As the gauged basins are added to the region of influence,
their suitability for inclusion in the region is tested using the extreme flow characteristics
for gauged basins on the ROI only. The homogeneity test used is a chi-squared test to
determine if the at-site L-moment ratios are similar to the L-moment ratios of the

regional parent distribution.

They applied the approach to Newfoundland data from the 1984 regional flood frequency
analysis, and found a somewhat different result from Pilon et al. Whereas Pilon’s test
had identified all the stations as being in one region, based on the variance of the L-
moment ratios, Zrinji and Burn found that the numbers of stations in the regions of
influence tended to be small, because additional stations did not pass the homogeneity
test for inclusion in the region. Zrinji and Burn do note, however, that the set of gauging
stations they used forms a nearly homogeneous region. Based on a comparison of the
results of the region of influence approach with other methodolo,.cs (e.g., regression
approach, one region, and regression approach, north-south geographical regions), they
conclude that the regionalization component in regional flood frequency analysis is an

important factor for efficient extreme flow quantile estimation.
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3 Data Preparation and Preliminary Analysis

The data set used for the analysis consisted of flow and physiographic characteristics for
all basins

° on the island of Newfoundland
° gauged by Water Survey of Canada (WSC)

A with 10 or more years of record.

Regulated basins or basins with unknown drainage boundaries or diversions were
excluded. Table 3.1 lists all the basins meeting the above conditions, together with the
number of years of record and drainage areas. This list shows 45 stations, but a few
stations were removed as discussed below, for a final list of 40 basins. The locations of

the basins are shown in Figure 3.1.

The record for Indian Brook at Indian Falls (02YMO0O01) was not included because a
culvert diverts water from the basin into Birchy Lake. The amount of water diverted,
although probably small, is unknown. Similarly, a set of fisheries culverts at the
upstream divide of the Grey River basin (02ZD001) allows the release of water from

Meelpaeg Reservoir into the basin. Again, the volume of water is probably very small,
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Fig. 3.1 — Locations of Gauged Basins Used in Study



Table 3.1 38
Unregulated Basins on the Island of Newfoundland
with 10 or more years of record
Basin | WsC Station Name ‘WS [Drainage
ID Gauge # Count Area
: km?) |
02YAO01 Pte. Genevieve R near Forresters Point 24 306
02YQD01 ([Torrent R at Bristol's Pool 33 6240
02YD001 ver Brk near Roddickton 20 2370
02YD002 Northeast Brk near Roddickion 12 2000
02YF001 t Arm R above Great Cat Arm 15 6110
02YJ001 mysR bebw wa Bridge 24 6400
02YK002 waseech h Brk a itlle rand Lake 36 4700
02YK003 Bhefficld K at Shcmeld 12 3620
02YK004 Hinds Brk near Grand Lake 24 5290
02YK005 BSheffield Brk near Trans Canada Highway 20 3910
02YL001 per Humber R near Reidville 64 21100
02YM003 Bouth West Brk near Baie Verte 12 93.2
02YNOO2 [Lloyds R below King George IV Lake 11 4690
02YOO006 [peters R near Botwood 11 1770
02YPOO1 [Shoal Arm Brk near Badger Bay 10 63.8
02YQO001 [Gander R at Big Chute 43 44440
02YQO(2 [GanderR at Outlet of Gander Lake 17 4160.0
02YR001 iddle Brk near Gambo 33 2750
02YR002 Ragged Harbour R near Musgrave Harbour 15 3990
02YROO3 ([ndian Bay Brk near Northwest Arm 11 5540
02YS001 ([Terra Nova R at Eight Mile Bridges M 1365.0
02YSs003 uthwest Brk at Terra Nova Naional Park 25 36.7
02ZA001 Little Barachois Brk near St. George's 14 3430
02ZA002 Highlands R at Trans Canada Highway 10 720
02ZA003 Little Codroy R near Doyles 10 1390
02ZB001 [sle aux Morts R below Highway Bridge 30 2050
0220002 [Grandy Brk below Top Pond Brook 10 2300
02ZD002 Grey R atar Grey River 20 13400
02ZE001 Imon R at Long Pond 22 2640.0
02ZF001 ydu Nord R ai Big Falls 42 11700
02ZG00!1 Gamnish R near Carnish 34 2050
02Z2G002 es Brk below Freshwater Pond 15 1660
02Z2G0m Imonier R near Lamaline 12 1150
02ZG004 ttie Brk near Boat Harbour 11 42.7
02ZH001 pipers Hole R at Mothers Brook 40 7640
02ZH002 me by Chance R near Goobies 24 433
02Z3001 uthern Bay R near Southern Bay 16 674
02ZK001 Rocky R near Colinet 44 3000
02ZK002 Northeast R near Placentia 13 89.6
02Z1.003 ut Cove Brk 13 10.8
02ZM010 [Waterford R at Mount Pearl 11 16,6
02ZM006 [Northeast Pond R at Northeast Pond 39 363
02ZM008 [Waterford R at Kilbride 18 527
02ZM009 [Seal Cove Brk near Cappahayden 13 3.6
02ZN001 Northwest Brk at Northwest Pond 26 533
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but is unknown. The record of the Gander River at the outlet of Gander Lake (02YQO002)

for the period 1923 - 1939 was also not included in the data set. Although the record
provides useful information from a historical perspective, it was a nianual gauge perhaps
maintained to different standards, and the data therefore may not be directly comparable
to that from the remaining gauges. In addition, the record from the gauge on the Gander
River at Big Chute (02YQO001) provides very good coverage of the same basin. The
records of the two Waterford River basins (02ZM008 and 02ZM010) were not included

because the basin has been subject to increasing urbanization.

In general the complete records were used as provided in WSC’s computer database
HYDAT. All basins on the island of Newfoundland are in WSC hydrologic region 02,
and in subregion Y or Z. (The Y-Z boundary is shown in Figure 3.1) The station code
is therefore simplified for the remainder of this report to two letters and one digit,
consisting of the subregion identifier Y or Z, the subsutregion code letter A to R and the

station number 1 to 9. Station 02ZH001, for example, is simplified to ZH1.

Ten years of records for the calculation of the hydrologic response measures was
considered sufficient because no extreme events are estimated in this study. It is a
standard record length accepted by many agencies and authors. It also happens that the
last ten years of record are reasonably representative of the longer term hydrology on the

island of Newfoundland.
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3.1 Flow Characteristics
The flow characteristics were selected to represent average, high and low flow regimes,
as well as flow availability, e.g., for hydroelectric generation (not just low flow or reli-
able yield). These are summarized below. The derivation of the characteristics and the
preliminary analysis leading to the final selection is described in more detail in the

remainder of this chapter.

High flow
. average maximum daily flow (m¥/s);
. linear coefficient of variation (Lcv);

. 10th flow exceedance percentile, i.e., daily flow exceeded 10 percent of
the time.
Average flow
. average daily flow (m%/s).
Low flow
o median low flow (mY/s);
. 90th flow exceedance percentile, i.c., daily flow exceeded 90 percent of
the time.
Available Flow

. median flow (SOth percentile on daily flow duration curve).
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All values were taken from the complete period of record, except as noted below. Values
were also converted to specific runoff flow per unit area, and in the case of the flow

duration characteristics, to fractions of average flows, for some analyses.

3.1.1 High Flows

The selected high flow measures were the mean maximum daily flow, the linéar
coefficient of variation (Lcv) and the 10th flow exceedance percentile, i.e., daily

flow exceeded 10 percent of the time.

Since most of the literature on regional analysis relates to flood frequency
analysis, at site frequency analyses were carried out before selecting the final high
flow measures. Environment Canada’s Consolidated Frequency Analysis software
package CFA3 was used for this work. This package estimates parameters of the
candidate distributions using the method of L-Moments developed by Hosking

(1990).

In addition, the series were tested for trend, randomness and independence. Two
records showed significant trend at the one percent level, Lewaseechjeech Brook
(YK2) and Piper: Ho!2 {ZH1). The gauge at Lewaseechjeech Brook was removed
in 1967 br.cause the outlet of Little Grand Lake (just upstream of the gauge) was

blasted out, and was reinstalled in 1973. There is a significant difference in the
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annual maximum flow series before and after this change, no doubt due to the
reduced hydraulic control at the lake outlet as a result of the blasting. The early

years were therefore omitted from the final analysis.

There is no satisfactory explanation for the apparent trend at Pipers Hole. A fire
in the basin in the early 1960's burned about 65 km? of wooded area, but since
the total area of the basin is 764 km?, largely lakes, swamps and barrexs, it does
not seem plausible that this fire would cause a marked permanent change. There
are not many hydrometric records in the province extending back to the late
1950's, nor are there any precipitation records in the basin, so it is difficult to
make comparisons. In general the late 1950’s and early 1960’s were dry, but no
other records show the statistical difference exhibited by this one series from
Piper’s Hole. The annual scries and the low flow series do not show this trend.
Since there is no satisfactory physical explanation, the apparent trend in maximum
flows is assumed to have occurred by chance, and the record was maintained with

no adjustment.

Seventeen of the at-site frequency distributions were upper bounded. In all cases
where the record length was 15 years or longer, the upper bounds were
sufficiently high that they would not be likely to influence estimates of floods at

high quantiles, and the records could be used in a regional flood frequency
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analysis. Six of the stations with upper bounded distributions had only 10-15
years of record and of these, 4 were upper bounded at flows that were
unreasonably low (only slightly above the highest recorded flow). In only two
cases this result could be attributed to negative skew (-0.365 for ZI.3, and -0.057

for YR3).

The means of the daily maximum flows were calculated for the period of record
for each gauge, [as well as the linear second, third and fourth order moments].
These linear moments are referred to as Lcv, L-skewness (Ls), and L-kurtosis
(Lk), and are presented in Table 3.2, Similarity of CV is often taken to be
indicative of a regional cluster (e.g., Morley, 1981, and Wiltshire, 1986).
Figure 3.2 shows a plot of L-cv and specific annual mean maximum daily flow
(Q,ne)- This plot suggests some geographical clustering of basins into Y and Z
WSC regions. Plots of Ls and Lk can also be used to suggest clusters, and to
identify preferred regional parent distributions (Hosking, 1990). Figure 3.3 is an
L-moment diagram for the basins in this study. Like the CV plots, it suggests
geographical clusters of Y’s and Z’s. Although this study is not concerned with
selection of flood frequency distributions, it does appear that different parent
distributions might be appropriate for different regions. Figure 3.3 suggests that

a good candidate for a parent distribution for flood flows in WSC hydrologic



Table 3.2

Mean, standard deviationand

L—momentratios for selected gauges
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“Station Name Mean L-stddev Lev Ls Ik
(m%) | (m'%)

YAl . Genevieve R near Forresters Point 119 5381 0179 0.344 0.192
YC1 [lorrent R at Bristol's Pool 197.08 38428 0.195 0242 0.173
YD1 Brknear Roddickion 9581 16.566 0173 0212 0207
YD2 rihemt Brknesr Roddickion 9.46 6573 0.167 0236 0.188
YF1 t Arm R above Grest Cat Arm 255.00 3670 0.144 0.128 -0.068
Ya R below Highwey Bridge 197.61 35043 0177 0.183 0.087
Y2 hjeech Brik at Littlc Grand Lake 93.17 21.435 0230 ~0.009 0238
YK4 Brk nesr Grand Lake 90.49 1289 0.142 0.061 0.022
YKS flield Brk nesr Trans Canxis Highwsy 75.69 12152 0.161 =0.004 0.140
YL1 per Humber R near Reidville N353 T2.429 0.126 0.104 0.166
YM3 [South West Brk near Baic Verte wmn 9.430 0254 0.057 028
e s R below King Goorge IV Lake 17424 34.864 0200 0234 0.107
YO6 Peters R near Botwood 5013 13.460 0269 0510 0.469
YP1 Arm Brknesr Badger Bay 231 5.048 0226 0228 0.498
YQ1 [Gander R at Big Chute 589.67 91.787 0.156 0.076 0.154
YR1 Middie Brknesr Gambo 29.19 4821 0.165 0.126 0.107
YR2 gged Harbour R near Musgrave Harbour 7059 12255 0.174 0291 0.175
YR3 [ndian Bsy Brk near Nosthwest Arm 54.66 8.498 0.155 -0.045 -0.186
YS1 [Terra Nova Rat Eight Mile Bridges 17156 28311 0.159 0.177 0.149
¥Ss3 uthwest Brkat Terra Nova National Park 10.65 1833 0172 0201 0.034
ZA] Little Barachois Brk nesr St. George's 99.19 2182 0220 0.188 =0.004
ZA2 Highlands R ai Trans Canads Highway 38.89 10.408 0268 0229 | . 0123
ZA3 Little Codroy R near Doyles 100.86 31.658 0314 02831 ™ . 0.052
ZB1 |slesux Morts R below Highway Bridge 12.75 45.186 0262 02718 | 012
ylo ndy Brk below Top Pond Brook 2971 60423 0263 0.087 -0.038
ZE) [almon R at Long Pond 280.05 45314 0.162 ~0.014 =0.044
ZF1 du Nord R at Big Falls 178.01 39.741 0223 0358 0.334
ZG) [Garnish R near Garnish 56.711 11.967 0211 0269 0.154
ZG2 ([Tides Brk below Freshwater Pond 50.12 12767 0241 0309 0316
ZG3 Palmonier R near Lamaline “s] 7558 0170 0019 0312
2G4 ttle Brk near Boat Harbour 26.06 4918 0.189 ~0.001 0.102
ZH1 Piper's Hole R at Mothers Brook 19847 45.009 0227 0.151 0.09%0
ZH2 me by Chance R near Goobies 2288 3366 0.235 0.13% 0.120
YA uthern Bay R near Southern Bay 20.19 4.126 0205 0206 0313
ZK1 ky R nesr Colinet 106.53 23364 0219 0333 0238
K2 rtheast R ncar Placentia 4451 10263 023 0.302 0246
Z13 Spout Cove Brk 6.08 1.154 0.190 ~0.091 0.080
ZM6 rthemt Pond Rat Northeast Pond 216 0.457 0212 0.169 0334
M9 Cove Brk nesr Cappahayden 21.10 2492 0.118 0.035 0.025
ZN] rthwest Brk at Northwest Pond 28.50 4493 0.158 0.153 0.152

Mean 148 214 0.199 0.169 0.152

Standard Dev 13203 218 0.199 0.164 0.151

Maximum 589.7 98 0314 0510 0.495

Minimum 2.161 0.457 0.118 -0.091 =0.186
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region Y might be three parameter log normal (3PLN), whereas a generalized

extreme value distribution (GEV) might be more appropriate for the Z region.

The results of the regional analysis using L-moments by Pilon et al (1991)
referred to in Chapter 2 may be compared with the present results. Using
Hosking’s L-moments procedure, they selected a parent distribution with Lev =
0.1839 and Ls = 0.1843, compared with (unweighted) means of 0.199 and 0.189

from Table 3.2.

3.1.2 Average Flows

The average flow in a basin is important because

° it gives an upper limit on flow availability, e.g., for water supply or
hydroelectric generation;

° instream or other requirements may be set as fractions of the average
flow, or flow duration percentiles may be expressed as a fraction of the
annual average flow;

° proration factors used to develop flow series for ungauged basins are
developed as a ratio of the estimated average flow at the ungauged basin

to the measured average flow at the gauged basin (not only drainage area);
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° converted to an average runoff depth over the basin, it is the effective
precipitation (Eff-P) on the basin. It may therefore serve as a r-oxy for

hydrologic input (precipitation).

This last use is of considerable interest, because in most regional studies relating
flow characteristics to basin characteristics, precipitation is a significant
explanatory variable. In Newfoundland, the network of climate stations collecting
precipitation data is extremely limited, not only in number but also in space; the
stations tend to be located near the coast, at low elevations. The maps of runoff
and precipitation presented in the Water Resources Atlas for the province of
Newfoundland illustrate this problem clearly - over parts of the island the runoff

excecds the precipitation, which is physically impossible (Gov't of Nfld, 1992).

In the 1984 provincial regional flood frequency analysis (Gov't of Nfld, 1984),
mean annual runoff (MAR) was used as an independent variable in the regression
equations, and in all cases was the second most imporiant explanatory variable
after drainage area. The use of MR was criticized (Lye and Moore, 1991) on
several grounds, the most important of which was the difficulty of estimating
MAR for ungauged basins. In fact MAR was not used in the subsequent regional
flood frequency analysis (Gov't of Nfld, 1990). More regions were defined,

which perhaps implicitly took account of MAR, in the sense that the MAR was
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relatively homogeneous in the region. The homogeneity of MAR was not taken
into account explicitly - the regions were defined on the basis of flood generating
mechanisms, and the regression equations were developed using basin

physiographic characteristics only.

Since it is the interaction of the hydrologic input with the physiographic charac-
teristics of a basin which define its hydrologic response, it is clearly desirable to
include the hydrologic input. Otherwise the basin physiographic characteristics are
expected to completely explain hydrologic response, with all other variation
assumed to be random. Precipitation, however, is random, and yet it is not
explained by basin-specific physiographic characteristics; rather, it results from
atmospheric prncesses interacting with topography. Eff-P may be a suitable
variable as a proxy for precipitation, since it is essentially total precipitation
minus losses. In any event, it is the only variable related to hydrologic input for
which there is any information. It should be possible to explain a iarge
proportion of the variation in Eff-P using measurable independent variables such
as distance to the sea in the direction of the prevailing storms, and elevation and

orientation of the basin.

The approach in this study is to treat Eff-P as a variable dependent on location

and topographical characteristics. Eff-P can then be used directly with drainage
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area to estimate average flow volume for an ungauged basin. It may also be used

to improve estimates of other flow variables in one of two ways

by estimating Eff-P first from regression equations, and then incorporating
it as an independent variable representing basin hydrologic input in regres-
sion equations developed to estimate other flow variables (recognizing the
associated error); or

by incorporating the independent variables used to estimate Eff-P directly

into the regression equations for other flow variables.

The average flow is thus represented in three ways,

1)
2)
3)

as the average flow for the period of record;

as specific runoff (m%s per km?); and

as Eff-P (m or mm) assumed to occur at the basin centroids. (Although
it is actually integrated over the basin area, the difficulties of estimation

are compounded, with insufficient data to justify this refinement.)

In only one case, that of Cat Arm (YF1), was the average flow adjusted. An

examination of the records for other rivers in the area shows that the period of

record of the Cat Arm basin, 1969 to 1982, was wetter than the long term

average., The average flow was thus reduced by about 7 percent.
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Figure 3.4 presents a plot of Eff-P for the study basins. Like the high flow plots,
this figure also indicates that for the same drainage area, basins in WSC region
Z are likely to have higher runoff than basins in region Y. This result is not
surprising because region Z is closer to the sea in the direction of incoming

weather systems.

3.1.3 Low Flows

Low flows are generally difficult to estimate and in many cases even difficult to
measure, particularly if the low flows occur during ice conditions. The median
daily low flow for the period of record at each basin was therefore selected as a

robust variable to represent the low flow regime.

In addition, the 90th exceedance percentile of daily flows (the flow which is
exceeded 90 percent of the time) was extracted from the flow duration curve as

an additional measure of low flow.

In only one case was the record adjusted. At Hinds Brook (YK4), the minimum
low flows in 1967 and 1968 are reported as zeros. These zero flows occurred
because of some construction in the watershed which required damming of the

brook. The lowest flow in any other year was 1.4 m%/s, so including zeros in two
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years could have a large effect. Those two years were consequently omitted in

identifying the median.

3.14 Available Flow

Two related but slightly different types of measures were considered to represent
flow availability. The first type was based on excesdance values obtained from
the daily flow duration curve, and included the 10th, 50th (median) and 90th
percentile. These are the flows that are exceeded 10, 50 and 90 percent of the
time. (The 10th and 90th percentiles were also used as measures of high and low
flow, as described above.) The flow duration measures are abbreviated here as
Qia100 Qraso, and Qpee- As a fraction of average annual flow (Qavg), these

measures are abbreviated as FD-10, FD-50 and FD-90.

The alternative measures are based on the area under the flow duration curve at
various flow levels. Since these areas represent the flows which are theoretically
available to turbines having the appropriate flow capacities, they are referred to
as turbinable flows. Three flow levels were selected, multiples of 4.0, 1.0 and
0.2 times the average annual flow, to represent high, medium and low flows. As
fractions of Qavg they are abbreviated as Qt4, Qtl and Qt2. The relationship

between these turbinable flow measures at these flow capacities and the flow
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duration curve measures is shown in Figure 3.5, for a very flashy river, Isle aux

Morts (ZB1) and for a non-flashy river, Bay du Nord (ZF1).

The turbinable flcw measure is in some ways preferable, because it directly
describes the amount of water available. The turbinable flow is the integral of the
flow duration curve, and may in turn be plotted as a turbinable flow curve. The
turbinable flow curve is more amenable to mathematical description (as a
polynomial function) than the flow duration curve as a function. Acres (Gov't of
Canada, 1986) has related basin characteristics to the coefficients of the
polynomial function for basins in Newfoundland. Others (e.g., Mimikou and
Kaemaki, 1985, Vogel, 1993) have attempted to relate basin characteristics to
parameters describing the flow duration curve, and have generally been successful

only when using a selected portion of the curve.

The advantages of the flow duration curve measures are that they are easily
obtained using available software, and are widely understood. For the purpose of
this thesis, similar for more than one flow characteristic, the flow duration
measures are quite suitable. In any event, since oixe measure is simply the integral
of the other, there is a high correlation between the two at each of the flow levels
(high, medium, and low). Such differences as these arise from the fact that the

flow levels are not identical; for example, the medium level flow measures are
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in one case the median flow (FD-50) and in the other, the area under the flow
duration curve at the mean flow. In the context of this work, these differences do
not matter. If useful groupings can be defined, it might then be reasonable to put

more effort into estimating turbinable flows within the regions.

The flow duration curve measures were therefore selected for this study.

3.1.5 Summary of Flow Measures

Tables 3.3 and 3.4 present the final selected flow measures to be used in the

multivariate analysis for each of the basins used in the study.

3.2 Basin Physiographic Characteristics

The previous section described the selection of flow characteristics of the gauged basins.
This section describes the physiographic characteristics used in the analysis for the same

basins.

The physicgraphic characteristics of the basins were selected from those which have been
shown in other studies, or which could reasonably be expected, to have an important
influence on hydrological response. The selected basin characteristics are presented

below, with a brief description of each and how it was obtained.



Table 3.3

Flow Measures for Study Basins
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Average Average [Effective {Median
Qficod Lev FD_10 FD_50 D %0 flow Precip. (low flow
s as fractions of sverage flow mis (mm) ms

312 0.179 2.041 0.749 0359 887 915 2.62
1971 0.195 2240 0.602 0206| 2558 1284 AN
958 0173 2558 0.412 0.099 9.01 1197 057
»s 0.167 2652 0513 0.090 520 <] 037
2550 0.144 2736 0.417 0084 2750 1428 138
1976 0177 2,158 0.644 0256 2624 1302 4.02
1200 0.140 2190 0.632 0226 1739 1168 275
905 0142 2152 0.679 0252) 1640 964 326
757 0.161 2245 0.606 0206{ 1056 8ss 1.42
.y <X ] 0.126 248 0.624 0163 | 8229 129 7.66
372 0254 2478 0364 0.070 252 843 0.06
1742 0200 2.386 0543 0191 2111 1412 2.4
501 0269 2575 0.469 0.133 425 768 033
23 0.226 2363 0.451 0.156 1.79 785 0.16
589.7 0.156 217 0.697 0227 11554 &31 19.10
292 0.165 2.150 0.729 0.189 6.60 76 091
706 0.174 2386 0570 0.089 8.78 9 058
549 0.155 2238 0.679 0263 12.60 98 21
1808 0.159 2308 0.733 0250 | 3686 84 6.68
10.6 0172 2.404 0529 0.156 1.03 8% 0.06
992 0220 2273 0.561 0.188 10.98 1012 155
389 0268 2358 0.454 0.169 2.59 1140 025
100.9 0314 2293 0.535 0.163 7.78 178 073
1728 0262 241 0473 0.118 13.53 2093 0.80
229.7 0263 2411 0.406 0.108 14.49 2003 0.60
280.1 0.162 2.028 0.808 0256 8580 16 16.65
1780 0223 1897 0.794 0311 39.78 1076 923
56.7 0211 2.008 0.758 0237 8.82 1359 128
50.1 0241 1925 0,748 0229 797 121 1.16
445 0.170 23712 0.583 0.129 4.95 1342 028
261 0.189 2175 0.583 017N 2.09 1559 0.15
1985 0227 2.153 0.673 0.164 | 2445 1024 255
29 0235 2226 0597 0.125 1.86 1356 0.10
20.1 0205 2.346 0531 0.099 2.09 988 0.07
a1 0219 2045 0.682 0.187 11.10 1178 1.05
4.5 0231 2027 0.72 0218 448 1571 050
6.1 0.190 1971 0.648 0173 0.42 1230 0.03
22 0.190 2276 0.485 0.104 0.13 1165 0.01
21.1 0118 2.140 0676 0228 3.00 1760 0.42
_285 0.158 2.035 0.645 0239 3.14 1853 048
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Descriptive Statistics of Flow Characteristics
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Flow Char Units jMinimum |Maximum | Range | Mean | Std Dev | Median
Qavglld m¥/s 222 58957 58745| 115.70 13198 63.65
Spec flood mskm? 0.099 0.999 0.900 0.366 0.206 0312
Lev - 0.118 0314 0.196 0.196 0.045 0.190
Med Low Flow mdfs 0.006 19.10 19.09 247 4.1 0.86
Spec low flow m¥fskm? 0.001 0.009 0.008 0.004 0.002 0.004
Qavg m’s 0.134| 115544 11541 | 17.239 4.6?2 8.845
EffP m 0.709 2.093 1.384 1.195 0362 1.167
FD_10 - 1.897 2.736 03 2258 0.199 2.243
FD_50 - 0364 0.808 044 0.600 0.116 0.604
FD 9 - 0.070 0.359 0.289 0.182 0.066 0.180
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All variables are measurable on continuous scales (not rank order, categorical or ordinal).
Two descriptive variables were also included in the data set, the basin name, reduced to

a three or four letter diminutive, and the WSC subregion identifier.

1. Drainage Area

In general the drainage areas (DA) were taken from HYDAT. For several basins, the
drainage area was adjusted to account for discrepancies. About 44 km? was added to the
Gander River basin as a result of a changed drainage boundary in the area of Lake
Miguel. (The exact area is presently being determined by the Water Resources Division
(WRD) of the provincial Department of Environment and Lands and WSC.) An
additional 16 km? was added to the Rocky River basin, based on a recent change made
by the WRD and WSC. An adjustment of 75 km? for Terra Nova River was made based
on a review by Acres of 1:50 000 scale mapping and flyovers of the area. This

adjustment has been called to the attention of the WRD and WSC and is under review.

2, Fractions of Drainage Area covered by Lakes and Swamps, Forests, and
Barrens; Fraction of Area Controlled by Lakes and Swamps

These were obtained from WRD's database of physiographic characteristics. Definitions
are provided in Gov't of Nfld, 1986 and Gov’t of Nfld, 1990. They are abbreviated in

this study as Fr-LSw, Fr-Forst, Fr-Barm, and FACLS.



3. Length and Slope of the Main Channel

These were also obtained from the WRD database. The elevations are taken at the 10
percent and 85 percent points on the hypsometric curve, and the length is the difference
between the two points along the main channel. The elevation Jifference used to calculate
slope excluded waterfalls. This measure of slope is different from that used in the 1986
regional flood frequency analysis (Gov't of Nfld, 1986) which was an overall basin
slope. It is abbreviated here as SLP1085. The measure used here for length is length

of the main channel per unit of drainage area (LMC-Sp).

4, Drainage Density, Shape Factor
The drainage density (DrDens) and shape factor (Shape) were taken directly from the

WRD database, with no adjustments.

S. Elevations of the Divide, Gauge and Basin Centroid

The elevations of the divide (El-Divde), gauge (El-Gauge) and centroid (El-Cntrd) were
taken from 1:50 000 scale mapping specifically for this study. The elevation of the divide
was taken as the lowest elevation along the drainage boundary in the vicinity of the
origin of the main channel. The elevation of the gauge was taken from 1:50 000 scale

mapping at the location of the gauge as identified by the WRD.
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For a few basins, the locations and elevations of basins were obtained from various
provincial Water Resources Studies (Gov’t of Nfld, 1987, 1988, 1989, 1991, 1992,1993).
For the remaining basins, the centroid had to be located before its elevation could be
obtained. The drainage boundaries were outlined on 1:250 000 scale mapping (or 1:500
000 for very large basins), traced onto heavy card, and cut out. The location of the
centroid was taken as the intersection of verticals marked when the card was suspended
from three suspension points. The location was then transferred to 1:50 000 scale maps
and the elevation was estimated from contours. The contour interval on the National
Topograpliic Service (NTS) 1:50 000 scale mapping used for this and all similar projects

is 50 ft (10 m on a few newer maps).

6. Distance Southwest

Weather systems approach the island from the southwest, so the amount or type of
precipitation over the basin nay be related to the distance of the basin from the sea. The
selected measure was the distance in kilometers of the centroid to the south or west coast
(Dist-SW) in 2 southwesterly direction (a compass direction of 225 degrees), taken from
an appropriate scale map (1:250 000 or 1:500 000). If this measure proves promising,
other similar measures (e.g., shortest distance) could be tried and the results compared.
A smoothed coastline was assumed, ignoring indentations for small bays. Figure 3.6

gives an example of how the distance is defined.
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\C—Typicol Basin

—_—— — — — )

S—w_Distance ~__/

To Coastline l

S-W Quodrant

General Direction of
Incoming Weather Systems

Fig. 3.6 — Example of Definition of Distance to the Seo
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7. Distance North
The distance north (Dist-N) is the distance in kilometers from the centroid of the
basin to latitude 46° 30’. It may be taken from appropriate scale mapping or by

converting the difference in latitude to kilometers.

The complete list of basin characteristics is presented in Table 3.5, with the associated

descriptive statistics in Table 3.6.
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Basin Physiographic Characteristics
Drainage | Length Elev Elev Elev Slope |Drainage
Area [mainchnl | Gauge Divide {Centroid | 10/8S Density
km? km | m m m

306 398 122 107 81 023 0540
624 499 7.6 488 309 1.01 0.755
237 403 76 335 351 0.67 0339
200 380 29 290 110 047 0.930
611 306 3505 594 549 0.73 0582
640 57.6 152 541 274 035 1.120
470 56.4 1372 655 351 059 0.627
529 47.6 198.1 518 290 032 0.637
391 39.1 109.7 488 290 1.07 0.191
2110 1266 229 701 183 0.40 0.786
93.2 18.6 68.6 168 152 027 0.680
469 563 32717 488 442 0.22 1370
177 425 29 213 137 0.45 0.800
63.8 152 83.8 198 152 053 0.880
4444 1333 229 305 168 0.14 0.452
275 49.5 229 198 122 032 0.255
399 439 274 122 76 021 0.740
554 524 7.6 137 107 022 0.680
1365 1092 83.8 290 244 0.12 0.726
36.7 110 229 168 107 1.11 0.641
343 65.2 7.6 42 137 0.68 1.040

” 202 68.6 533 244 2.19 1.150

139 250 1.6 457 274 146 1.460
205 328 76 457 335 0.84 0.720
230 299 83.8 442 335 1.06 0.980
26¢° 1004 1829 305 274 0.08 0360
1170 702 7.6 274 152 0.29 0.612
205 45.1 10.7 381 152 0.60 0.547
166 26.6 7.6 229 213 135 1350
115 242 15 137 91 034 1.550
2.7 9.8 45.7 152 122 1.10 1.620
764 53.5 38.1 244 213 035 0.709
433 169 533 152 168 059 1.110
674 162 76 137 91 050 1.240
300 450 14.6 168 60 050 1.005
89.6 269 152 213 120 055 1.110
108 70 76.2 168 170 125 1.090
3.63 26 1219 191 168 242 1.038
53.6 150 351 168 168 0.62 1.130
533 14.4 1143 213 183 0.61 1.089
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Table 3.5 Continued
Code | Shape |Lakes& | cmtrolld [ Fraction | Fraction | from sea
ID |Name | factor | Swamps | byL&S | Barren | Forest SW
YA1 148 0354 1.000 0.002 0.644 17
YC1 145 0.167 0.990 0.498 0335 74
YD1 223 0.082 0.730 0.112 0.806 112
YD2 1.65 0.170 0.990 0.001 0.829 184
YF1 1.86 0.131 0.000 0.180 0.689 123
YJ1 181 0.142 0.750 0.069 0.789 34
YK2 232 0.161 1.000 0290 0.549 150
YK4 1.78 0355 0.950 0292 0353 218
YKS 1.98 0.172 0.940 0.152 0.676 266
YL1 156 0.115 0.750 0.145 2.740 145
YM3 1.67 0.100 0.560 0.001 0.900 225
YN2 2.15 0.160 1.000 0.620 0.220 89
YO6 1.93 0.160 0.970 0.018 0.82 222
YP1 1.62 0.130 0.790 0.001 08712 255
YQ1 2,08 0.172 0.910 0.068 0.760 160
YR1 193 0.245 0.980 0.008 0.747 180
YR2 1.68 0320 0.960 0.001 0.680 260
YR3 1.72 0310 n.970 0.001 0.650 225
YS1 235 0327 0.920 0.136 0.537 115
YS3 1.43 0.159 1.000 0.005 0.836 175
ZAl 245 0.100 0.830 0299 0.601 128
ZA2 1.72 0.050 0.430 0.129 0.820 65
ZA3 1.67 0.130 0.730 0.190 0.680 26
ZB1 2.09 0.134 0.600 0.782 0.084 27
zc2 1.84 0.040 0.340 0.790 0.170 40
ZE1 175 0.160 1.000 0.490 0.350 105
ZF1 2.15 0.236 0.960 0.442 032 76
ZG1 245 0.101 0.960 0.634 0.265 66
ZG2 1.84 0.130 0.920 0.488 0382 33
ZG3 1.62 0.120 0.920 0.72 0.158 13
ZG4 153 0.180 0.920 0470 0350 97
ZH1 1.67 0.659 0.910 0234 0.107 68
ZH2 1.66 0.099 0920 0.49% 0.405 20
zn 143 0.150 0.860 0.033 0.817 125
ZK1 200 0.113 0.550 0377 0510 70
ZK2 191 0300 0.810 0.230 0.47 40
ZL3 136 0.090 1,000 0.450 0420 76
ZM6 1.24 0.226 1.000 0.039 0.738 100
ZM9 137 0.130 1.000 0500 037% 28
ZN1 2.06 0.126 1.000 0.788 0.086 38
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Descriptive Statistics of Basin Characteristics
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Variable [Units [ Mini= | Maxi- [Range | Mean |[Std Dev | C.V. |Median
mum_ | mum
Drainage Area km? 363 4444 | 44404 5177 8400 16 2335
Dist SW km 13 266 2531 11175 75829 | 06M 98.5
Dist N km 35 445 410 19475 11304) 058 180
Dr Density 0.19 1.62 143 0.87 035] 040 0.79
El Centroid m 60 549 489 204 107 1 168
El Divide m 107 701 594 312 167 1 259
ElGauge m 15 3505 | 3490 620 81.2 13 229
FACLS 034 1 0.66 0871 0.168] 0.1%4 093
FR Barren 0.00 079 079 0.28 0261 092 0.21
Fr Forest 0.08 090} 082 054 025] 046 0.58
Fr Lakes&Swmps 0.04 066 062 0.18 011} 062 0.16
Length Mn Chnl km 0.03 0.72] 069 0.19 014 0.75 0.17
Effective Precipitation | m 0.709 2093 | 1384 1.195 0362 0303 1.167
Shape 1.24 247 1.21 1.81 031 0.17 1.77
Slope 10/85 % 0.08 242 234 0.67 0521 0.78 0.54
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4 Assessment of Relative Importance of

Basin Characteristics to Flow Variables
Having selected the basins, flow measures, and physiographic/geographic variables to
include in the data set, the next step was to investigate the relationships among the flow

variables and the basin variables.

Multivariate techniques such as cluster analysis, discriminant analysis and Andrews
Fourier plots are sensitive to the variables selected, the transformations used (if any), and
the weightings assigned to the variables. These techniques can only be used with a clear
understanding of the key variables and of their relative importance. In this chapter,
therefore, each of the flow variables is examined qualitatively and quantitatively to
identify the important basin variables. The relationships can then be used directly in a
one-region analysis, or to identify the key variables and weightings for further analysis

of regions in geographical or basin characteristic dataspace.
The Island was first assumed to be one region. A brief comparison was also done for
most of the flow variables assuming geographic subdivision along the boundary of the

WSC hydrologic regions Y and Z.

The analysis proceeded as follows.
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1. Plot the data and review the correlation matrix of all variables,

2. Identify principal components, to see whether there are any natural groupings of
flow and basin variables, and to consider the possibility of reducing

dimensionality using surrogate variables.

3. Explore the relationship between Eff-P and topographic or geographic charac-
teristics, based on a close examination of the data set followed by multiple

regression analysis.

4, Explore the relationships between flow variables in the three flow categories,
high, low, and available flow, and basin characteristics. For each of the flow
measures examine the data set carefully to identify the most likely explanatory
variables for use in the follow-up multiple regression analysis. Consider these

relationships both with and without Eff-P as a basin characteristic.

Depending on the results, mathematical and graphical cluster techniques can be used to
assess whether these characteristics have the potential to identify similar clusters for all
flow categories, and if so, what weightings of basin characteristics are likely to give good

results.
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Initial Review of Relationships

4.1.1 Scatter Plots and Correlation Matrices

The first step in examining the relationships among the variables was to plot the
data. The scatter plots for all pairs of variables were examined. Figures 4.1 to
4.8 show the scatter plots for the variables which have the potential to be
important. A smoothed line is provided on the scatter plots, produced using
locally weighted scatter plot smoothing (LOWESS). In addition, the correlation
matrices for both untransformed and logarithmically transformed variables were
examined, and are presented in Tables 4.1 and 4.2. In general the variables
shown on the plots correspond to the variables with shaded correlation
coefficients in the matrices (r greater than 0.5). A brief discussion follows of the

relationships observed in the figures and tables.

4.1.2 Qavgfld, Qdaily, Qlow

The three flow variables Qavgfld, Qdaily, and Qlow (all with natural dimensions
of m¥/s) are plotted in Figure 4,1, along with the basin variables DA and LMC-
Sp. The flow variables are all related to each other, as expected since they are all
strongly related to DA. Although the LOWESS smoothed lines appear nearly
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Note: Scotter plots ond
histogroms are provided to give
o visuol representation of the
relationships among variables.
The plots are smoothed using
the LOWESS Procedure,

See text for discussion ond
dimensions of variables,

QAVGFLD For values of the dota points
n see Toble 3.3 to 3.6.

’ QDALY

Fig. 4.1 — Scatter Plots of Flow Variables and Drainage Area
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Note: Scatter plots ond
histograms ore provided to give
o visuol representotion of the
relotionships emong variabies.
The plots are smoothed using
the LOWESS Procedure.

See text for discussion and
dimensions of variables.

For volues of the dota points
see Table 3.3 to 3.6.

.
v e . .
- .

8SLP1085

[

b

Fig. 4.2 — Scatter Piots of Sp~Fld and Basin Characteristics
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Note: Scatter plots and
histogroms are provided to give
o visua! representation of the
relationships aomong variables.
The plots are smoothed using
the LOWESS Procedure.

See text for discussion and
dimensions of variables.

For values of the data points

8PFLD see Taoble 3.3 to 3.6.

FACLS

[ . . Jr— m

- . - - | FRLSW

[ 4

Fig. 4.3 — Scatter Plots of Sp--Fld, Lev and Basin Variables
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Note: Scotter plots ond
histogroms are provided to give
a visual representation of the
relationships among variables.
The plots are smoothed using
the LOWESS Procedure.

See text for discussion ond
dimensions of variables.
SP.LOW For values of the dato points
see Table 3.3 to 3.6.

EFF._P

las.

Fig. 4.4 — Scatter Plots of Low Flow, Flow Duration Measures,
Drainage Area and Effective Precipitation
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Note: Scotter plots aond
histogroms are provided to give
a visual representotion of -3
relationships omong variables.
The plots are smoothed using
the LOWESS Procedure.

See text for discussion ond
EF.P dimensions of voriobles.

For vclues of the daoto points
see Table 3.3 to 3.6.

DBT.N

Fig. 4.5 — Scatter Plots of Effective Precipitation, Distance, ound
Basin Variables
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Note: Scatter plots and
histogroms are provided to give
o visual representation of the
relotionships among variables.
The plots ore smoothed using
the LOWESS Procedure.

See text for discussion ond
dimensions of voriobles.

For values of the dota points
see Toble 3.3 to 3.6.

FD10

:

: FRLSW

3l

Fig. 4.6 — Scatter Plots of Flow Duration and Basin Variables
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DA

LMC_SP

Note: Scotter plots ond
histograms are provided to give
o visual representotion of the
relotionships among variables.
The plots are smoothed using
the LOWESS Procedure.

See text for discussion and
dimensions of variables.

ror values of the dato points
see Table 3.3 to 3.6.

SHAPE

SLP10856

A -

Fig 4.7 — Scatter Plots of Basin Variables Reloted to Drainage

Area
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Note: Scotter plots ond
histograms are provided to give
o visual representation of the
relationships among voriables.
The plots are smoothed using
the LOWESS Procedure.

See text for discussion ond
dimensions of variobles.

For values of the dato points

DBT.N see Table 3.3 to 3.6.

Fig. 4.8 —~ Scotter Plots of Distance ond Elevation Variables



Table 4.1

Pearson CorrelationMatrix: Untransformed Variables

QAvgFM | QDaily | Qlow | SpFW |Sp_ Low |Sp Rnoff |EN—P | Lov | FD10 | FDS0 | FD90 | DA | Dist N [Dist_SW [Dr Dens [E1 Cente
QAvFY 1.00
QDaily om| 100
QLow 077 o095, 100
SpFd -016| -037| -04s! 100
Sp_Low ot0f o020 o032] -026| 100
Sp_Rnoft 001 -o016] -023] o715 om 1.00
EN-P 002| -o01as|{ -o023] o075 om 100 100
Lev -o23| -o032] -o030] os| -o020 028| o028] 100
FDI10 0.11 -0.08 -025 026 -0.67 -0.13 -0.13 0.03 1.00
FDS0 o14] 036 o049] -038f o069] -om| -o10]| -03¢] -om]| 100
FD%0 on| 029) o44| -0vs2] o081 -o006] -00s] -026] -074] o] 100
DA 026 0.98 096] -0.42 017 -025] -025] -~033| -o.n 037 030 1.00
Dist_N 014 o009 o©003] -029| -o026): -052] -052| -024] o03¢] -033| -016| o10] 100
Dist_SW oo0o| o00s] oos| —o4s| -043] -074] -.m| -026] o037] -022| -021] ou3] os1] 100
Dr_Dens -028| -e36] -039] o0s2| -0 .050| o4 o034] -o005| -o016] -o0u8] -039] -o0s53] -—vas| 100
El_Ceatr o3| o19| o1 o] o0 036 03| -o04] o031 -029| -009| oa0| o018 -o012] -o1s|] 100
El_Diwde os2| o34] o19] o010 o017 ozz| oz| -007| o026 -016| o003 o0z| o021 -001] -016] om
El_Gage 013 o012] o0w| om| o000 0os{ o00s] -026] o2 -017] -007| o007] ooe| e14] -008] oes
FACLS -013] o006 o016] -0s3| o026 -032{ -o032| -057] -022] 04| ox| on| om| 17| -ois| -ooe
Fr_Barma 003] -003| -—003]{ oas| o037 076] o076] o013| -032| oas| oa1]| -o10| -0s9] -0s2| o03¢] o026
Fr_Forn -003| -o00t{ -003] -027] -0.44 -063] -063| -006] o043] —034] -024] o00s| o0s7| .0s8] -024] -020
Fr_Low oot] o007 o012] -o4s] o016] -036] -035| -017] -022] o0a| o029] o012] o009 o014] -024] -016
Loc_Sp -0ss| -es1| -o47| o43| -o029 o14| o1e] o017 -o10] --22| -029] -048| -031] -017] o03s] -029
Sipe e21{ o1e| o021} -017}] 027 003 o003 oos|] -007| o017] o23| o020] -010] o6z -030| o29
Sp108s —-029] -0m] -03] o0ss] -o017 o33 o033 03] o0m| -037] -027; —o@| -oz21] -023] o033] o013

8L



Table 4.1 Continued

El Centr

Diwle

Gauge

FACLS

Fr_Barm [Fr_ﬁ:rn

Fr Lew

Shape

Slpl1085

QAvgFK
QDaily
Qlow
Sprd
Sp_low
Sp_Rnofl

E-pP

FD10
FDSo

DA
Dist_N
Dist_SW

Or_Dens
El_Centr
El_Divde

El Gauge

1.00
038

1.00

FACLS
Fr_Barm
Fr_orst
Fr_Law
Lue_Sp
Shape
Slp108S

=023
012
-002
-023
-039
037
013

021
0.14
=013
-0.02

0.10
-001

1.00
-009
~007

036

0.08

-024

1.00

-029
0.03
021

0.06

1.00
-0.15
0.07
-0.18
0.08

. .06l

100
-032

1.00

6L



Table 4.2

Pearson Correlation Matrix: Logarithmically Transformed Variables

QaFl Ln| Qdiy Ln | Qlow Le| SpFi Ln| Splow Ln| SpRaf in| EM-P Ln| Levin | FDI10 Wn| FD50 tn] FD9 tn] DA In | Dusw 1a
QsFY_Ln 1.00
Qdy_ta {7 100
Qlow_La RN T
SpFd_in -025 ~-048] %< 1.00
Splow Ln 034 046| " -028 1.00
Rof Ln 006| -006 QM 035 1.00
ET-P Lo 08| 005 0.70 035 1.00 1.00
Loev_La -0.09 -0.24 0.45 -0.22 022 o2t 1.00
FDI0_La oi|  -ood| 03| . -064| -0 -016] —000 1.00
FD30_La 014 035 ;7 083| “logo| - o70] -oo8| 006 —234| " om 100
FD9 Ln 019 o3| . esol . - 053] " oss 002 002 —o024]  -016} {7 0m 1.00
Da_ln S 091]-. 0%8) ".:085] - 061 037} -026] -~o025( -027| -000 035 03s 1.00
DuSW _La 004 0.06 00:! -039| -o040| -om2| " -073| -026 03] —o19| -o20 021 100
Dut_N_In 021 021 or4) o3| -o03s] --osv| - --0s9] -pa2] . oss| -03s| -oz ox ‘057
Drd_La -026] -036] -03] " 0e0]| -o003 0.49 048 03¢/ -oo1| -0 -o13] -oas| 0@
Ecln | o4 03s 029 oz 024 0.40 03| o003 021 -—o2s] —o00 02| -o03
Elvia |~ oe2|-- .08 048 014 031 027 027} -005 o] -om 009 0.45 0.10
Eg_la -003] -00s] -006 00s| -006] -003] -004| -024 oa] —o171|] -—o006] -o00s 03s
FAQLSia| -o021] -om o10] -047 02| -o03| -o03| -o0s2|] -0z 0.50 031 003 017
FrBea_La 029 on o 034 048 o3 018 006| -o03s 024 027 006| -o0s1
Frfu_la -oa8| -oas| -o14] -o028| -o03¢] -0&1] -os1| -on2 029| -0} -016] -om 0.2
Friwe_La o2 o.18 o19| 059 019 —o44] -043| -028] -o024 0.50 033 027 020
Lac_ln —0s88 o] -—ase 057 -032 02 021 0 -0.01 -028 —029 Yy -022
Shp_La . 034 0.53 os4| -ous 033 om 002 008] 005 o 024 0s1 0.10
Sip La -046] 06| -o039 on| -an 047 047 035 08| -oa| -o0z2] -067] o2

08



Table 4.2 Continued

DuNin| Dln | Ecln | EiDvin| Egln |FACLSLy FrBm Ln| Frfsln| Frimln] Loc In | Spin | Sip La
QeFld_[n
Qdly_In )
Qlow Ln
SpFd_Ln
Splow_Ln
SpRaf Ln
E-P_Ln
Lev_Ln
FD10_La
FD50_Ln
FD% Ln
DA_ln
DaSW _Ln
Dst_N In 1.00
Drd_Ln ~049 1.00
Ek_Ln 07| -oa7 1.00
EIDv_Ln 03| -0a7| %" o8 1.00
Eg_Ln 017 -o01s 047 026 1.00
FACLS Ln o01f -017| -o013] -024 0.05 1.00
FrBm_Ln | . =059 o2 047 0.2 00| -009 1.00
Fifst_Ln 037l -oz1] -022| -o0o06 001 00| -063 1.00
Friws Ln 013 -o022| -o023) -027| -o00 060 -029| -0m 1.00
Lme_Ln -032 045 03| -043] -006] -006] -006 004 —030 100
Shp_Ln —004] -030 029 o4s| -o0m| -ou0 028 -o18] -007] -o036 1.00
Sip_Ln -019 oR 0.16 oi6] -om4| -027 024 -000] -o04s o6t] -o028 1.00

18
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linear for all the relationships, the correlation coefficients for the logarithmic
relationships are higher. The exception is Qlow and DA, where the untransformed
relationship with DA is stronger. Although the plots are not shown here, the three
flow variables are also all related to the unit length of the main channel
(LMC-Sp, in m¥s per km?), and to shape factor. This results is expected because
of the relationships among the besin variables. There are also some weak
relationships between these flow variables and El-Dvide. Relationships with other

variables are probably masked by the dominant effect of drainage area.

4.1.3 Unit Flow Measures: SpFld, Sp-Low, Sp-Runoff

An examination of the specific flow measures (flows per unit area expressed as
m®/s per km?) can be helpfu! in understanding possible relationships with basin
variables, because the overwhelming influence of drainage area has been
removed. The correlation observed between the natural flow measures and the
specific flow measures (e.g., r = 0.65 between Qlow-Ln and SpLow-Ln) reflects
the fact that there remain some other factors besides drainage area which may

explain hydrologic response.

The scatter plots in Figure 4.2 show that the strongest relationship is between Sp-
Flid and Eff-P; unit runoff during floods is higher in areas with higher annual

average effective precipitation, Smaller basins also appear to have higher unit
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runoff during floods, as do those with steeper slopes. The relationships appear

to be nonlinear rather than linear, although this is not entirely clear due to the

considerable scatter in the plots.

The correlation coefficients of the log-transformed variables are slightly higher,

also suggesting a nonlinear relationship.

Figure 4.3 shows some additional plots, including I.cv and other basin variables.
These plots suggest that basins with higher unit runoff during floods also have
greater flood variability (as represented by Lev). Variation in annual floods could
arise for different sets of reasons, and possibly Lcv is one variable which can be
better explained with regionalization. Unit runoff during floods also tends to
decrease with increasing fractions of lakes and swamps, particularly if the
location and size of lakes and swamps means that they control a large fraction of

the drainage area.

Thel » are no basin physiographic characteristics associated with Sp-Low; this
result is not unexpected because the search for explanatory variables for low
flows among basin physiographic characteristics is frequently unsuccessful.

Figure 4.4 shows the large scatter and flat slope in the plot of Sp-Low and DA.
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Sp-Low is quite closely related to the other low flow measure FD-90, as well as

to the availability measure FD-50.

Figure 4.5 shows the scatter plots of Eff-P and some of the distance and basin
variables. The strongest relationships are with Dist-SW and Fr-Barm, with
weaker relationships with Fr-Frost and El-Cntrd. Dist-SW is negatively correlated
with Fr-Barrn and positively correlated with Fr-Forst. Fr-Barmn and Fr-Forst are
naturally related, since by definition the fractions of barren, forest and lakes and

swamps must sum to 1.0.

These relationships with Eff-P make physical sense. The weather systems arrive
from the southwest, and it is quite evident from a map showing land cover that
the areas near the south coast, exposed to these oncoming weather systems, are
barren. The more sheltered areas in the lee of the Long Range Mountains and

interior uplands are by contrast more forested.

These results are encouraging, because Eff-P appears to be an important
exnlanatory variable throughout the range of flows. An understanding of the
relationships between Eff-P and topographic and geographic variables can provide

a basis for estimating Eff-P.



85

4.1.4 Flow Duration Curve Variubles:FD-10,
FD-50, FD-90

FD-10, FD-50, and FD-90 are the flows which are exceeded 10, SO and 90
percent of the time. FD-10 is a relatively high flow (about twice the average
flow), FD-50 is the median daily flow, and FD-90 is a low flow (about 20
percent of the average flow). They provide a measure of the flashiness of & basin.

They are nondimensionalized by dividing by the mean annual flow.

As Figure 4.6 shows, that the strongest relationships the FD variables show are
with each other (as well as with Sp-Low, as was shown in Figure 4.4). FD-90,
like the other low flow measures, shows no correlation with any basin
physiographic characteristics. The plots suggest that FD-50 may be weakly related
to FACLS and Fr-Lsw, and this observation is corroborated by the correlation
coefficients of the log-transformed variables. FD-10 and FD-50 also show a weak
relationship with the distance Dist-N; this observation may suggest a geographic

regionalization.

4.1.5 Basin Characteristics

The basin characteristics are generally not correlated with each other, except for
those associated with DA or those which are different representations of essen-

tially the same characteristic. Figure 4.7, for example, shows the scatter plots of
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the variables related to DA, The LOWESS smoothed lines suggest that the

relationships are nonlinear, corroborated by the higher correlation coefficients

after logarithmic transformation.

The specific length of the main channel LMC-Sp is strongly correlated with DA,
i.e., the larger the drainage basin the shorter the relative length of main channel.
DA has a negative but weaker relationship with Slp1085; the larger the basin the
milder the slope. The related relationship is a moderate positive association
between LMC-Sp and Slp1085. Large drainage areas are also weakly associated

with a higher shape factor (essentially a more rounded shape).

The relationships among the distance and elevation variables are shown in
Figure 4.8; there are no surprises. The two distance variables are obviously
somewhat related. The change from positive to negative slope occurs because of
the basins on the wesi coast and Great Northern Peninsula. They are a long
distance north, but only a short distance to the sea in a southwesterly direction.
There tends to be a decreasing fraction of barren area (and increasing fraction of
forest) with both Dist-N and Dist-SW. There is also a weak trend to increased

drainage density with Dist-N, perhaps explicable by geology.
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The elevation variables are correlated only among each other. The elevation of
the centroid has about the same degree of association with the elevation of the
divide as with the elevation of the gauge (0.73 and 0.69). The elevation of the

divide and the elevation of the gauge are not related.

4.2 Principal Components Analysis

The objectives of a Principal Components Analysis (PCA) are

1) to identify groupings of variables;

2) to identify new meaningful underlying variables:

3) to reduce the dimensionality of the original problem, by allowing the
substitution of Principal Components (PC’s) or surrogate variables;

4) to identify variables that contribute little to the explanation of the problem.

If variables are combined into components representing the dependent and independent
variables for regression, the analysis then becomes a kind of canonical correlation, with
the principal components as the canonical variables, PCA clusters variables, and can
bring to light previously unnoticed groupings, or generate hypotheses. It transforms the
original set of correlated variables to a new set of uncorrelated variables, which are the

principal components, These are linear combinations derived in decreasing order of
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importance. If the first few components account for most of the variance ther: the true

dimensionality of the problem is less than the number of the original variables.

If the original variables are nearly uncorrelated then there is not much point in carrying
out a PCA, since the PCA will simply find components close to the original variables in
decreasing order of importance. Since principal components analysis is another way of
looking at correlations, it is more likely to confirm the results of a careful examination

of the scatter plots and the correlation matrix than to produce any new insights.

If the prin-{yal components become an important part of the analysis, some attention
should be given to the fact that the factors are linear combinations. If some or all of the
variables are logarithmically transformed before the components are obtained, there

might be problems when the final results are transformed back.

Since the primary purpose of the PCA analysis for this study is exploratory, to identify
key variables, the untransformed but standardized data set was used. The analysis was

carried out separately on the set of flow variables and on the set of basin characteristics.
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4.2.1 Principal Components of Basin Characteristics
Several analyses were done to compare the resulting components for different sets
of variables. The set of basin characteristics was analyzed with and without
Eff-P. In addition, the results were examined when only one elevation variable
was used. The results are described below in more detail, but in general the
number of principal components, the "meaning" for each, and th, total variance

explained did not change much for the different cases.

The plot in Figure 4.9 shows the eigenvalues for the components of basin
characteristics. When all variables are included, or when only Eff-P is removed,
there is a noticeable break in slope at PC5; when two of the elevations (El-Gauge
and El-Divde) are excluded as well as Eff-P, the break occurs at PC4 or 5. The
reduction in the first eigenvalue only when Eff-P is removed shows that nearly

ali the influence of Eff-P is included in the first component.

Tables 4.3, 4.4 and 4.5 show the loadings for the first four and five principal
components for the three cases plotted in Figure 4.9. The highest loading for each
variable is shaded. For the first two cases (all basin variables, with and without
Eff-P), the components are very similar, as expected from the plots of the

eigenvalues.
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Table 4.3

Rotated Loadings: All Basin Characteristics

a) 5 Principal Components

1 — 2 3 4 S
Fr_Forst -~ =081 ~0.10 =0.17 0.21 0.05
Fr_Barm |- . .090 o16| -001| -003 024
Eff-P . 081 0.2 =024 033 0.03
Dist SW |- ~0.80 0.01 015| =027 0.17
Dist_ N L =05 028] 020 009 -0
Dr_Dens 050| =017 =053 017| ~0.10
El_Centrd 013}y ° 095 0.09 007 0.04
El_Gauge 001| .- ‘079 -006| ~044 0.08
El Divde -001{° 078 0.21 035 0.14
LMC_Sp 0.05 -0.3 -0.86 ~0.19 0.09
Sip1085 0.05 0.20 -0.78 027 ~-0.02
DA =011 0.09 065 -0.00 0.00
Shape 0.14 0.17 055 0.02 0.66
FACLS =007 -0.02 0.05 ~-0.85 -0.13
|Fr Lsw =005|  =0.15 039| -042| -065
Percent of
Variance
| Explained 284 203 13.8 9.6 5.6
b) 4 Principal Components

1 2 3 4
Fr_Barm 091 0.19 006 0.06
Fr_Forst ~0.90 -0.13 -0.16 025
Eff-P 081 022 -0.17 0.36
Dist SW - =079 0.04 013 ~0.19
Dist N -0.77 023 0.17 0.01
Dr_Dens 051 =016 =052 0.17
El_Centrd 011 . 092 0.16 0.16
El_Gauge 000 - 085 =005 -0.28
El_Divde -0} .. 072 031 042
LMC_Sp 0.09 ~0.15 -~0.86 -0.03
Sip1085 0.07 0.19 -'-70.74 038
Shape 0.16 018| 066 0.19
DA -0.13 005} .0 064} -009
FACLS -0.07 0.09 =006 ' -083
Fr Lsw =0.10 =015 022 ~0.69
Percent of
Variance Total
Explained 25.7 16.0 17.7 12.7] 721 %

Total
176 %

91
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Table 4.4
Rotated Loadings: All Basin Characteristicsexcept Eff —P
a) 5 Principal Components

1 2 3 4 5
Fr_Fost (. 092 -0.13 -0.15 0.18 0.04
Fr_Barm |.-. -0S0 019 -0.04 0.01 024
DistSW | 078] -0 01s| =-030 0.18
Dist_ N o 0TI 024 023 004| =019
El_Centrd -009| - 0 0.07 0.06
El_Gauge -001 | - ~0.42 0.06
El_Diwde 004] 0. 036 0.14
LMC_Sp -0.05 ~0.17 0.04
Sip1085 -0.03 R 030| -008
DA 0.09 0.09( .- 066 001] -0.2
Dr_Dens -050| -014| =053 021 =015
Shape -0.15 0.17 051 00 0.69
FACLS 004 -0 004  —086]| =-013
|Fr Lsw 0.02 =0.15 041 =0.42 =0.63 |
Percent of
Variance Total
| Explained 224 173 189 109 16| 711%
b) 4 Principal Components

1 2 3 4
Fr_Barm - =091 021 0.04 -0.10
Fr_Forst . 090 -022
Dist_N '0.79 0.03
Dist_SW 0.77 020
Dr_Dens -051| =0 =0.19
El_Centrd -008| - 0 -0.15
El_ Gauge =000 . 0.28
El_Diwde 0.05 | s -0.42
LMC_Sp ~0.09 0.03
SIp1085 —-005 =038
Shape ~0.18 -0.2
DA 0.12 0.09
FACLS 0.05
Fr Lsw 0.08 0,70
Percent of
Variance Total
Explained 238 169 189 128 N14%
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Table 4.5

Rotated Loadings: All Basin Characteristicsexcept Eff—P
El—Gauge, El—-Dvide

a) 5 Principal Components

L 1 2 3 4 s
Fr_Forst -0.12 022 =0.16 -0.04
Fr_Barma -0.06 0.04 0.18 026
Dist_SW 013| -023| -008 020
Dist N -0.05 039| -0.16
Dr_Dens 031 -030{ -028
LMC_Sp : -0.10] =028 ~-0.06
Sip1085 -0. 026 020 =015
DA 27068 . 000 0.03 0.
FACLS -004| =091] -005 0.01
Fr_Lsw ! 041, =08| -n07| -049
El_Centrd -0.12 0.04 008| . . 093] 014
Shape -0.13 039 0.03 015] 078
Percent of
Variance Total
Explained 262 200 12.1 11.0 93| 786%

b) 4 Principal Components

1 ‘2 3 4

Fr_Barmn =091 0.04 oln 024
Fr_Forst - 081 -0.13 024 ~0.18

Dist_N . 079 0.12 =0.10 033

Dist SW 077 0.18 ~0.14 -0.05
Dr_Dens =051 =048 0.24 -033
LMC_Sp ~-009}| --084 0.02 =021
Sip1085 -005]| - ~0.78 031 021

DA 011} . 066 =0.07 =0.02

Shape -017} . 065 023 026

FACLS 0.03 -005| . ~083 0.03
Fr_Lsw 0.07 020 =077] -0.15

|El Centrd ~0.10 0.11 012] - 093
Percent of

Variance Total
Explained 26.6 209 134 112] 21 %
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About 75 percent of the total variance is explained by the first four or five

components for all cases, slightly less for four components, slightly more for five

components. The components can be interpreted as follows.

PCl

PC2

PC3

Geography: Geographic variables related to Eff-P (and Eff-P itself for
case 1) load highly. This component can be interpreted as representing
Eff-P, or exposure to incoming weather systems. PC1 explains 22 to 28
percent of the variance, depending on whether there are four or five

components, and whether or not Eff-P is included.

Topography: Elevation variables load highly, with El-Cntrd loading
highest. It explains 16 to 17 percent of the variance. In Table 4.5, where
the other two elevation variables are excluded, the "elevation" component

becomes PC4, explaining 11 percent of the variance.

Relative Size: Variables relating to size load most highly on this
component; LMC-Sp loads highest. Drainage density splits almost 50-50
between this component and the first geographic component, usually
slightly favouring this "size” component. In case 3 (Table 4.5), when El-
Gauge and El-Divde are excluded, Dr-Dens always loads most highly

(although still just over 0.5) on PC1.
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Because the elevation component is shifted to PC4 in case 3 (Table 4.5),

this component essentially becomes PC2 for that case.

PC4 Lakes and Swamps: FACLS loads most highly on the fourth component
(and fifth component in Table 4.5). When there are 5 components, it is
almost alone on the fourth component, with Fr-Lsw loading much lower;
Fr-Lsw and Shape load on PC5. When the fifth component is eliminated,
Fr-Lsw loads with FACLS on the fourth component, and Shape joins the

"Size" variables on PC2.

For Case 3 (Table 4.5), the loadings are similar, but the component numbers are
different, and Fr-Lsw loads slightly differently. Even when there are five
components, Fr-Lsw loads most highly on PC2 with FACLS, and Shape is the
only variable to have its highest loading on PCS. When the fifth component is
eliminated, Fr-Lsw loads more highly on PC2, and Shape loads most highly on

the "Size" component, PC2.

This preliminary analysis shows that about 72 percent of the variance can be
explained by four principal components, and an additional 6 percent can be
explained if a fifth is included. The first four are reasonably meaningful, and each

has one highly loaded variable which could possibly be used as a surrogate.
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These results indicate that the principal components approach may be useful if
subsequent analyses reveal a problem of multicollinearity, or if the dimensionality

of the problem must be reduced to obtain significant predictive equations.

These results are not directly comparable with those of Sharp and Moore (1988),
because Sharp and Moore used the dimensional data set from the provincial
regional flood frequency analysis (Government of Newfoundland, 1984).
Veriables such as barren area and forest area were highly correlated with drainage

area and their first component was thus interpretable as size.

4.2.2 Principal Components of Flow Variables

A brief additional PCA was carried out on the specific flow variables (m%/s per
km?) together with the dimensionless flow duration variables and Lcv. When the
fully dimensional flow values are used, drainage area dominates. Since this result
does not contribute much to an understanding of basin response, the flow analysis

was done using the variables without the effect of DA.

As with the basin variables, the analysis was carried out on the standardized

untransformed data set.
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The eigenvalue plot is shown in Figure 4.10. A break in slope occurs around 3
or 4 components, and so the PCA was repeated for both thi s¢ numbers. The
rotated loadings are shown in Table 4.6 for the two cases. The tables show that
four components explain almost all the variance (96.6 percent). They can be

interpreted as follows.

PCl Availability, especially at the high flow end: FD-10 and FD-50 load most
highly, and FD-90 makes a substantial contribution (0.52);

PC2 General Wetness: Both Sp-Rnoff and Sp-Flood load highly;

PC3 Annual peak flow variability: Lcv alone loads highly;

PC4 Low Flows: Both FD-90 and Sp-Low load highly.

When there are three components, Sp-Low and FD-90 join PC1, making it even
more strongly interpretable as an availability component, and increasing its share
of the variance explained to 49 p..>cent. The total variance explained by the three
components is just over 92 percent. Loadings on the second and thi:d components
are almost identical to the four-component case. As with the PCA of basin
variables, the components show some potential for use in reducing dimensionality

or multicollinearity, should problems with these arise.
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Table 4.6

Rotated Loadings: Flow Variables

a) 4 Principal Components

FD-10

FD-50

FD-90

Sp—Raoff

Sp_Fud

Lev

Sp—-Low

Percent of

Variance

Explained 28.1 260 159 26.6
b) 3 Principal Components

FD-9% S | 1 -0.15 0.17

FD-10 D ne0.91 0.02 0.15

FD-5 <7 D89 ~0.25 0.17
Sp-Low |.. ...089{ 023 022
Sp—Rnoff 014} .. 097 -0.08

Sp_fld -037{-7. 083 ~-033

Lev -=0.11 0.22 -0.95

Percent of

Variance Total
| Explained 49.0 26.0 164] 914 %

Total
96.6 %

99
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The remaining sections of this chapter describe the investigations to determine
which of the basin variables are most important in explaining Eff-P, high and low
flows, and availability. Since Eff-P may act as an input in the equations for the
other flow variables, it is examined first. The examination for each of the flow
variables begins with a discussion and qualitative assessment, followed by
quantitative estimates of relative importance of variaﬁles. The principal tool in

these detailed investigations was multiple regression.

Effective Precipitation (Eff-P)
4.3.1 Qualitative Assessment

Regional hydrological studies, especially flood studies, have frequently identified
some precipitation measure as an important explanatory variable in hydrologic
response. In Newfoundland, however, precipitation is seldom measured at any
point which can be considered representative of basin precipitation input, in either
gauged or ungauged catchments. Consequently, investigators are left with no

variable to represent hydrologic input.

Eff-P can be calculated for every gauged basin. If it can be related to
topographic and geographic variables, Eff-P coulu be estimated for any ungauged

basin. It could then be used directly to estimate the average flow at ungauged
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sites and to dimensionalize nondimensionat flow duration quantiles, or indirictly

to estimate other flow characteristics.

Eff-P varies from over 2000 mm per year on the southwest coast east of Port aux
Basques, to about 700mm per year on the northeast coast. Eff-P is plotted at the
centroids of the basins in this study in Figure 4.11, and the general trend of
decreasing runoff with distance from the incoming weather systems from the

southwest is evident.

Eff-P in any basin is clearly not constant over time. This study assumes that the
Eff-P for the period of record (minimum 10 years) is representative of the long

term MAR. The only exception is Cat Arm, as discussed in Chapter 3.

To get a sense of the extent to which MAR might vary over a typical record
length of, say, 10 or 15 years, the 10 and 15 year moving averages were
calculated for the basins with the four longest records. The results are presented
in Table 4.7. This table shows that the 15 year Eff-P could vary by plus-or-
minus about ten percent. These results, while not formal statistical descriptions,
provide some background against which to assess estimates and standard errors

from multiple regression equations.
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Table 4.7

Variability of Moving Averages

103

Basin Name  [Upper Humber | Gander River | Rocky River | Baydu Nord
River atBig Chute | near Colinet River

# of Years 51 43 43 39
of Record
Eff-P for Total 1216 843 1245 1074
# of Years e -
10 Year
Moving Average 1214 853 1243 1079
Minimum 10 Year 1100 T4 1080 966
Moving Average
% of Eff-P for 90.46 91.81 86.75 89.94
Total # of Years
Maximum 10 Year 1367 927 1330 1163
Moving Average
% of Total 112 110 107 108
Eff-P for last

[10 Years 1100] 824 1228 1061 |
15 Year
Moving Average 1213 860 1247 1086
Minimum 15 Year 1132 813 1170 1016
Moving Average
% of Eff-P for 93.09 96.44 93.98 94.60
Total # of Years
Maximum 15 Year
Moving Average 1287 909 1341 1153
% of Total 106 108 108 107
Eff-P for last
15 Years 1167 839 1276 1080°*

* Eff-P for the last 12 years
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Eff-P Multiple Regression

The relationships between Eff-P and the basin variables were quantified using

multiple regression (MR) techniques. Because MR is an important tool in this

research, a brief description and discussion is presented here. The same approach

is used throughout this study in all applications of MR.

The steps were as follows.

1.

» & w Wb

Develop candidate equations using ordinary least squares (OLS)
techniques. If nonlinear relationships are expected, use
logarithmically transformed variables. Accept variables only if
significant at 5 percent level, i.e., p value less than 0.05, and if
they do not introduce problems of multicollinearity, i.e., variance
inflation factor less than 10, equivalent to tolerance greater than
0.1.

Assess results, select final candidate models.

Identify outliers using robust regression techniques.

Check residual plots.

If log-linear equations have been selected, develop the final forms

of the equations using nonlinear techniques.
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The OLS techniques are very good for preliminary model development and

screening because they are well behaved, and provide the best linear unbiased
estimators if all assumption are met. Useful results such as standardized
coefficients and leverage are relatively easily obtained from most sta.stical

software packages. Alternative models can be easily developed and compared.

There are two potential problems with OLS analysis, however. One is that the
analysis may be spoiled by the presence of outliers. Outliers are often hidden in
multiple regression, because they do not show up in residual plots or calculations
based on residuals, such as studentized or standardized residuals. Alternative
statistical techniques have been developed to provide equations which are robust
or resistant to a certain amount of contamination in the data. When an equation
is fitted using a robust technique, outliers will lie far from the fitted line and can

be detected by their large residuals.

The least median of squares (LMS) technique has been found to be very powerful
for the detection of outliers, and the robust regression program PROGRESS using
LMS was applied in this study for outlier detection (Rousseeuw, 1987). Each
candidate equation was tested f~r outliers; if there was more than one outlier,
equations using other inde endent variables were checked to see whether they

might give similarly good results without as many outliers. Equations without
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outliers were preferred because with the data set used in this study, outliers are
likely to be true values, not simply typographical or measurement errors. In

practice there may well be ungauged basins similar to an apparent outlier.

The second potential problem with OLS lies not with th# iéchnique itself but with
the fact that it is often applied to inherently nonlinear models. In order to use
OLS techniques in such cases, the variables are logarithmically transformed, as
they are in most cases in this study. A fundamental assumption of OLS, however,
is that the error terms are additive. This assumption remains true only as long as
the analysis remains in the transformed domain. When the estimates are
transformed back, the error term becomes multiplicative. Since additive error is
assumed, the standard error will be smaller and the coefficients will be biased.
VYarious corrections for bias have been proposed, but these correct only for the
bias in the intercept (the constant), not in the slope (the coefficients). This

problem is discussed by McCuen et al (1990).

So throughout this study, once candidate models were developad using OLS and
robust regression techniques, the final form was defined using nonlinear least
squares (NLLS), as provided in SYSTAT. NLLS is based on minimizing the
squared deviations of the dependent variable data values from values estimated

by the function at the same independent variable data points. Both Quasi-}Newton
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and Simplex estimation methods are available in SYSTAT to seek the minimum
of the loss function. Both methods were tried on a number of the candidate
models, and they always gave the same results. The coefficients from the NLLS
analysis were usually similar in magnitude to those developed using the log-linear
methods. It should be noted that although NLLS does not require the additive

error assumption, it still assumes constant variable of residual (homoscedasticity).

4.3.3 Eff-P Multiple Regression Analysis

It is not clear from the scatter plots and correlationn matrices presented earlier in
this chapter whether the relationships between Eff-P anc¢ the distance and
topographic variables are inherently linear or nonlinear. Both log-transformed and
untransformed data sets were therefore used in a multiple regression analysis to
determine whether a suitable predictive equation for Eff-P could be obtained. The
results are presented in Table 4.8. The linear equation is very straightforward
and physically meaningful - the Eff-P is about 1100 mm, reduced by about twice
the SW distance to the sea (in km), increased by about 6 times the percent of
barren in the basin, and increased further by about 60 rercent of the elevation
of the centroid (in m). At first glance the importance of Fr-Barm is somewhat
counterintuitive; why should a larger amount of barren area lead to higher
average effective prea . 1?7 One plausible explanation is that

evapotranspiration losses are lower in barren basins, although the magnitude of



Table 4.8

Eff—P: Multiple Regression Results

108

C o Nonlinear T
N %0 N ) ~5
Constant 1133 1054 1435 1.949 3.000 1.072 1.735
Dist_SW -2.160 -1.620 -=2080]| -0.159 -0.242 -(0.194 -0.265
Fr~Barrn (as% 6.0 3.5 3520 0.081 0.058 0.06( 0038
El-Cntd 0.644 0.658 1210 0.153 0.132
gl 0.74 0.80 099 097 098 0.98 098
r2adj (OLS) 0.7 0.78 098
r2 corr (NLLS) 0.67 0.75 0.72 0.80
Outliers IaM SteG SteG
Grdy SmLm SmLm
11Cd Rt
SICv
NeP!
Rtl
Notes:

Log linear constant b--ve been transformed back to natural domain.
Linear results are for E{ff-P in mm, nonlinear for Eff~P in m.

OLS Ordinary Least Squares
RLS Reweighted Least Squares
NLLS Nonlinear Least Squares
RNLLS Reweighted Nonlincar Least Squares
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the coefficient is then a bit surprising. A more likely reason is that the extent of
barren area reflects the degree of exposure to incoming weather systems in

Newfoundland. An example may explain this reasoning further.

The Highlands River basin on the wast coast, has a relatively short SW distance
to the sea (65 km) and a high elevation of its centroid (244 m). Based on those
two variables, it would be expected to have a higher Eff-P than Garnish River
basin on the Burin Peninsula, with a similar distance to the sea and a lower
elevation (152 m). But in fact the Eff-P for the Highlands basin is 1140 mm
comparcd with 1359 mm for Garnish, This difference may be accounted for by
the fact that Garnish is in a more =xposed location. This exposure is reflected in
its greater proportion of barren area (63 percent, compared with 13 percent for

Highlands).

The problem with the equation is the large number of outliers (seven), forming
a cluster of all basins with Eff-P greater than 1550 mm. A separate MR analysis
with and without those basins shows that the same variables are important, but
the constant and the coefficients of the equations are different. These results are
also included in Table 4.8. The difficulty arises when the equations are used for
prediction; how can a potential outlier be assigned to the correct group, so that

the correct equation can be used?
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As Figures 4.12 and 4.13 show, there are no clearly distinguishing topographic
or physiographic characteristics to identify these high runoff basins. Five of these
bas'ins are located in very exposed regions, Isle aux Morts, Grandy and Little
Codroy on the southwest tip of the island, and Northwest River and Seal Cove
on the southeastern tip of the Avalon Peninsula. An ungauged river in these areas
might be classed with the high runoff group by judgment. Northeast River at
Placentia and Rattle Brook on the Burin Peninsula are slightly less wet, and are
somewhat anomalous. They may be affected by the local topography of Placentia
Bay in the case of Northeast River, and both Fortune and Placentia Bays in the
case of Rattle Brook. Figure 4,14 shows the observed and estimated Eff-P for

the basins using the linear equations after reweighting.

The nonlinear equations with either two or three variables are also quite good,
and have the advantage of having fewer outliers, Figure 4.15 shows the observed
and estimated Eff-P from the nonlinear equations. Both Ste. Genevieve and
Salmonier River near Lamaline have lower Eff-P than predicted. In the case of
Ste. Genevieve, this result is not unexpected, because the basin is located in a low
flat area near the tip of the Great Northern Peninsula, and it is quite conceivable

that there is not as much available precipitation in the weather systems north of
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the Long Range Mountains. Salmonier River is a puzzle; it would be expected to

be very wet given its exposed location on the tip of the Burin Peninsula, and the

climate station on the coast nearby at St. Lawrence records high rainfall.

In the three variable equation, Rattle Brook (discussed above) is identified as an

additional outlier, with higher runoff than predicted.

Additional preliminary attempts were made to develop relationships within

geographic regions. These included dividing the island into regions as follows

. along the hydrologic boundary between WSC Y and Z regions;
. according to whether a basin is to windward or to leeward of
approaching storms;

o north-south, along the 48th parallel of latitude.

None of these attempts met with any particular success, although the results might
be useful in conjunction with clusters based on other flow or basin characteristics.
The windward/leeward division is not recommended because it is sometimes

difficult to make a clear assignment of an ungauged basin.
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In summary, the MR analysis of Eff-P shows that Dist-SW, Fr-Barrn and El-

Cntrd are consistently the most important explanatory variables. If an estimate is
required of Eff-P at an ungauged basin, all three equations may be tried. In
addition, it is important to plot the location of the centroid of the ungauged basin
on a map such as Figure 4.11, and to interpolate between known points of Eff-P.
The interpolation should take into account the relative Dist-SW, Fr-Barm, and El-
Cntrd of the gauged and ungauged basins. Additional information from climate

stations and topographic maps can contribute to the estimate.

4.4 High Flows: Lcv, FD-10, Sp-Fid and Qavgfld

The next set of analyses focused on flood flows, within the range of flows reported in
the record, not estimates of flood quantiles. The flow exceeded only 10 percent of the
time, FD-10, was also included in this group, although it does not represent a very high
flow. For the rivers in the data set, it ranges from 1.9 to 2.7 times the average annual
flow. The average annual maximum daily flow, by comparison, might be 5 to 10 times

the average annual flow.

The scatter plots in Figure 4.1 to 4.3 suggest that the relationships with the basin
variables are nonlinear, so the log transformed data set was used for the initial MR

analysis.
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44.1 Lev
The analysis began with Lcv, the linear coefficient of variation obtained from L-
moments, It represents the variability of annual floods from year to year. Lcv is
of particular interest because it has a large influence on the shape of the growth

curves used to estimate extreme flood quantiles.

For basins exposed to the same flood-producing hydrologic input, a difi.teace in
Lev would be expected to occur due to differences in basin characteristics. There
might also be some geographic or topographic variation, representing the
difference in the types of events producing floods, e.g., less intense storms, or

snowmelt only compared with mixed rain-on-snow or rain only.

Qualitative Assessment

A brief PCA analysis was undertaken to see whether Lcv might load on a
common factor with some basin characteristics. (The PCA analysis described
above had separated flow and basin characteristics.) The result, not surprisingly
given the low correlation of Lcv with any basin variables, was that Lev tends to
load highly on only one factor, and that no basin characteristics loaded highly on

that factor.
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The data set was then sorted in order of ascending Lcv to assess qualitatively the

difference between basins with high and low Lcv's. The sorted file is presented
in Table 4.9. This table shows that the range of Lcv is from 0.11 to 0.314. Some
geographic division is immediately suggested, because eight of the ten least
variable basins are in WSC hydrologic region Y, and of the 10 most variable
basins the reverse is true - 8 are in region Z. Of the ten least variable basins, the
two exceptions not in region Y are Seal Cove and Northwest River. They are on
the southeastern tip of the Avalon Peninsula, in a very wet and relatively warm
area; in addition the areas above their gauges are 100 percent controlled by lakes

and swamps.

The remaining ten basins with the lowest Lcv's are generally large (the smallest
drainage area of the Y's is 391 km?, and include the three of the four largest
basins in the data set. (The third largest basin ranks #11 in Lcv.) They also tend
to have a large fraction of their areas controlled by lakes and swamps - the lowest
is 0.75 (Upper Humber), and the second lowest is 0.91, A review of the records
of the dates of occurrences of the annual peak daily flows shows that about 90
percent are spring snowmelt events, as expected from their locations and high
elevations. Of the ten most variable basins, the two basins not in hydrologic
region Z are YM3, Southwest River (Baie Verte), and YO6, Peters River.

Southwest River has the second smallest fraction of its area controlled by lakes



Table 4.9

Data Set Sorted by Lcv
YZ3 [BASINS | LCV DA _[LMC SP |EL_ GAUGE | EL DIVDE | L, CENTR | SLPio8S | DR DENS -] SHAPE | FR LSW | FACLS
. ; o 168 168 X : 137 T 1000
YL1 | UpHm 0.126| 2110 0.06 23 701 183 0.40 0.786 156 0115 0.750
YK2 | LewB 0.140 47 012 137 655 351 0.59 0.627 23 0.161 1.000
YE4 | Hode 0.142 529 0.09 198 s18 290 032 0.637 1.78 0355 0950
YF1| Ca 0.144 611 005 351 594 549 073 0582 186 0131 1.000
YR3| indB 0.155 554 0.09 8 137 107 022 0.680 1R 0310 097
'YQ1 | GdBC 0156 4444 003 yX] 305 168 0.14 0452 208 0172 0910
- ZN1 | NolP: 0158 33 027 114 a3 183 0.61 1.089 206 0.126 1.000
¥YS1 | TesN 0159 1365 0.08 84 2% 244 0.12 0.726 238 0327 0920
YKS| Shid 0.161 »1 0.10 110 488 2% 1.07 0.191 198 0172 0940
—ZET ] % 2 LA Y ] A 183 305 yii) U8 ox ) TS OIS0 1000
YR1| MdB 0.165 215 0.18 23 198 12 0 0255 193 0245 0.980
¥YD2 | NeRk 0.167 200 019 23 2% 110 047 0930 165 0.17%0 099
.ZG3 | Smien: 0.170 115 021 2 137 91 0.34 1.550 1.6 0.120 0520
YS3 | SwIN 0IR2}] 367 030 23 168 107 111 0.641 143 0159 1.000
¥D1| BwB 0173 237 017 8 335 3s1 0.67 033 273 0.082 0.7%
YR2 | RedH 0.174 399 0.11 27 12 76 021 0.740 168 0.320 0.960
Y31 | Hre 0.177 €40 0.09 15 541 274 03s 1.120 181 0.142 075
YAl| SiQ 0.179 306 013 12 107 81 03 0540 148 0354 1.000
2G4 |- RH < 0.189] &7 03 46 152 122 1.10 1.620 1.53 0.180 0920
. NEF . AL 353 0.2 12 LU 18 242 TUS8 124 7S TOW
ZL3 *c- 01%| 108 0.65 76 168 170 125 1.090 136 0.090 1.000
YC1 or 0.195 624 0.08 8 48, 309 1.01 0.758 145 0.167 0.990
YN2| ide 0200 469 0.12 28 488 “2 02 1370 215 0.160 1.000
- ZN |- Sl 0205| 614 024 8 137 91 050 1240 143 0.150 0860
201 | Gm .- 0211 208 o2 1 381 152 0.60 0547 245 0.101 0960
2K1 n:‘ : 0219 00 0.15 15 168 60 050 1.008 200 0.113 0550
ZAt]L 0220 343 0.19 8 472 137 0.68 1.040 245 0.100 05830
Zr1 | N o3 1170 0.06 8 214 152 029 0612 215 0236 0.960
YP1| ShiA 02| s 024 ] 198 152 0.53 0880 1. 0.130 0.790
—ZHAT | T—vZT o7 I8 yeo 13 U3 T Y57 U5y UG
2K2 1 NB-P 0231 896 030 15 213 120 0.55 L1110 1.91 0300 0810
ZH2| ac - e23s| 433 039 53 152 168 059 1110 166 0.099 0.920
2G2| Tda: - 0241 166 0.16 8 29 213 135 135 184 0.130 0.920
YM3 | SeBV 0254 92 020 69 168 152 027 0680 1.67 0.100 0560
281 | laM - 0262 205 0.16 8 457 135 034 0728 209 0134 0.600
2C2| Ondy 0263 29 013 84 a2 335 1.06 09560 184 0.040 0340
ZA2| Hide 0268 7 028 P 533 244 2.19 1.150 1.2 0.050 0430
Yoé| i 0269 177 024 23 213 137 045 0800 193 0.160 997
ZA3 Jl..de 0314 139 0.18 8 457 274 1.46 1.460 1.67 0.130 0.730

611



Table 4.9 Continued

Y23 [BASTNS | DIST_SW - | FR_BARRN | FR FORST | DIST N | MAR MM ]
~—ZMYT SKV. oS 0310 1750 ]
0.145 0.740 300 129
0290 0549 200 1168
0292 0353 238 94
0.180 0.689 350 1325
0.001 0.689 245 718
0.068 0760 208 83t
0.788 0.086 40 1853
0.136 0537 180 843
0.152 0.676 k7] 855
V3N 185 TUZ6 ]
0.008 0.747 20 763
0.001 0.529 25 XX
0.2 0.158 40 1342
0.005 0836 200 894
0.112 0.806 425 197
0.001 0679 2 709
0.069 0.789 218 1302
0.002 0.644 48 915
0.470 0350 90 1559
1050 ] U.737 13 b 1
0.490 0.420 120 1230
0.498 0335 395 1284
0.620 0320 160 1413
0.033 0517 180 988
0634 9265 75 1359
0377 0510 80 1178
029 0.601 188 1012
76 0442 032 S5 1076
255 0.001 G469 275 785
8 0233 (A 14 I— T
40 0230 0.470 75 157
20 0.496 0.405 140 1356
n 0.488 0382 60 1521
225 0.001 0899 330 843
27 0782 0.084 120 2093
40 0.790 0170 13§ 2003
65 0.130 0820 150 1140
222 0.018 0822 250 768
26 0.190 0.680 132 1782

0zI1
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and swamps (0.56) of any basin in the data set, and this, together with its

relatively small size and low elevation, may lead to the variability.

Peters River is somewhat larger (177 km? but is still relatively small and
relatively low, compared to the other basins in region Y. It does have a large
fraction of area controlled by lakes and swamps, and its apparent variability may

be at least partly due to the fact that during its relatively short period of record

it experienced an unusually large flood.

Multiple Regression Analysis

With these preliminary observations, a multiple regression analysis was then

carried out
o to identify the most important explanatory variables, assumming one
region;
o to identify outliers;
o to assess whether simple geographic subdivisions based on Y-Z

regions would identify additional important independent variables.

The results were not especially good, although the division into Y and Z regions

led to improved equations as expected. Table 4.10 shows the regression



Table 4.10 122

Lcv Multiple Regression Results

Regression Cocfficients
Constant ~1376 -1.673
DA/1000
Dist=N
Dist—-SW
El-Diwde ~0.00011 Note different
El-Gauge -0.037 Tlgn fromYto Z
El-Centrd
FACLS =0.143 |-0.459 0.107 =0.303 ~0.063
Fr—Barrn -0.120
LMC-sp -0.051 sign? 0306 0234 0.198 0.123| 0.189 0.062
Slope
o ~ 039] 040 036 059 035 025 041 041
12 adj 70360 035 e M
Std.Er. 004} 0.18 .03 003 016 013} 016 0.16
Ins Ins Ins Ins
Note: r2
Outliers one wBV Jlower
Feters wo keters
outliers

OLS-— Ordinary Least Squares
RLS ~ Reweighted Least Squares



Table 4.10 Continued

123

- HydrologicRegion Z ..

Loy Les
ars - "Svars” __ Swans
N ... ni 20| 20 i ey 9020 17
Constant 0259 ~2663 -2450] -2569 -2224| -2082 ~1474
DA 0095 011 007 007 0.127 0.0%4
Dist—-N 0.194  0138] 018 0110 0270 0233
Dist—SW -0.144  -0209
El-Divde 0.00014
El-Gauge | -000026| =047 ~0048| -0050 -0.39
El-Centrd -0.126 =0.130
FACLS -0.084 -0.108  -0.110
Fr—-Barm
LMC-sp
Slope 0.235 0261 019  01%2| -02714 0.226
r 0.60 0.73 777089 0.74 0.76 0.79 094
12 ad 0.52 0.72
Std.Er. 0.03 0.13 0.07 0.13 0.11 0.12 0.06
Ins Ins Ins Ins Ins

Outliers Ltl Bar BdN

C by Chn rulCcm mLm

Beal Cove Ele

OLS- Ordinary Least Squares

RLS =  Reweighted Least Squares
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coefficients, coefficients of determination and standard errors for the best results.
Because distance and topographic variables had the potential to be important,
which may be linearly related, both the untransformed and logarithmically

transformed data sets were used.

For the island as a whole, no equation could be obtained that explained even half
of the variance. This result suggests that Lcv could be better explained within
groupings according to flood cause. The equations were slightly better with the
untransformed data set, only two variables being required to give approximately
the same 1 as three variables for the log-transformed set. The most ‘mportant
variables were DA and FACLS for the untransformed data set, and EIG-Ln,
FACLS-Ln and LMC-Ln for the log-transformed set. LMC-Ln, the main channel
length per unit area, is highly negatively correlated to DA-Ln (0.95) as Table 4.2
showed, so the additional explanatory variable in the log case relates to the

elevation of the gauge.

The untransformed data set is slightly better for the case of the Y region as well,
The single most important variable is LMC-sp, but only about a third of the
variance is explained. Adding three more variables (FACLS, Fr-Barm, and El-
Divide) still only explains about half the variance. Further clustering within the

Y region, probably separating regions that are known to be dominated by
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snowmelt floods from those which experience mixed events (or a different cluste-

ring other than Y/Z) might help.

Much better results were obtained for the Z region, possibly because the region
tends to be subjected to the same type of storm input, so the variability can then

be explained primarily on the basis of basin characteristics.

The log-transformed data set led to more significant equations, but the direction
of the some of the coefficients are counterintuitive. The most important of these
is drainage area. The best equations indicate that variability increases with
drainage area, whereas it would usually be expected to decrease with drainage
area. The correlation between DA-Ln and Lcv-Ln is low; the partial correlation
when there are no variables in the equation is only 0.17. (The scatter plot in
Figure 4.3 shows the poor relationship). The partial correlation remains low
when Dst-N-Ln, EIC-Ln and FACLS-Ln are the independent variables. As soon
as Slp-Ln is added, the partial correlation coefficient rises to 0.49, and when
DA-Ln is then included, the overall r* rises from 0.66 without DA-Ln to 0.74
with DA-Ln. It is not clear how these variables are interacting hydrologically.

Robust regression does not identify the largest drainage basin as an outlier.
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Similarly the best regression equations for the Z region shows that variability
increases with distance north, whereas we would expect a decrease due to the fact
that snowmelt events (which produce less year to year variability) would be more
likely to predominate in more northerly basins. The coefficients of Slope, El-
Gauge and FACLS (or Dist-Sw where Dist-Sw replaces FACLS) are in the

expected directions, however.

It is unlikely that predictive equations would be used for Lcv; the benefit of the
MR analysis is to assist in using growth curves for ungauged basins, and in

developing regional boundaries for flood frequency analysis.

4.4.2 FD-10

Most high flow analyses focus on extreme events, but for design of hydroelectric
projects and water supply systems it can be useful to know what basin
characteristics lead to generally high but not extreme flows, e.g., of the order of
two to three times the average flow. For this study FD-10 was selected, the flow
which is exceeded 10 percent of the time. Like Lcv, it was nondimensionalized,
in this case by dividing by the mean annual flow. (Dimensional values lead to
clusters of basins based on size and wetness, and it is more difficult to explore

the relationships to basin characteristics.)
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Qualitative Assessment

The scatter plots in Figure 4.6 and the correlation matrix showed that FD-10 is
not highly correlated with any basin characteristics, The highest correlation
coefficient was (.55, between FD10-Ln and Dst-N-La. There is no correlation
between FD-10 and Lev or other flood variables; in fact the highest correlations
were with other flow duration variables, and Sp-Low (median low flow per unit
area). (The correlations must be treated cautiously because of the possible effects

of common variables for nondimensionalizing.)

An examination of the data set- sorted by FD-10 (Table 4.11) shows that of the
basins which have the lowest flows at the 10th percentile (the least flashy, in this
definition), 9 are in WSC hydrologic region Z. Of the basins with relatively high
FD-10’s, only 2 are in region Z. This observation suggests the possibility of some
geographic clustering, perhaps based on the mechanism for generating high flows,
similar to that for Lev. If the annual cycle of a basin tended to be dominated by
snowmelt runoff, it might have many days with relatively high flows, leading to
a high FD-10. The peaks within those long events might be fairly modest,
however, and there might be less year-to-year variability. Since the Z region is
somewhat warmer with more mixed events than the Y region, this division is
quite plausible, especially since the two Z basins which cluster with the Y’s have

the highest elevations, and therefore could be expected to have more precipitation



Table 4.11

Data Set Sorted By FD-10
LMC SP_ 1 EL GAUGE | EL DIVDE | EL CENTR | SLPi08S DR DENS | SHAPE | FR ISW | FAOLS

X B Pyl 157 5 U812 rA L 0238 U]
0.16 8 29 213 135 1350 1.84 0.130 0920
0.65 76 168 170 125 1.090 136 0.0% 1.000
0 11 381 152 060 0.547 2.45 0.101 0.960
0.30 15 213 120 055 1.110 191 0300 0810
0.04 183 05 27432 0.08 0.360 178 0.160 1.000
027 114 213 183 0.61 1.089 2.06 0.126 1.000
0.13 12 107 8t 023 0.540 1.48 0.354 1.000
0.15 15 168 60 050 1.008 2.00 0.113 0550
028 35 168 168 0.62 1.130 137 0.130 1,000
U118 p) ~ 198 T2 32 USsST I3 U990
009 19% s13 290 0 04637 1.8 0.385 0950
007 38 244 213 035 0.709 1.67 0.659 0310
0.09 15 541 24 035 1.120 181 0.142 0.7%0
003 23 05 168 014 0452 208 0172 0910
023 46 152 122 1.10 1.620 153 0.180 0920
0.12 137 655 351 059 0.627 22 0.161 1.000
039 53 152 168 0.59 1.110 1.66 0.099 0920
009 8 137 10668 022 0680 11 0310 0970
0.08 8 488 309 1.01 0.155 1.45 0.167 0990
010 TI0 — 438 o 167 .91 TN UIIZ 09
0.19 8 a2 137 0.68 1.040 245 0.100 0830
012 122 191 168 242 1.038 124 oS 1.000
0.18 8 457 274 146 1.460 167 0.130 0.730
008 84 299 U4 012 0.726 23S 0327 0920
024 8 137 91 050 1240 1.4 0.150 0860
028 69 533 244 2.19 1.150 172 0.050 0430
024 84 198 152 053 0.880 1.6 0.130 0.790
021 2 137 91 034 1550 1.62 0.120 0920
0.12 8 488 442 022 1370 215 0.160 1.000
U1l Z7 122 75 02T V.10 T U3 O%RD
030 23 168 107 n 0.641 1.43 0.159 1.000
0.13 84 442 335 1.06 0.960 1.84 0.040 0340
0.16 8 457 335 084 0.720 209 014 0.600
020 69 168 152 0217 0.680 1.67 0.100 0.560
0.06 23 701 183 0.40 0.786 1.56 0.115 0.750
017 8 33§ 351 0.67 0339 223 0.082 0.730
024 23 213 137 045 0.800 193 0.160 0970
0.19 23 290 110 047 0930 1.65 0.170 0990
0.05 351 594 549 0.73 0.582 1.86 .13t 1.000

821



Table 4.11 Continued

‘ YZS$ DIST SW FR BARRN | FR FORST DIST N EFF-P

| ZF1 |- 19 Lixrry 1322 55 1
202 n 0.488 0382 60 1521
;2031 76 0.490 0420 120 1230
ZGY |- 66 0634 0265 75 1359
ZR2Y 40 0230 0.470 75 1571
- ZB1 . 105 0.490 0350 165 1026
- ZN1-. k.. 0.788 065 40 1853
YAl 17 0.602 0.644 445 915
- ZKR1 70 0377 0510 80 1178
- ZM$S . 28 0.500 0370 35 1760
YR 180 U008 U737 20 o3
YK4 218 0292 0353 235 984
- ZHL-. 68 0234 0.107 150 1024
Y M 0.069 0.789 215 1302
YQ1 160 0.068 0.760 205 831
Ok 97 0470 0350 90 1559
YK2 150 0290 0549 200 1168
D ZHR . 20 0.496 0.405 140 1356
YR3 s 0.001 0.689 245 718
YC1 T4 0.498 0335 395 1284
255 01%2 [ XY[Y 33 B85S
- ZAL .. 128 0299 0.601 185 1012
T ZM6- 100 0038 0.737 115 1165
ZAY 26 0.190 0.680 130 1782
¥YS1 115 0.136 0537 180 848
v ZN . 125 0.013 0817 180 988
- ZA2- 65 0.130 0820 150 1140
b {41 255 0.001 0869 275 785
~ ZG3 13 0.722 0.158 40 1342
YN2 89 0.620 0220 160 1413
“YRZ 50 1808 XT3 y 474 . d
YS3 175 0.005 0836 200 894
ZC2 40 0.790 0.170 135 2003
-ZB1 27 0.782 0.084 120 2093
YM3 s 0.001 0899 33 843
YL1 145 0.145 0.740 300 1229
YD1 112 0112 0.806 425 1197
YO¢ y 7] 0018 0822 250 768
YD2 184 0.001 0.829 425 ‘633
YEF1 123 0.180 0.689 350 1325

621
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in the form of snow than the other basins in the Z region. The excepiion at the
low end is Ste. Genevieve basin; it may have an unusually low FD-10 for a Y
basin because of its low elevation, large degree of control by lakes and swamps
(100 percent) and the moderating effect on temperature of its proximity to the

Multiple Regression

A multiple regression analysis was carried out to explore these possibilities. The
results, presented in Table 4.12, were not especially encouraging, so no further
clustering or analyses was attempted. Generally the observations above were
confirmed, but it is a bit surprising that none of the elevation variables were

significant.

4.4.3 Sp-Fld and Qavgfld

The most important high flow measure for design of structures, and the one to
which most attention has been given in regional hydrological studies, is the peak
flow. Peak flow is virtually always dominated by drainage area - the larger the

area contributing to the flood, the larger the flood flow.

In order to gain an understanding of the other, less obvious, factors which might

suggest clustering of basins based on characteristics other than simply size, the



Table 4.12

FD—10: Selected Multiple Regression Results

Drd_Ln 0.051 0.055 0.067
Dist-N 0.093 0.132 0.099
FrL.Sw_Ln -0.044 -~0.028 -0.785
Dist—-SW 0.055
FACLS 0.150
Shp =0.137 |
2 045 0.68 0.62 037
r? adj 041 0.65 051 0.29
Std.Er. 0.07 0.05 0.06 0.07
Outliers 5t. G

isle aux M

Sm Lm

OLS - Ordinary Least Squares

RLS - Reweighted Least Squares
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relationships among the specific flood (average maximum annual daily flow per

unit area) and the various basin characteristics were examined.

Qualitative Assessment

‘The scatter plots in Figures 4.1 to 4.3 and the correlation matrix show that Sp-Fld
has the strongest relationships with slope and effective precipitation. Other
weaker, but possibly important relationships, are with drainage area, drainage
density, specific length of main channel, and fraction of lakes and swamps. All
relationships tend to be nonlinear. The relationship with drainage area is negative,
because smaller basins tend to have higher peak flows per unit area than larger
basins, although in absolute terms of course the larger basins will have higher
peaks. The correlation coefficients must be treated with caution where drainage
area is a common term because of the possibility of spurious correlation, but the
relationships are in general as expected. The principal components analysis does

not provide much further information.

The data set was also sorted by specific flood as shown in Table 4.13 in order to
assess in a qualitative way the differences between the basins with the highest unit
peaks and the ones with the lowest. Not surprisingly, since the Y region tends to
have lower runoff in general than the Z region, the ten basins with the lowest unit

flood zre all Y's, with the exception of the two largest Z basins, which have



Table 4.13
Data Set Sorted By Specific Flood

3

YZS | BASINS DA LMC SP | EL. GAUGE
YAl | SteG 0.102 306 013
S B P:i 0.106 2640 0.04
MdIB 0.106 275 0.18
YQ1l | GdBC 0.136 0.03
¥YS1 TesN 0.140 1365 0.08
ZR BdN 0.152 1170 0.06
YK4¢ Hnds 0Imn 529 009
YR2 H 0177 » 0.11
id 0200 » 0.10
v PH 0260 764 007
YL1 lt:' 0272 2110 0.06
‘Za1 1= B ozxn 208 022
YO$ i 0283 n 024
ZAL | < LUB 0289 343 0.19
ss SWIN 0290 36.7 030
SthS 0298 614 024
2G2 Tée 0302 166 0.16
h4)! Hrm 0309 640 0.09
Tor [ ) (7 L] U8
Y ShiA 0350 638 024
YN2 Lde 0372 469 012
ZK1 | - gg 0374 300 015
ZM? | - 039 % (1 028
YM3 | SeBV 0399 932 020
YD1 BwB 0.404 piy) 017
233 .| Smlm - 0.406 115 021
YF1 | Cs 0417 611 005
- ZK2 '} NB-~P:: 0 896 030
-z OC I3 (1 X, )
ZN1 NalNP - 053s 533 027
"YD2 | NeREk 053 200 0.19
ZA2 1. HYe - 0540 T 028
i/ & 3 I fv . 03563 108 0.65
2G4 1 -RY .. 0610 429 023
- ZM6 | . NEP 0611 ia3 012
- ZA3 Lcd 0.726 19 0.18
Zs1 IaM 0843 016
ZC2 Grdy 0.999 230 0.13
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Table 4.13 Continued

[FR_BARRN | FR FORSI | DIST EFF~P
X X 235 K4
0.002 0.644 445 915
0.490 0350 165 1026
0.008 0.747 220 763
0.068 0.760 205 831
0.136 0537 180 848
0.442 0322 55 1076
0292 0483 23S 984
0.1 0.
U353y |

0234 0.107 150 1024
0.14% 0.740 300 1229
0634 0265 3 1359
0018 0822 250 768
0299 0.601 185 1012
0.005 0836 200 894
0.033 0817 180 988
0488 0382 60 1521
0069] 0.789 215 1302
TR — 0335 395 1287}
0.001 0869 275 785
0.620 0220 160 1413
0377 0.510 80 1178
0.500 0370 35 1760
0.001 0899 330 843
0112 0.806 45 1197
o2 0.158 40 1342
0.180 0.689 350 1328
0230 0470 75 1571
0A9% 0405 | 130 1356
0.788 0.086 40 1853
0001 0.829 425 833
0.130 0.820 150 1140
0.490 0.420 120 1230
0470 0350 9% 1559
0.038 0.737 115 1165
0.190 0.680 130 1782
0.782 0.084 120 2093
0.790 0.170 135 2003

7ET
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DA’s of 1170 and 2640 km?. Conversely, the ten basins with the highest unit

flood flows are all in region Z, with the exception of one Y basin on the Great
Northern Peninsula, Northeast Brook near Roddickton (NeRk). It is not clear
what makes it respond differently; it is similar in size, mean annual runoff,
elevation, slope, fraction of lakes and 5o on to some other Y basins (e.g., Peters

River) yet has a much higher unit flood runoff.

The other Great Northern Peninsula gauges do tend to have relatively high unit
flood flows, although not as high as NeRk, so the difference may relate at least
in part to a greater amount of snow. As always, there is an exception, in this case
Ste. Genevieve (SteG). Although it too is on the Great Northern Peninsula, not
far from NeRk, the basin is fairly low, possibly reducing snow accumulation. It
is also dominated by a very large lake which could be expected to attenuate flood

flows.

Multiple Regression Analysis: Sp-Fld

A brief multiple regression analysis was carried out considering the island as one
region using SpFld-Ln as the dependent variable, in order to explore some
possible relationships not dominated by drainage area, before moving to a

consideration of QavgFld.
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Table 4.14 summarizes the coefficients resulting from some of the better
equations. DA and Eff-P alone expidin about two-thirds to three-quarters of the
variance in unit flood flows. Although slope has the highest correlation of any
variable with Sp-Fld, there is no other variable which can be combined with it to
give a stronger correlation than DA and Eff-P. It is possible that the relationship
is spurious, given that Sp-Fld is equal to Qavgfld/DA. At the same time the
signs associated with the coefficients are all hydrologically reasonable, and it is
certainly accepted that, all other factors being equal, small basins will have higher
peaks than large basins. SteG and NeRk, not surprisingly given the discussion

above, are identified as outliers.

Adding FACLS-Ln improves the equation, with an adjusted r* of 0.86 after
removal of outliers. Adding slope and drainage density gives the best § variable
equation (with Eff-P), but slope is replaced by Dist-SW and Dist-N to give the
best 6 variable equation. As noted in Section 4.3.1, all coefficients are
significant, with p less than 0.05. No variables were accepted in this study if the

associated coefficients were not significant,

Without Eff-P, El-Cntrd and Fr-Forst are required. Fr-Forst is closely related to

Fr-Barm, which was an important explanatory variable along with El-Cntrd in the



Table 4.14

Sp—FIld: Selected Multiple Regression Results
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Regression Coefficients
Lo ‘With th S'With 7] - With  Without
Varsa e
Ins - rr Lo . Las 7 Las
N 40 38 40 k1) 40 40 40
Constant -0295 -0339| -0361 -0378| ~-0590| =2330 ~-1885
DA -0.191 -0.18] -0197 -0194| -~-0.111{ ~0.182 =014
DrDens 0233 0306 0.402
Dist—SW 0.178
Dist—-N 0224
El-Centrd 0.290
FACLS ~0746 -0693| =-0631| -0577 -0.721
Fr-Forst -0.132
Eff-P 1.190 1230 0.9% 1112 0.725 1.489
Slope 0.183 0.198
r? 0.69 0.77 0.77 087 0.1 0.87 0.82
r? adj 0.67 0.75 0.76 0.86 0.78 0.84 0.78
Std.Er. 034 0.29 030 022 028
Ins_ Ins
SteG
Outliers SteG NeRk
NeRk SICv
OLS ~  Ordinary Least Squares
RLS Reweighted Least Squares
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analysis of Eff-P. The resulting 6 variable equation without Eff-P is otherwise

very similar to the § variable equation with Eff-P.

The results show that both the expected basin characteristics (especially DA and
DrDens) and topographic variables are important in explaining flood runoff, The
topographic characteristics can be important even when Eff-P is explicitly
included in the equation. They may be important for their physiographic effe¢ |
e.g. faster/slower runoff, or they may still be representing a hydrologic input

specific to storms, in addition to the average annual effective precipitation.

With this information from the specific flood analysis, a multiple regression
analysis was carried out using the dimensional average maximum daily flow as

the dependent variable.

Multiple Regression: QavgFld

The multiple regression analysis using QavgFld generally confirmed the
importance of the explanatory variables obtained in the nondimensional case of
Lev, and in the unit runoff case of Sp-Fld. The analysis started with the one-
region case, and because there was some suggestion of geographical differences,

a preliminary subdivision was made at the Y-Z boundary. Logarithmically
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transformed variables were used throughout the analysis because the scatter plots

(and previous experience) suggested that the relationships are nonlinear.

Table 4.15 presents selected results of the multiple regression, starting with the
island-wide results. As expected from hydrological principles as well as from the
correlation matrix, drainage area alone explains over 80 percent of the variance
in flood flows from one basin to another. Four outliers were identified. The DA
coefficient ranging from 0.75 to 0.82 is not surprising given the results in Table
4.14; since
Qavgfld = DA’ (Sp-fld), and
Sp-fld = f(DA)?2, then
Qavgfld = f(DA)*,

The next most important variable, again as expected from the analysis of Lcv and
Sp-Fld, was the area controlled by lakes and swamps. The r? increased to over
90 percent in this case (slightly better if the two outliers were excluded). In both
these one and two variable cases, SteG is again an outlier, probably because of
the apparently large degree of control provided by a large Jake not far upstream
of the gauge. Grandy has a very low FACLS, There is no immediately apparent

physical explanation for the other outliers.
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Table 4.15
QavgFld: Selected Multiple Regression Results
a) All Island
Regression Coefficients
OLS RLS OLS RLE OLS RLS OLS RLS
Lns Lns Lns Lns Lns Lns Lns Lns
1va 1 var 2 var 2 var 2var 2var Bvars 3 vars
N 40 36 40 38 40 39 40 37
Constant 0.168 0119 -0.059 0002 | -0362] -0340| -0432| ~-0.432
DA 0.747 0.764 0.753 0.731 0813 0.814 0.807 0.820
FACLS -1.1611 -1481 -0.783| ~0.705
Eff-P 1.297 1.247 1.095 1.002
r 0.837 0.913 0.90 091 0.94 0.95 0.96 097
12 adj
Std.Er. 0480 0360 0.39 0.38 031 028 0.24 0.20
Outliers SteG SwBV LSte(i EteG
diB Hids IndB
ndB SmLP
irdy
b) Additional Variables
N=40
Additonal Variables
with |without | with |]without with
# of Vars 4 4 5 S 7
{(all Ins)
Constant | =1.266| -1024 | -1427]| -1.625 =(0.198
DA 0.805 0.720 0.825 0.765 0.797
Eff-P 1.476 1413 1.259
FACLS -07501 -1014] -0.730| -0913 0.695
Dist-SW 0.181 0.205 0.158
DrDens 0177 0333 0.247
Dist—N 0210
Fr—Barm 0.085 0.061 0.047
El—Cntrd 0.264 0.341
Slp108S
2 097 0.95 097 0.96 098
r adj 0.96 095 0.97 0.96 097
Sid.Er. 0.22 0.27 021 0.24 0.19
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Table 4.15 Continued
c) Region Y and Z Regression Coefficients
N =20
egion Y cgionZ
ithout Eff—=P = With Eff--P ith with with without
Eff-P Eff-P Efi~P Eff-P

# of Vars 2 3 4 2 3 4 6 5
Constant | —-2.600{ -2.770| -3435| 0127] -0320| -1362] -1.858| ~1.713
DA 0927 08%| 0858 0739 0778 0784} 08| 0742
Fr-LSw | -0.897| ~-1.003| -0.664

FACLS -1064| -0814| -0637| —-0.607| -0.781
Eff-P 1.008| 1261 1.007

Dist—-N 0214 0.285

Fr-—Forst -0.499 =0.15>| -0.283
DrDens 0316 0.285| 0459
El-Cntrd 0.341

0.286

r 0.94 0.96 098 0.95 0.98 0.99 0.99 0.98
2 adj 0.93 0.96 0.93 0.94 0.98 098 0.99 097
Std Er 0.28 0.22 0.16 030 0.19 0.16 0.12 0.21

OLS—~ Ordinary Least Squares
RLS - Reweighted Least Squares
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If Eff-P is allowed as a basin characteristic, it becomes the third explanatory

variable, bringing the r* up to 0.96, again slightly better if the one outlier, Ste.
Genevieve, is included. Additional variables (up to 7 meet the statistical criteria)
in approximate order of importance are Dist-SW, Dr-Dens, Dist-N and Fr-Barrn
(all Ins). As the variables related to Eff-P enter, the tolerance (reflecting
multicollinearity) on Eff-P decreases, although it is still acceptable. With three
variables, for example, the tolerance is 0.85; when Dist-SW is included as a
fourth independent variable, the tolerance decreases to 0.43 (still greater than 0.1,

the cutoff point for acceptability).

The distance variables, and possibly Fr-Barmn, are probably representing
hydrologic input in some way, in addition to the effect of Eff-P. Dist-SW might
represent position along the storm track, for example, and Dist-N might indicate
the importance of the snowmelt contribution. If the snowmelt contribution is
important, however, one would expect one of the elevation variables to come into
play. The distance variable would not otherwise be expected to relate to flood

runoff, since they are not true physiographic characteristics.

If Eff-P is not allowed as a basin characteristic, a five variable equation gives

results similar to the three variable equation with Eff-P. Fr-Barmn and El-Cntrd
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appear to be the proxy variables for Eff-P; Dist-SW is not required. Dist-N is not

used.

The plots of the residuals did not suggest any particular clustering, except
possibly a Y-Z division. The residuals do not group according to the hydrological
regions presented in the provincial regional flood frequency analysis (Gov't of
Nfld, 1990).

Equations developed for the Y and Z subregions improved the r*'s and reduced
the standard error. For a four variable case, for example, the best equations for
the Y and Z regions have adjusted r’s of 0.98 respectively, and standard errors
(in the log domain) of 0.16. The best four variable equation for the island has an
adjusted r? of 0.96 and a standard error of 0.22. The results, presented in Table
4.15(c), also suggest some differences in the two regions, the most important

being the relative importance of Eff-P.

For both regions, DA is of course the most important explanatory variable; in the
Y region the second most important is Fr-LSw, in the Z region it is the area
controlled by lakes and swamps, both similarly suggesting attenuation due to the

effects of lakes and swamps. An important point to note with the Y region,
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however, is that Eff-P is not one of the better explanatory variables, whereas it

is the third most important variable in the Z region.

If only one more variable (for a total of three) is allowed in the equation for the
Y region, it is Fr-Forst, but if two more are allowed in they are El-Cntrd and Dr-
Dens. These results are similar to the four variable case for the island as a whole
when Eff-P is excluded. Fr-Barm is more significant for the island than Fr-Forst,
but the two are essentially representing the same phenomenon of exposure (or
protectedness) from the storm track, as well as possibly some faster runoff (or

attenuation in the forested case).

For the Z region, Eff-P and Dist-N are most important, with Dr-Dens ard Fr-
Forst following, as they do in the Y region. When Eff-P is excluded, Dist-N no
longer contributes significantly, and E}-Cntrd appears to work with Fr-Forst to

represent geographical location,

The idea that Fr-Forst/Fr-Barm are geographical surrogates rather than
physiographic parameters could be important when hypotheses are being tested
about the effects of forestry. Generalizations cannot be made from one basin to
another unless they are similarly situated with respect to incoming weather

systems.
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The only surprises in this analysis were the importance of the geographic
variables even when Eff-P is included as an independent variable, and the lack

of importance of slope (which had been important in the Lcv analysis).

4.5 Low Flows: FD-90, Sp-Low, Qlow

In general, attempts to relate basin characteristics to low flows have been less successful
than similar attempts for high flows. The explanation usually given is that the factors
controlling low flows are difficult to measure or to index. In the provincial low flow
frequency analysis for the island of Newfoundland (Gov't of Nfld, 1991), the only
physiographic characteristic which could be consistently related to low flows was

drainage area, with the fraction of forest being important in one region.

It is possible that fraction of forest is acting as a surrogate for some soil or geological
characteristic. This is plausible, since presumably forests grow in areas with more, or
at least different, soil than regions without forests. The results of the present study for
other flow variables sugg st that the fraction of forest may also be acting as a surrogate
for hydrologic input - forests seem to be more likely to develop in areas which are
sheltered from major weather systems. The two underlying characteristics, one
physiographic, the other hydrologic, are not necessarily unrelated; the interactions of
weather and soils are complex, and it is plausible that soil is more likely to accumulate

to a depth to support forests in a sheltered area.
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Compared to other parts of the world where low flow studies have been carried out, the
island of Newfoundland should be more amenable to analysis, because there is so little
groundwater storage. In other areas with deep soils and aquifers, the difference in
subsurface characteristics from one basin to another may cause problems in low flow
analysis. The average depth of soil in Newfoundland is less than half a metre, so superfi-
cial characteristics, such as area of lakes and swamps, should be relatively more
important. In addition, since there is a close and direct link between surface and
groundwater, measures of hydrologic input controlling the timing of flows should also
be important. If a measure such as depth of snow on the ground in late winter were
available, for example, it might turn out to be helpful, Since it is not, one must provide

surrogates such as distance north or elevation.

As with the analyses of the other flow variables, the investigation started with an
examination of the relationships among the low flow variables themselves, and a
qualitative assessment of the sorted data file. It then proceeded to a multiple regression

analysis to further investigate the interactions among the variables.

4.5.1 Qualitative Assessment: Relationships among FD-90,
SP-Low and Qlow and Basin Characteristics

Sp-Low and Qlow are the same flow measure; Sp-Low is simply the median

daily minimum flow per unit area, obtained from the annual series. FD-90 is the
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flow which is exceeded 90 percent of the time, nondimensionalized by dividing

by the average flow. Since the relationships of low flows to Qavg/DA are not
strong, it can be compared more or less directly with Sp-Low. Figure 4. 14 shows
a plot of FD-90 and Sp-Low. On the average the flow will be lower than FD-90
about 36 days per year, whereas it will be lower than Sp-Low only about once

every other year.

In the case of the low flows, it appears that the same factors leading to frequent
low flows, as represented by low FD-90, are the same as those causing it to have

the lowest minimum flows as well.

The scatter plots and the correlation matrix showed that none of the three are
correlated with any basin characteristics except Qlow, which is highly correlated
with druinage area. Because of the relationship of other variables to DA, it is also
correlated to LMC-Sp, Shape, and Slp-1085. The scatter plots and correlation
matrix also suggests that the relationships, even if weak, tend to be nonlinear, so

the transformed data set was used throughout the low flow analysis.

Table 4.16 shows the data set sorted by FD-90; because of the relationship
between the two it is similar when sorted by Sp-Low. The Y-Z split suggested in

some of the other sorted tables does not show up here directly. The basins with



Table 4.16
Data Set Sorted by Specific Low Flow

YZS | BASINS. | SP LOW |- DA LMC SP | EL GAUGE | EL. DIVDE | ELL CENTR ] SLP1085 | DR DENS SHAPR FR_LSW FAQS
“YMJ SwBV I 2 0D T 152 R > 14 R L] 137
.. e 0.00110 67.4 024 8 137 91 0.50 1240 143 0.150 0.860
000145 3% 0.11 27 12 76 021 0.740 1.68 0.320 0960
0.00168 363 (*y7] 12 191 168 242 1.038 124 02s 1.000
0.00177 36.7 030 23 168 107 1.11 0641 143 0.159 1.000
0.00186 200 0.19 23 290 110 047 0930 1.6 0.170 0.990
0.00186 1m 024 23 213 137 045 0800 193 0.160 0970
0.00222 kX ] 039 53 152 168 0.59 1.110 1.66 0.099 0.920
000226 611 0.05 351 594 549 0.73 03582 1.86 0.131 1.000
0.00240 115 021 2 137 91 034 1550 1.62 0.120 0.920
37 U7 B 35 351 LY A T X 2 23 ~UUBZ 0.7
0.00230 638 024 84 198 152 053 04880 1.6 0.130 0.790
000259 230 013 84 442 33 1.06 0960 184 0.040 0340
0.00259 108 065 76 168 170 125 1.090 136 0.09%0 1.000
000333 278 0.18 23 198 12 02 0255 1.93 0245 0.980
0.00334 764 007 38 24 213 03s 0.9 1.67 0.659 0910
0.00342 2.1 023 46 152 12 1.10 1.620 153 0.180 0920
0.00350 300 0.15 15 168 60 050 1.005 200 0113 05%0
0.00352 iz 028 69 533 24 2.19 1.150 1.7 0050 0.430
0.00363 2110 0.06 23 701 183 0.40 0.786 1.56 0.115 0.750
X 010 1411) 488 T 1.07 1IN LAY 2 k0
0.00390 205 016 3 457 33s 0.84 0.720 209 0134 0.600
0.00430 444 003 23 305 168 0.14 0452 208 0172 0910
0.00452 343 019 8 2 137 0.68 1.040 2.45 0.100 0830
0.00489 1368 0.08 84 290 24 0.12 0.726 235 0327 0.920
0.00493 554 009 8 137 107 02 0.680 1R 0310 0.970
0.00499 469 012 8 488 442 022 1370 2.1 0.160 1.000
0.00525 19 018 8 457 274 146 1.460 1.67 0.130 0.7%
0.005%4 89.6 030 15 213 120 055 1.110 9 0.0 0810
0.00585 470 0.12 137 658 s 0.59 0627 0.161 1.000
VOUSY— oZ% U8 B L4 30 TOT ;1!.755 T3S U167 U390
0.00616 529 009 198 si8 290 032 0.637 1.78 0358 0.950
0.00624 208 o 11 as1 152 0.60 0547 245 0.101 0560
0.00628 640 009 15 541 274 03s 1.120 1.81 0.142 0.7%0
0.00631 2640 004 183 305 274 0.08 0.360 1.78 0.160 1.000
0.00699 166 016 8 229 213 138 1.350 1.84 0.130 0
0.00789 1170 0.06 8 274 152 029 0612 2.15 0236 0.960
9.00793 536 028 35 168 168 0.62 1.130 137 0.130 1.000
0.00855 306 €13 12 107 Bl 023 0.540 1.48 0.354 1.000
0.00893 533 027 114 213 183 0.61 1.089 2,06 0.126 1.000

:\A¢



Table 4.16 Continued

YZS ) BASINS | DIST SW FR BAR‘,I_% FR FORST | DIST' N EFF-P
00T My
Z)1 |: SthB:: 128 0.033 0817 180 988
YR2 I;ﬁ;i 260 0.001 0.679 25 709
-ZME ] - . - 100 0.038 0.737 115 165
YS3 SWIN 175 0.005 0.836 200 8%4
YD2 NeRk 184 0.001 0.829 425 833
YO6é Ptre 2 0.018 0822 250 768
- ZH2 -1 QOC -~ 20 0.49%6 0.405 140 1356
YFL Cat 123 0.180 0.689 350 1325
ZG3 | Smim - 13 0.2 0.158 40 13;_2'J

YOT | BwiB TIZ 180 ¥4 UB0E L 74 T

el ShiA 255 0.001 0.869 275 78S
2C2 | Ondy.:. 40 0.790 0170 135 2003
2Ly B 76 0490 0.420 120 1230
YR1 B 180 0.008 0747 220 763
ZHL } - PH 68 0234 0.107 150 1024
“ZGE . RH " 0470 0350 %0 1559
- ZRY b RE 70 03N 0510 80 1178
ZAZ ) " Hids . - 65 0.130 0820 150 1140
YL %lh 145 0.145 0.740 300 1229
— YKY | 13 b4 BERE | X (] 323 853
Z81 laM 27 0.182 0.084 120 2093
YQ1 GdBC 160 0.068 0.760 205 831
- LUB 128 0299 0.601 185 1012
YSi TN 115 0.136 0537 180 848
YRI IndB 228 0.001 0.689 245 718
YN2 Lds 89 0.620 0220 160 1413
ZAY LACd 26 0.19%9 0.680 130 1782
2 NE-P 40 02% 0470 15 1571
YK2 LewB 150 0290 0.549 200 1168
YC Tor 74 AW U335 395 TZ8%
YEK¢ Hads 218 0292 0353 235 984
01 Gra - 0.634 0265 15 1359
i ;Ir u 0.06%9 0.789 215 1302
ZB! | . | S8 105 0.4% 0350 165 1026
2G2 Tde .- 0.488 0382 60 1521
ZF1 BIN 76 0.442 032 55 1076
A ] SKCv - 28 0.500 0370 as 1760
YAL SteG 17 0.002 0.644 445 915
ZN1 NaNP k] 0.788 0.086 40 1853

6%1
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the lowest low flows in general seem to be small, without much control by lakes

and swamps, but there are several anomalies, especially at the low end.

Cat Arm, for example, is a large basin with 100 percent of its area controlled by
lakes and swamps, but it has very low flows. WSC staff report that gauging at
low flows was difficult at that location, so there may be a problem with the data.
Also the high elevation of the basin may mean that spring runoff is later than in
other basins, resulting in very low flows in the late winter. Salmonier River, on
the boot of the Burin Peninsula, is of similar size to other basins on the Avalon
and Burin peninsulas, and also has a high degree of control by lakes and swamps,
but it too has surprisingly low flows (although the Eff-P is unusually low, as
discussed in Section 4.3.1). Two basins in the YR region, Ragged Harbour
(RgdH) and Indian Bay Brook (IndB), show marked differences. They are very
similar on most of the measures which would be expected to control low flows.
They both have very low Eff-P, a large degree of control by lakes and swamps
(96 and 97 percent), similar drainage areas, and similar elevations. Yet RgdH has

the third lowest specific low flow, and IndB has the third highest (of 40).

In order to examine the interactions of geography, topography and basin
characteristics, a multiple regression analysis was carried out using the three low

flow measures as the dependent variables.
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4.5.2 Low Flow Multiple Regression Analysis
A summary of selected results from the multiple regression analysis is presented
in Table 4.17, Although the analysis was by no means exhaustive, it does show
that the same variables, or variables apparently representing the same phenomena,

tend to recur for all three flow measures, and for the all-island and Y-Z

subregicns.

Of the basin characteristics, DA and FACLS are always important, DA
particularly so as expected when the dependent variable is Qlow. The single
exception is the equation for FD-90 for Subregion Y. DA is not significant; Dr-
Dens may be substituting to some extent. Similarly, Fr-Lsw is more important

than FACLS in that equation. (A similar result was found for high flows.)

The other major resuit is the importance of the distance (geographic) variables.
Dist-N or Dist-SW, and often both of them, are always important explanatory
variables, even when the Y-Z split, which is basically N-S, has been made. Dist-
N may indicate the likelihood of winter precipitation being held as snow, lez:jing
to lower low flows at the end of the winter. Dist-SW may indicate a general wet-
dry trend; in drought periods, it is reasonable to assume that basins closer to the
direction of incoming weather systems are likely to have higher low flows than

basins that are more remote.
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Table 4.17
Low Flows: Selected MultipleRegressionResults

8)FD-90

Regression Coefficients

One region - Rei'nn Y Region Z
All vars Lns Lns Lns
mlms
N 40 20 20
Ivan 4van dvan

Constant -1.156 4290 -1.089
DA 0130 0.106
Dist-N -0.244 =0.664 —-0.449
FACLS 0.468
Dist-SW -0363 0219 Notesign
Fr—-LSw 0.404
Dr-Dens -0254
r? 037 0.64 0.60
r2adj 032 054 053
Std.Er. 033 (LK) 023

b) SpLow

One Region _ —
Regon Y Region Z
(all Ins) OLs RLS . without
without E({—P with Eff-P Efl-p :
# of Vars 4 4 4 4 ] 3 4
Constant -5.03 -3.918 -0599 ~-4,127 -4418 -4816 -7.069
DA 0.179 0.165 024 0228 0331 0230 0.107
Dist~-SW -0.284 -0.486 -0273 -0256 -0.28
FACLS 074 0.947 0811 0,658 0869 1578 0.6%0
Fr—Barrn 0.076 0.113
Dist-N -0252 -0278 =001 -0.732
Fr~Fomnt
Fr—-LSw
Shape
Slp108S 0290
El—-Dvide 0816
Loc-Sp
| E—P 0870
n 0.51 0.77 053 052 058 0.65 0.78
iad) 046 0.47 0.46 032 059 0.72
Std.Er. 045 032 0.44 0.44 042 0.42 0.30
Outliers 1A
odB
ml




Table 4.17 Continued

¢) QLow-Ln
. ‘Oneregion | Region Y RegionZ
All vars
asLns

S vars 3vars 4 vars

Constant =5.716 -4.816 =7.069
DA 1.168 1230 1107
Dist-SW -0.273 -0.428
Dist—-N -0307 =0.732
El-Dvide 03713 0.816
[FACLS 0.865 1.576 0.690
r 0.95 094 098
1 adj 0.95 093 097
Std.Er. 041 042 030

OLS- Ordinary Least Squares

RLS- Reweighted Least Squares
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Unlike the case for the high flows, Eff-P is not required to obtain good low flow
relationships. For the one-region four-variable case with Sp-Low as the dependent
variable, if Eff-P is used instead of Dist-SW, the results are only marginally
better than if Dist-SW is used. The coefficients for the other three variables are

very similar in magnitude, suggesting that Dist-SW and Eff-P are acting similarly.

A statistically significant equation for the one-region case with Sp-Low as
dependent variable can have as many as 7 independent variables (not shown in the
table). The fifth variable is slope; it is difficult to rationalize the importance of
slope hydrologically, particularly because the positive sign indicates an increase
in low flow with an increase in slope. The other two variables are LMC-sp and
El-Gauge (to reach the total of seven, not shown in the table). A long main
channel length per unit area is usually associated with small basins, and could
suggest flashiness; one would expect it to be related to floods rather than low

flows.

El-Gauge has a positive sign, as does El-Divide in the cases in which it enters
(Qlow, Table 4-17¢). It is not clear how the elevation of the gauge or the divide
would affect low flows. Intuitively one would expect that a higher elevation
would result in more precipitation stored as snowmelt, and consequently lower,

rather than higher low flows. In any event, if that were true, then one would
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expect the clevation of the centroid to be more important than the gauge or the

divide, since it should be most representative of the basin elevation. El-Cntrd,

however, is not significant in any equation.

The equation for Sp-Low in the Z region is statistically significant with up to
eight variables, with an improvement in adjusted r* from 0.79 to 0.86, but it

makes no sense to use so many independent variables.

4.6 Availability: FD Variables

Hydrotechnical engineers are frequently interested in the availability of water on a day-
to-day basis for such uses as water supply and hydroelectric generation. In these types
of applications, it is frequently economic to provide some storage, and so the very lowest
flows are not of particular concern. Of more interest is the general so-called "flashiness"
of the basin. Flashiness is a concept that presumably arose primarily in connection with
flood flows; basins which run off faster than others are considered to be more flashy.
More generally a flashy basin can be thought of as one with higher high flows and lower
low flows. A flashy river, by this definition, would not have the required flow to satisfy
a particular demand rate on as many days as a less flashy river. The less flashy river will

thus have greater availability.

The definiticn itself is not of particular concern here; of interest are
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1) whether higher high flows and lower low flows go together;

2) whether there is a suitable dzpendent variable or "flashiness index” to use
to represent availability;

3) what physiographic, topographic or geographic characteristics are

associated with flashiness.

This section discusses these three questions.

4.6.1 Qualitative Assessment

The flow duration variables give a good representation of the expected frequency
of various flows, and thus are suitable for use in exploring the question of
whether higher high flows and lower low flows tend to occur in the same basins.
The scatter plots in Figure 4.6 show the relationship among the FD variables and
some of the L:asin variables to which they are reiated. FD-90 is related positively
to the minimum flow variables, but FD-10 did not show a corresponding
relationship with the flood flows. These differences are discussed in the relevant
high and low flow sections above. For the purposes of analyzing availability, the

three flow duration curve variables would seem to offer good prospects.

The PCA with four components showed that FD-10 and FD-50 loaded most

highly on the first compenent. Although FD-90 had a loading of over 0.5 on the
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first component (rotated), its highest loading was on the fourth component, with
Sp-Low. With three components, all the flow duration variables as well as Sp-
Low loaded most highly on the first component. (As mentioned in Section 4.1,

the PCA analysis was done using the untransformed data set.)

These results suggests that the annual maximum flows may not be part of the
same response as the more common range of high flows, the ones that occur 10
percent of the time. These more common ones, however, do seem to associate
with the general range of daily flows. Because the three quantiles of flow duration
variables are related, the answer to the first question above is positive; higher

high flows do tend to occur in the same basins that have lower low flows.

The next question is what is the most suitable index to use for availability.

Flashiness Index
Several possibilities were considered in order to choose a suitable dependent

variable representing flashiness. These included

1) a canonical variable composed of a linear combination of the three FD
variables;

2) PC1 from the three component analysis;
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3) a "flashiness index" similar to a quartile skew measure obtained from the
three FD variables as follows
1, = EDIO - 2EDS0 - EDY0
FDI10 - FD%0
I, = EDI0.-2 - FDO
FD10 - FDS0
Note that in I,, the middle term in the numerator is actually 2(Qavg/Qavg). In the
first equation the equivalent middle terms 2(Qmedian/Qavg).
4) Other measures such as FD10*FDS50. Figure 4.16 shows how a low value
(e.g., < 0.2) identifies a flashy basin, whereas a higher value (e.g., >
0.4) identifies a non-flashy basin with greater availability.

5) One of the FD variables selected to represent the others.

The first two were rejected at this level of analysis, primarily because they are
not especially meaningful and it is consequently more difficult to interpret results.
The third and fourth are quite reasonable, but after a detailed comparison of the
various flashiness measures for different basins, they did not offer any particular
advantage over #5. The FD-50 value was chosen because it correlates well with
both the other two, and is very straightforward to calculate and apply. The alter-
native indices listed above may be useful at a later stage of the analysis, but as

a representative measure of availability for the purpose of identifying important
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FD-10

3.2

28

26

2.4

FD50 « FDI10 = 0.2

0.4 0.5 0.6 0.7 0.8 0.9

Fig 4.16 — Example of a Flashiness Index
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basin characteristics, the FD50 value should be as suitable as any of the others,

and it is the simplest.

4.6.2 FD-50

Qualitative Assessment

The data set sorted by FD-50 is presented in Table 4.18. A comparison of the
characteristics of the basins with high availability and with low availability offers
some indicaticns of the variables which might be significant in a multiple
regression analysis. The two basins with highest availability are two large basins
on the south coast. Four others in the top ten are on the Burin or Avalon
peninsulas. Terra Nova and Gander Rivers (in the eastern part of the Y region)
are also in this group; they are both large basins, and have a high degree of

control by lakes and swamps.

Ste. Genevieve is anomalous as usual; presumably the extremiely high degree of
control offered by the large lake just upstream of the gauge has a strong influence

on its runoff pattern.

The ten flashiest gauges tend to group geographically into the high basins on the

southwest coast, Grandy, Isle aux Morts, and Highlands, and the basins on the



Table 4.18

Data Set Sorted by FD—50
YZS$ {BASINS | FDSO DA LMC SP | ELL GAUGE EL_DIVDE EL_CENTR SLP108S DR _DENS SHAPE FR LSW FACLS
YM3 [ SWBVY | UO3A[ 2| o2 & T 152 . m;—m—ﬁrmr
2C2 | G 0.406 230 0.13 84 442 335 1.06 0.960 184 0.040 0340
YD1 | B 0412 237 0.17 8 335 35 0.67 039 223 0.082 0.730
YE1 Cat 0417 611 003 351 594 549 073 0382 186 0.131 1.000
Hids ~- 0.454 72 028 69 533 244 2.19 1.150 1.72 0.050 0430
YP1 ShlA 0.461 638 024 84 198 152 0S3 0.890 162 0.130 0.790
YO¢ Pire 0.469 m 024 23 213 137 045 0.800 193 0.160 0970
ZB1 faM - 0413 205 0.16 8 457 335 084 0.720 209 0.134 0.600
ZM$é | NEP 0.485 363 0 12 191 168 242 1038 124 0228 1.000
YD2 | NeRk 0513 200 0.19 23 290 110 047 0.930 1.65 0.170 0.990
YS3 US| %7 U Z3 158 107 LI LX) p K U5y IW
n SthB 0531 674 024 8 137 91 050 1240 143 0.150 0860
053 13 0.18 8 457 24 146 1.460 1.67 0.130 0.730
YN2 0.543 469 0.12 328 488 442 022 130 218 0.160 1.000
ZA1 LdB 0.561 u3 0.19 8 40 137 068 1.040 245 0.100 0830
YR2 | RgdH 050 399 0.11 27 122 76 021 0.740 1.68 0320 0,960
2G3 0583 115 021 2 137 91 034 1550 1.62 0.120 0920
ZG4 Rd 0583 2.7 o023 46 152 12 1.10 1.620 153 0.180 0.920
ZH2 CouC 0.597 413 039 53 152 168 059 1.110 166 0.099 0920
YCi Tor 0.602 624 0.08 8 488 39 1.01 0.755 1.48 0.167 0.990
YK3 X ;) | 110 458 290 107 0191 198 . U940
YL1 | UpHim 0.624 2110 0.06 23 701 183 040 0.786 156 0.115 0.750
LewB 0.632 470 012 137 655 351 059 0.627 23 0.161 1.000
Y H 0.644 40 0.09 15 541 274 035 1.120 181 0.142 0.750
ZN1 | 8 0.645 533 027 114 213 183 06.61 1.089 206 0.126 1.000
ZL3 %(.\ . 0.648 108 0.6S 76 168 170 125 1.090 136 0.090 1.000
ZH1 H 0673 764 097 38 244 213 035 0.209 167 0.659 0910
ZM9 | SICy 0.676 536 028 35 168 168 062 1.1 1.3 0.130 1.000
YR4 Hnds 0.679 529 009 198 518 290 032 0637 1.78 0355 0.950
YR3 | IndB 0.6 554 0.09 8 137 107 022 0.680 1.2 0310 0970
Rﬁ UERZ 30 13 b &) 108 (] 030 T.005 200 U3 U330
YQ1 | Gd 0.697 {044 003 23 305 168 014 0.452 208 0.172 0910
ZK2 | NEB-P 0.722 896 030 15 213 120 0SS 1.110 191 0.300 0810
YR1 MdB 729 275 0.18 23 198 12 o 0255 193 0245 0.980
YS1 TerN 0.733 1368 0.08 84 290 24 012 0.726 23S 0327 0920
2G2 Tde 0.748 166 0.16 8 229 213 135 1.3% 184 0130 0920
YAl | G 0.749 306 013 12 107 81 023 0.540 148 0354 1.000
201 0.758 205 o 11 381 152 0.60 0547 245 0.101 0.960
F1 BdN 0.794 1170 0.06 8 274 152 029 0.612 218 0236 0.960
ZE1 | SmLP 0.808 2640 0.04 183 305 24 0.08 0360 175 0.160 1.000
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Table 4.18 Continued

YZS | BASINS DIST SW FR_BARRN FR FORST DIST N MAR MM
YM3I I B33
2 G 40 0.790 0.170 135 2003
YD1 B 112 0112 0.806 425 1197
YF1 Cet 123 0.180 0.689 350 1325
ZA2 Hide - 65 0130 0.820 150 1140
P ShiA 258 0001 0.869 275 188
YO Pire 22 0018 0.822 250 768
81 JaM -7 27 0782 0.084 120 2093
ZMé¢ NEP - 100 0.038 0.737 115 1165
YD2 NeRk 184 0.001 0829 425 833
[ Y33 | 178 U005 ; — 200 — B
Z)M | SthB-. 125 0033 0817 180 988
ZA)Y Lcd 26 0.190 0.680 130 1782
YN2 Lds 89 0620 0220 160 1413
ZAL LuB - 128 0299 0.601 185 1012
YR2 | RpgdH 260 0.001 0.679 2n 709
ZG3 | Salm. 13 072 0.158 40 1342
2G4 Ry .- L4 0470 0350 90 1559
ZIH2 | OC'- 20 0496 0.405 140 1356
YC1 Tor 74 0498 0.335 395 1284

05 (10574 SR | XY (3 323 43

YL1 UpHm 145 0.145 0.740 300 1229
YR2 LewB 150 0290 0.549 200 1168
YN Nl:w k7] 0.069 0.789 215 1302
- ZN1 P 732 g.zsa 0.086 40 1853
ZL3 SF(.V U . 490 0.420 120 1230
ZH1 H . 68 0234 0.107 150 1024
ZM9 |. SICv- 8 0500 0370 35 1760
YK4 Hads 218 0292 0353 235 984
YR3 indB 25 0.001 0.689 245 718
ZKT Kﬁ T 0377 U510 ~ 1178
YQ1 | GdBC 160 0.068 0.760 205 831
ZK2 | NB-P-. 40 0230 0.470 15 1571
YR1 MdIB 180 0.008 0.7°7 220 763
YSi TeaN 115 0.136 0.5.7 180 848
2G2 Tde 1 0:38 0382 0 1521
YAl SteG 17 0.002 0.644 4us 915
- 2Gt Gm 66 0634 0.265 75 1359
ZF1 } BdN - 7 0442 0322 sS 1076
ZB1 SmlLp 105 0.490 0.350 165 1026

Z91
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leeward side of the Great Northern Peninsula, Northeast Brook and Beaver Brook
(both near Roddickton), and Cat Arm. Little Codroy, also on the southwest coast,

is just outside the group of ten flashiest, probably because it is a little lower.

The annual hydrographs in the three leeward Great Northern Peninsula basins are
very peaky. Winter precipitation is usually stored as snow, leading to dry periods
in the late winter, long periods of high flows in the spring, occasionally followed
by a second dry period in the summer. At Cat Arm the large degree of control
by lakes and swamps and the large drainage area are not sufficient to compensate
for this effect, especially given Cat Arm’s high elevation (it is the highest of all
study basins)., Very large storage was provided in the hydroelectric project

developed in this basin in order to improve the availability.

Shoal Arm and Peters River are the last two rivers in this group. They are
moderately small, in a generally dry, cold area. Neither has a large fraction of
lakes and swamps. Although Peters River has a Jarge degree of control by lakes
and swamps, according to the measure of FACLS, the actual volume of storage

available is relatively low.

These observations suggest that regional differences due to climate will be

important, probably represented by the elevation and distance variables. As well,
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one or both of the variables relating to lakes and swamps (FACLS or Fr-Lsw)

will likely explain part of the variance among basins.

Multiple Regression Analysis

A multiple regression analysis was carried out, which basically confirmed most
of the above observations. Because the scatter plots and correlation matrix had
suggested that the relationships were nonlinear, all variables were logarithmically
transformed. As with the other flow variables, because geography/climate does
play a part in explaining the diiferences in basin response, a brief analysis of the
two major WSC hydrologic regions, Y and Z, was also carried out. The results

are presented in Table 4.19 (a) to (c).

For the all-island case, the four most important variables are DA, Dist-N,
FACLS and El-Cntrd. The importance of Dist-N, which can be assumed to be a
surrogate climate variable, can be clearly seen in the improvement of the r from
0.44 to 0.66 (0.46 to 0.73 in RLS equations). The relative importance of El-

Cntrd decreases substantially when Cat Arm is removed.

The results are also presented for the dimensional case, Qgp 5o, as a check on the
appropriateness of using the non-dimensional variables. The nondimensional

rather than the dimensional, flow duration variables are of most interest for
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Table 4.19
FD-50: Summary of Selected Multiple Regression Results

2) One Region

Regression Cogﬂkiems

RLS (md/s)
Las Lns Lns Lns with Eff-P
3 vars 3 vars 4 vars 4 vars S vars
N 40 38 40 37 40 40
Constant -0.172 -0.074 0373 -=0.069 —4.237 =3.062
DA 0.058 0.055 0.0 0.073 1.047 1.065
FACLS 0369 0323 0372 0.442 0347
El-Catrd -0.117 =0.132 -0.099 -0.005
Dist=N =0.148 0.148 ={(.165
Dist~SW =0.077
| Eff—-P 1.008 0.732
r” 0.44 046 0.66 073 0.98 0.99
2 adj 0.98 0.99
Std.Er. 0.16 0.14 0.13 0.11 0.19 0.13
dimnst

Outliers Pirs SteG

SwBvV Cat

Rky




‘Table 4.19 Continued

b) Hydrologic Region Y
. Regression Coefficiens -

OoLS oLS OLS OLS
Varsall Same vars
Ins as (a) Best Alt All sig!

4 vars 2 vars 4 vars 9 vars
N 20 20 20 20
Constant 0.468 ~0.482 0492 0.826
DA 0.110 0.078 0200
FACLS 0474
El-Cotrd -0.140
Dist—-N -0.150
Fr-Forst -0.189 -0334
El—-Gauge -0.084
Fr—-LSw 0317 0423 0.274
LMC-sp o2np
El-Dvide 0182 0173 p
Fr—Barm -0032
Dr-Dens -0.207
Dist-SW -0.107
| Shp -0.538
r? 0.640 0.699 083 0.95
r2 adj 0.640 0.664 0.78 091
Std.Er. 0.110 0.120 0.10 0.06

* —tol<.2




Table 4.19 Continued
c) Hydrologic Region Z
. 1. . Regression Coefficients .
oLs | oLs | OLS oS
Varsall Same vars
Ins as (a) Alt
4 vars 4 vars Svans 6 vars
N 20 20 20 20
Constant -0.022 -0.100 =0.106 -0.258
DA 0.038 0.075 0.084 0.180
FACLS 0393 0398 0397 0414
El-Cntrd ~0.063
Dist—=N -0.086 -0.132 -0.158 -0.163
Fr-Forst 0.064 0.075 0.068
El-Gauge 0.030 0.044
Fr—-LSw
LMC—sp 0.207
2 0.750 0.770 081 0.85
12 adj 0.680 0.710 0.74 0.78
Std.Er. 0.110 0.100 0.10 0.09
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prediction, however, because the zesults are most likely to be use in selecting a
gauge to use as a pattern for daily flows at an ungauged site. MR equations are

not likely to be used directly because point FD values are not often required.

Hydrotechnical engineers (or fisheries biologists or others), when presented with
a design problem related to the normal range of flows, at an ungauged site, will
probably follow a procedure similar to the following.
. Planimeter drainage area.
o Estimate Eff-P, using equations and data from adjacent gauged
sites.
. Obtain basin characteristics for ungauged site shown in this present
study to be important in explaining availability.
. Examine the flow duration curve and daily flow records for gauged
sites with similar characteristics.
. Select a gauged oasin for patterning the daily flows.
. Construct a synthetic dimensional flow duration curve or daily
flow series by prorating the flow duration curve or daily flow

values from the gauged sites by DA and Eff-P.
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Table 4-19a suggests that this approach is suitable. DA and Eff-P are the two

most important variables in estimating Qgp.so, €xplaining 98 percent of the

variance. The two variable equation is of the form

Qs = DAYESf-pLo!

Qp 5o is almost directly proportional to the average annual flow. When other
variables are added, the coefficients change, especiall, for Eff-P. Since Eff-P has
been shown to be related to Dist-SW and El-Centrd, it is not surprising that the
results are different for these two variables in the dimensional and nondimensional
cascs. The coefficient for FACLS is very similar in magnitude in the two cases
since it is unrelated to either DA or Eff-P. The additional MR analysis was

therefore done using nondimensional FD variables.

Some results assuming a regional division along the Y-Z boundary are pr .sented
in Table 4-19(b) and (c). The first column in each table shows the results using
the same four variables as in the all-island case. The regional subdivision
improves the unadjusted r? in both regions, from 0.44 to 0.64 in the Y region,

and to 0.75 in the Z region.
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More improvement can be obtained using other variables, especially in the Y
region. There, Fr-Lsw is more important than FACLS (which matches the
observations made using the sorted data set). One of the best four-variable
equations does not use DA; rather it uses two elevation variables (El-Gauge and
El-Dvide), Fr-Forst, and Fr-Lsw. The use of El-Dvide with a positive sign needs
further examination before it can be accepted; as discussed in the low flow
section above, one would ordinarily expect a high E!-Dvide to indicate a greater

proportion of snow, and thus less availability, rather than more.

As frequently happens in a MR analysis, apparently very good and statistically
significant results can be obtained using many variables. (All coefficients have
acceptable p values and tolerances.) An example here is the nine variable
equation for the Y region. With the exception of El-Dvide, all the variables are
hydrologically reasonable and the coefficients make sense. The low tolerances,
while still acceptable, suggest that a more sensible equation could be developed

selecting fewer variables.

In the Z region, DA, Dist-N, and FACLS are always important, as they are in
the all-island case. Slight improvements can be made with minor changes and by
incorporating other variables. If El-Cntrd is dropped and Fr-Forst and El-Gauge

are used instead, the adjusted r* increases about eight percent. The problem with
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using El-Gauge is similar to that of using El-Dvide in the Y region - the sign is

opposite to that expected.

4.7 Summary of Important Basin Characteristics

Table 4-20 presents the important basin characteristics related to each flow variables,
selected from the analysis of each individual flow variable. The associated coefficients
(rounded for ease of comparison) are also given, as an illustration for possible weighings
in cluster or discriminant analysis. This table shows that DA is always important. For
high flows El-Cntrd and FACLS are also very important, as well as other
distance/topographic variables (Dist-N, Dist-SW, and/or Fr-Barmn), DrDens seems to
be more important in the separate Y-Z equations. For low flows and availability,

FACLS and the distance variables are importent.

The basic Y-Z geographic division did lead to improved relationships for most flow
variables. In Chapter 5, the possibility of further improvements using other method; of
regionalization is addressed. The high flow variable Qavgfld is used for this detailed

analysis. A similar procedure could be followed for the other flow measures.



Table 4.20

Coefficientsof Most Important Variables (without Eff—P)

One Region RegionY Region Z
High Low Availa— High Low Availa— High Low Avaia-
bility bility bility

Var
(All Ins) QawygFid Qlow Qfd-50 QaweFld Qlow Qfd-50 QavFld Qlow  Qfd—50
DA 0.7 12 1.0 09 1.2 1.1 0.7 1.1 10
DrDens x 03 X 05
Dist—N x -03 -02 x P 4 4 x -0.7 -0.2
Dist—SW -03 -0.2 x -04 -0.2
El-Dvide 04 X 08
El-Gauge x x x x
El—Cntd 03 03 03
FACLS -1.0 09 02 X 1.6 -08 0.7 b ¢
Fr—Vamm 0.1 0.1 0.1 0.1
Fr--Foarst X X x
Fr—LSw x ) ¢ X x
LMC-sp x x
Shape x
Slope X x

Based on ordinary least squares analysis with logarithmetically transformed variables

x = variable sig. in other eqn’s eg., for specific runoff or non dim. values

ZLT
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S  Analysis of Regional Subdivisions

The key basin characteristics associated with each of the flow variables (high, low, and

available flow) were identified in Chapter 4. The present chapter addresses

° the use of these basin characteristics to identify clusters in basin data-
space;
o the advantages, if any, of using these clusters over clusters in geographic

space to develop predictive equations for ungauged basins.

This detailed analysis is carried out for the variable Qavgfld, the average of the annual
maximum daily flow series. A similar analysis could be carried out using the low flow
or available flow data. Qavgfld was chosen because it is frequently used as the index
flood in the index flood method of regional lood frequency analysis. kiu.is of the error
in this method arises from the uncertainty in estimating the index flood. Clustering has

ihe potential to improve the estimates of the average flood at ungauged basins.

Section 5.1 describes the application of cluster analysis techniques to the basin
characteristic data to develup potential clusters in basin dataspace. Section 5.2 then
briefly describes the development of equations for each of the candidate regions, and

Sections 5.3 and 5.4 provide an assessment of the regionalization methods. An alternative
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approach is suggested and evaluated in Sections 5.5 and 5.6. Section 5.7 provides

comments and a suggested procedure.

5.1 Cluster Analysis

One of the purposes of this study was to compare the grouping of basins by geography
with clustering in a dataspace of basin physiographic characteristics. Grouping basins in
dataspace assumes that basins separated in geographic space respond similarly to
hydrologic events if they have similar physiographic characteristics. In this study, the
grouping of basins in dataspace was carried cut using the techniques of cluster analysis,

as provided i the statistical analysis package SYSTAT (Wilkinson, 1950).

The results of a cluster analysis are very sensitive to the variables selected and their
weighting (and indeed, in the case of some cluster techniques, such as Andrews’ Fourier
plots, to their order), so some thought must be put into their selection. For this study,
weighted standardized logarithmically transformed variables were used. The variables
selected and their associated weights were taken from the best all-island equation

presented in Table 4-20 for Qavgfld. These are

Variable Coefficient
DA 0.7
FACLS -1.0
El-Cntrd 0.3

Fr-Barrn 0.1
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Cluster analysis results can also be sensitive to the method of clustering, and to the

distance criterion and linkage method if hierarchical clustering is used, so several
alternatives were tried. The recovery of inherent clusters, if they exist, can be a
complex problem, and the present analysis is not intended to provide a detailed
comparison of cluster methods. Rather, it attempts to select the methods most likely to
be useful and to apply them in a reasonable way, to assess whether cluster analysis

shows any promise for improving flow estimates.

The two basic methods of clustering are hierarchical and nonhierarchical. Hierarchical
clustering assumes an inherent tree-like structure in the data. Nonhierarchical clustering
assumes that the data are spread out in dataspace and can be partitioned. There is no
physical reason why basins should group according to a hierarchical or tree-like struc-
ture, so clusters obtained by nonhierarchical partitioning might be expected to be more
appropriate in this application. Hierarchical clustering has been used successfully in other
similar applications, however, and in this study the hierarchical clusters provided a good

mat-h to the flow clusters, so both clustering methods were considered.

5.1.1 Nonhierarchical Clustering

The nonhierarchical partitioning proceeded by picking seed cases for the number
of clusters specified, spread apart from the centre as much as possible. Cases

were reassigned until within-groups sums of squares were minimized. There is
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no standard objective procedure for selecting the optimum number of clusters,
although various stopping rules have been proposed; the recommended procedure
is to try several numbers of clusters, and use judgment and knowledge of the
problem at hand to select an appropriate number. For this study, reasonable

results were obtained when four clusters were specified.

Of the four clusters, two were very small, one with only one member and one
with four. These small clusters are distinguished by the small Iractions of the
basins controlled by lakes and swamps. Similar very small clusters resulted

regardless of the number of clusters specified.

Table 5.1 shows the statistical profile of basin characteristics for each
nonhierarchical cluster, in terms of the original untransformed variables. Cluster
1, with 24 members, contains most of the large basins; the smallest is 139 km?.
Three other basins larger than 139 km? (Isle aux Morts, Grandy and Rocky) are
excluded from this group, and are assigned to Clusters 2 or 4, because of their
low FACLS. Cluster 2 contains all the basins with FACLS less than 0.73, except
Grandy, which is placed alone in Cluster 4. Grandy is unusual because it has the
lowest FACLS (0.34) of all the study basins, combined with a relatively high

elevation (335 m) and a high Fr-Barm (0.79). Cluster 3, with 11 members, has



Table 5.1

Statistical Profiles of Nonhierarchical Clusters

Cluster N DA FACLS El-Cnud Fr—-Barm
Number km? fraction m fraction

1 24 | Min 139 0.73 76 0.00

Max 4444 1.00 549 0.63

Mean 801 092 229 022

Med 470 0.96 213 0.17

2 4| Min y7 043 60 0.00

Max 300 0.60 335 0.78

Mean 168 0.54 198 032

Med 149 0.56 198 0.25

3 11| Min 3.63 0.79 91 0.00

Max 115 1.00 183 0.79

Mean 527 093 140 034

Med 533 092 152 0.47

4 1| Min 230 0.4 335 0.79

Max 230 034 335 0.79

Mean 230 034 335 0.79

Med 230 034 335 0.79
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all the basins with drainage areas less than 115 km?, except Highlands and
Southwest River near Baie Verte, which are in Cluster 2 due to their low

FACLS.

5.1.2 Hierarchical Clustering

The hierarchical clustering started by combining basins into small clusters, and
then progressively agglomerated the smaller clusters into larger ones. (This
procedure means that once a basin is assigned to a cluster it can never be

reassigned. Undesirable early combinations may persist.)

Four linkage methods were tried, single, complete, average and centroid. As
cxpected, single linkage, in which each member is closer to one other member
of its cluster. than to any other, produced long stringy clusters. Complete and
average linkage methods resulted in similar compact clusters, in which each
member is more like every other member. A Euclidean distance measure was

used for all linkage methods, consistent with the type of data.

Of the four methods, complete linkage with four clusters produced reasonable
groupings, and these were selected for comparison with the nonhierarchical

clusters and geographic groups.
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Table 5.2 shows the statistical profiles for the resulting clusters in terms of the

original untransformed variables. Cluster 1, like Cluster 1 from the
nonhierarchical procedure, contains the larger, naturally well regulated basins. It
does not include two higher basins in the midsize range (Gamish and Tides
Brook), as well as six of the less barren basins in the same midsize range. These
eight basins had been included in the otherwise equivalent nonhierarchical Cluster
1, so the total number of basins in Cluster 1 is reduced from 24 to 16. The eight
basins are all assigned to hierarchical Cluster 3, resulting in a larger size range
in Cluster 3 than was the case for the nonhierarchical Cluster 3. The five basins
with the low FACLS which were divided between Clusters 2 and 4 using the
nonhierarchical methods are all in Cluster 2. Cluster 4 consists of only the two

smallest basins.

Table 5.3 lists all the basins and their cluster assignments by the two methods.
The cluster assignment based on the flow characteristic Qavgfld (again
standardized log transforms) is also shown for comparison, clustered by
partitioning. Just over half (21) of the 40 basins have identical cluster assignments
in all three cluster sets. An additional 16 have similar assignments in two of the
three cluster sets. Two of the remaining three basins are very small (Northeast
Pond and Spout Cove), and the last one, Grandy, has the lowest FACLS. These

unusual basins are treated differently in each clustering method.



Table 5.2

Statistical Profiles of Hierarchical Clusters

Cluster N DA FACLS El-Cntrd Fr—Barm
Number km? _ fraction _m fraction

1 16 { Min 139 0.73 137 0.07

Max 4444 1.00 549 061

Mean 1059 0.90 281 026

Med 618 093 274 021

2 5| Min 72 034 60 0.00

Max 300 0.60 335 0.79

Mean 180 050 225 042

Med 205 0.55 244 0.55

3 17] Min 36.7 0.79 76 0.00

Max 554 1.00 213 0.79

Mean 167 0954 129 0.26

Med 115 0.96 122 0.03

4 2| Min 3.63 1.00 168 0.04

Max 108 1.00 170 0.49

Mean 722 1.00 169 0.26

Med 7.22 1.00 169 0.26




Table 5.3

Cluster Assignmentsof Study Basins

Y-Z Basin Nonhier- Hier- Flow
" Region ID srchical ~archical . Cluster
‘ - Cluster ‘Cluster

YAl teG 1. 3 3
YC1 or 1 1 1
YD1 B 1 1
YD2 eRk 1 3 3
YF1 t 1 1 1
Y rys 1 1 1
YK2 wB -1 1 1
YK4 nds 1 1 1
YK5 hid 1 1 3
YL1 pHm )| 1 4
YM3 wBvV 2 2 3
YN2 () 1 1 1
YO6 trs 1 3 3
YP1 hlA 3 3 3
YQ1 dBC 1 1 4
YRI1 diB 1 3 3
YR2 gdH 1 3 3
YR3 ndB 1 3 3
YS1 erN 1 1 1
YS3 wTN 3 3 2]
ZAl LB 1 1 1
ZA2 Hids 2 2 3
ZA3 .1Cd 1 1 1
ZB1 faM 2 2 1
| ZC2 Jrdy 4 2 1
ZE1 SmLP 1 1 1
ZF1 BIN 1 1 1
2G1 Grn 1 3 3
G2 Tds 1 3 3
|ZG3 mLm 3 3 3
ZG4 1l 3 3 3
ZH1 H 1 1 1
ZH2 C 3 3 3
yA) thB 3 -3 3
ZK1 Rky 2 2 1
ZK2 -P 3 3 3
A K] pCv 3 4 2
ZM6 P 3 4 2
M9 ICv 3 3 3
ZN1 wNP 3 3 3

Note: Shadingindicates same cluster assignment.
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5.1.3 Andrews Fourier Plots
An alternative method of clustering is to use Andrews Fourier plots, which
provide a technique for graplical representation of multivariate data (Andrevs,
1972). In these plots, each basin characteristic (e.g., DA, FACLS) is represented
as a term in a p-dimensional sine-cosine function. When the expression is
plotted, the resulting curve becomes a visual representation of the combined basin
characteristics. Basins havir g similar Andrews Fourier plots can be considered
as a group. The group can be identified by its typical signature, and ungauged
basins can be assigned to the group whose signature matches the plot for the new

basin most closely.

Andrews Fourier plots are probably most useful after cluster analysis is
completed, perhaps to refine the clusters slightly, and to prepare characteristic
cluster signatures in preparation for assigning new basins, so their use in this
study is perhaps somewhat premature. Nevertheless, the results of the analysis
can be helpful for comparison with other results, and for suggesting future direc-

tions.

Andrews Fourier plots are sensitive not only to the variables selected but to their
order. For this study, the plots were prepared using a standardized data set, and

the variables were specified in the order corresponding to the magnitude of the
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coefficients in the equation in Table 4.20, i.e., FACLS, DA, El-Cntrd, and Fr-

Barm, This approach corresponds approximately to the approach taken in
developing the clusters using cluster analysis techniques. Since four variables lead
to somewhat complex curves, a simpler set of plots using only FACLS and DA
was also prepared. Figure 5.1 shows the plots for the combined set of study

basins for the two approaches.

In Figure 5.1(a), for the four variable case, groups of basins can be distinguished.
The most obvious visual distinction is between the basins with opposite peaks and
valleys. The majority have their peaks at approximately -135 degrees and +45
degrees; about eight basins have the reverse pattern. Six of these eight basins are
ones that were assigned to Cluster 1 in the nonhierarchical clustering, and to
Cluster 3 in the hierarchical clusters. In neither method were they given a cluster
of their own. The chief visual distinguishing characteristic between Clusters 1 and
3 in the Andrews Fourier plots is that the Cluster 1 basins have a low first peak
and a high second peak. The reverse is true for the Cluster 3 basins. The basins

in Clusters 2 and 4 are the odd ones.

Figure 5.1(b) is somewhat simpler, since only two characteristics are represented,
FACLS and DA. The Cluster 1 basins in general have their minima at

approximately -90 degrees and their maxima at +90 degrees, while the Cluster
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2 and 3 basins have the reverse pattern. The Cluster 2 basins are distinguished
from the Cluster 3 basins by being much lower (more negative). As a comparison
with the cluster analysis methods, the Andrews Fourier plots based on two
variables were grouped visually. The groups corresponded exactly to the
nonhierarchical clusters, with the exceptions of the two very small basins, and the
two very large basins, which stood out because of the great difference in
amplitude of the sine waves. There was also the possibility of further subdivision

of Cluster 1.

5.2 Development of Regional Equations

The next step was to develop regression equations for each of the potential regions. The
analysis proceeded as follows.
1. Select regions.
2. Develop candidate equations using ordinary least squares multiple
regression techniques.
3. Assess results, select final candidate models.
4, Develop final candidate models (regression equations) by
e jdentifying outliers using robust regression techniques;
» refining equations using non-linear least squares;

e estimating uncertainty and error.
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This analysis is described below. The assessment of the regionalization methods foliows

in Section 5.3.

5.2.1 Candidate Regional Subdivisions

Regions in both geographic and basin characteristic data were considered, as
follows.
A, Geographic
- no subdivision (one region);
- WSC hydrologic subregions Y and Z;
- four subregions A to D, as used in the provincial regional flood
frequency analysis (boundaries shown in Appendix A).
B. Basin characteristic dataspace
- size (greater than and less than 130 km?);
- three hierarchical clusters;
- three nonhierarchical clusters (2 and 4 combined equals the second
hierarchical cluster);

- four nonhierarchical clusters (2 and 4 separated).

Hierarchical cluster 2 had the identical membership (five members) as

nonhierarchical clusters 2 and 4 combined. The hierarchical cluster with the two
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very small basins was excluded. Because two of the clusters were identical, six

clusters were analyzed in total,

5.2.2 Development of Equations for Candidate
Regionalization Methods

In Chapter 4, preliminary regression equations were developed for two of the
geographical subdivisions, the one-region case and the Y-Z division. Equations
with and without the independent variable effective precipitation (Eff-P) were also
presented in that chapter. The regression analysis procedures and criteria

described in that chapter (Section 4.3) were also applied here.

A similar analysis was also carried out for the other regions obtained using the
candidate regionalization methods based on geography and basin characteristics.
The most promising results are presented in Table 5.4, a-c. The coefficients
associated with all explanatory variables presented in this table are significant (p
< 0.05) and none introduce problems of multicollinearity (all tolerances are well

above the minimum value of 0.1).



Table 5.4

Results of Regional Multiple Analysis

@ One Region

OLS RLS OLS RLS | OLS OLS RLS [Nonlin Nonlin Nonlin

’ Ls Ls LS

lns . Lo Lns Las Lns Los Ims

. 2az . 2vin 3vaim  3van |3van dvan 4vans | wilh
__jwith EQC-P with Ef—P o Eff—P Eff-P
N 40 39 40 k1) 40 40 38 40 39 )
Constant =0.362 -=0340 =0.432 ~0432 0288 -1.24 -—1.064 | 0489 0519 1.062
DA 0813 0814 0807 0820 0742 0.720 0.738 | 0862 0855 0.748
DrDens
Dist~-SW
Dat~N
El=Centrd 0264 0260
El-Divde
FACLS ~0.783 ~0.705 | -1.065 -1.014 0.949 -1.139
Fr—Baxrn 0113 0085 0.083 0.038
Fr-LSW
LMC
Shp
Fr-Fomt
Ef-P 1297 1247 1.095 1002 1.756 1.726
2 0.94 0.95 096 097 0.94 0.9 093 0.95 0.4
r2 adjfoorr 0.96 0.95 091 0.91 0.89
Std.Er 0.31 028 024 020 030
Outliers SteG SteG None MdIB SteG None
SmLP SalLP

IndB

L0 4
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Table 5.4 Continued
(®) Geographic Regions
WSC Region Frovincial Region

Y z A B C (o] D D D

OoLS OLS OLS RLS OLS OLS OLs OoLS OLS OLS RLS

Lo Las Lns Las Lns Las las Ins . Llns Lns Lns

with E([-P with Ef-P with Eff=P

N 20 20 20 19 12 12 10 10 6 6 5
Constant «2770 030 1.067 1363 -0.097 —-0.531 0673 -3.@8 0491 2032 0.625
DA 0890 0.778 0749 0.752 0823 0849 0640 1.025 0.6%4
DrDens 0.608
Dist~-SW ~0.247 -0.319
Dst-N
El-Centrd
El-Divde
FACLS ~0814 ~1.009 -0.962
Fr-Bamn
Fr-1SW -1.003 -0.821
LMC -1515 -2387
Shp
Fr—~Forst -0.999
Ea-p 1.008 2298 1.409
r 096 098 0% 097 098 0.96 089 094 097 078 098
r? adjiory 0.96 098 0.96 0.98 0.95 086 093 095
Std.Er. 022 0.19 026 025 018 028 035 025 014 034 0.11
Outliers Smle. None None Naone None Harry's
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Table 5.4 Continued
© Basin Characteristic Regions/Clusters
Slizz Custen
>130 km? 130<DA< <130 kn? Hierarchical Non - hierwrchical
1400 km* H1 H3 NH1 NH3} NH244 NH2+4
oLS RLS . OLS RLS OLS jOLS OLS |[OLS OLS OLS oOLS
Las Lne Lae 1as Lns Lns Las Las Lns Los Lns
N 27 26 “ 3 13| 16 17] 24 11 3 s
Constant ~-2.664 2526 -2270 -2888 =024 |-1.023 0.653 |-2905 ~0.15 —1451 =5339
DA 0.758 0673 0660 0.787 0.884 | 0.696 0.651 | 0.760 0.736 1.180 1362
DrDens 0343 0317 0332 032 0.406 | 0327
Dist—-SW b=0.344
Dst=N
El-Centrd 0510 0.569 0545 0523 0544 0.604
El-Diwde 0.532
FACLS -1261 -1.609 -1.152 ~1.760 - 1.625
Fr—Barm 0.563 0.063
Fr=-LSW
LMC
Shp 1309
Fr—-Forst
Efi-pP
r 0.91 0,886 0874 0924 0983 085 0.848 | 0924 0956 0.745 0.995
12 adjfoorr 0.89 0.847 0944 | 0381 0812 | 0908 0945 0.660 0990
Std.Er. 026 0241 0240 0205| 027 0211 0252 0208 049 0.086
Outlicrs Gmdy Gmdy None None None Hids
Riy
Notes:

1. Hierarchical cluster H2 = Nonhierarchical NH2+NH4
2. Hierarchical cluster H4 consists of the two smallest basins,

and is not included.

3. Reweighted least squares not done for NH3 because (0o few cases.
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The ssumber of candida‘e models which could be used to estimate Qavgfld at an
ungauged site is potentially quite large. There are at least 6 possible regions into
which a basin can be assigned, and within each region, there are several
alternative multiple regression equations to be evaluated. A preliminary screening
was therefore carried out to reduce the number of candidate models. The
screaning had two principal objectives

. to determine whether some of the regions could be eliminated;

. to select only one preferred equation for each region.

After review of the regression results, the only type of regional grouping which
was excluded from further analysis at this point was that based on the hierarchical
clustering. The regression results were better when based on the nonhierarchical
clustering, and for the general purpose of comparing regions in dataspace rather
than regions in geographic space, it seemed overrefined at this point to have

clusters based on tv-o separate cluster techniques.

The equations were reduced to include only one in each region. The final
equations were selected based on
o the fit of the equation (as measured by adjusted r* and standard
error);

° the overall hydrologic sense of the independent variables, and
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the ratio of the number of cases used to develop the equation to the
number of independent variables in the equation. This ratio was
kept in the range of 5-10, so that all equations could be compared
on roughly the same footing. In the case of provincial region A,
drainage area is so important that no additional variable has an
acceptable p valuz. The ratio of the number of cases to the number

of variables is therefore slightly higher.

The number of outliers as identified in robust regression was also considered. An

equation with no outliers was preferred over one with several outliers, other

considerations being approximately equal.

The selection of the final equations was complicated in this study by the fact that

one of the most important explanatory variables in some regions is Eff-P. This

variable is estimated, not measured like the basin physiographic characteristics.

Two approaches were considered for handling Eff-P

1)

2

replacing Eff-P with topographic and distance variables, either
directly or using one of the equations developed in Chapter 4 for
Eff-P;

including Eff-P as an independent variable, and using a first order

uncertainty analysis to assess whether the improvement in the
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multiple regression results using Eff-P is sufficient to overcome the

greater uncertainty in the estimate of Eff-P at ungauged basins.

The one-region case was used for this analysis. Similar results would be expected

in other regions since the orders of magnitude of the coefficients and their relative

importance tend to be similar.

Substitution for Eff-P

Since effective precipitation can be related to topographic and geographic

variables, as described in Section 4.3, the possibility of incorporating these

relationships directly into an expression for Qavgfld was explored. The simplest

approach is to include the relevant variables directly in the nonlinear equation for

Qavgfld, as was done with the log-linear results below, taken for the one region

case from Table 4.15, OLS with n=40.

Variable

With Eff-P Without Eff-P
Constant -0.432 -1.024
DA 0.807 0.720
El-Cntrd 0.264
FACLS -0.783 -1.014
Fr-Barm 0.085
Eff-P 1.095
radj 0.956 0.945
Std. Error 0.24 0.27
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Here, Fr-Barm and El-Centrd are acting as surrogates for Eff-P; in addition, Fr-

Barrn may also be representing the characteristic of a basin with a large fraction
of barren area to respond with higher flood flows (although Fr-Barm was never
a significant explanatory variable when Eff-P was included). Even with these two

variables acting as surrogates for Eff-P, the results are not quite as good.

Various alternative models were developed and tested, incorporating the variables
as linear and nonlinear combinations within an overall noniinear expression for
Qavgfld. None of the results were as good as the simple approach presented
above, so these results, and similar results for the regions, were used for the

remainder of the analysis.

Uncertainty Analysis

Although the results presented above and in Table 5.4 indicaie that equations with
Eff-P are better, the improvement as indicated by the r* and standard error is
slight. Unlike basin physiographic characteristics, Eff-P cannot be measured at
ungauged basins but mur* be estimated. In order to assess whether the slight
improvement in the regression results using Eff-P is suffic’2nt to overcome the
greater uncertainty in its estimate at ungauged basins, an uncertainty analysis was

carried out.
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The equations presented in Table 5.4(a) for the one region case were used for the
analysis. Nonlinear equations were developed for the two variable equation with
DA and Eff-P, and the three variable equation with DA, FACLS and Fr-Barrn.
El-Cntrd was dropped because in the nonlinear analysis the sign of the coefficient
was wrong. (The equation without El-Cntrd was also slightly ‘preferable because

no outliers were identified in the robust regression.)

The analysis followed the procedures outlined in Chow et al (1989) for first order

uncertainty analysis. Briefly, if Y is the dependent variable, and x,, x,,...,X, are

the independent variables, with a,, a,,...,a, their associated coefficients, then
CV,2 = CV,* + CV,;? +...+ CV?

CV, is then a measure of the uncertainty of the estimated dependent variable due

to the uncertainty of measuring or estimating the independent variables.

The CV's for each independent variable were estimated from experience in
measuring the physiographic characteristics from mapping and in estimating the
Eff-P considering basin specific topography, location, and available data from
adjacent gauged basins. The values used and the results are presented in

Table 5.5.

This estimate is reasonable compared with the standard errors of prediction based

on the log-linear equations. These average just under 10 percent (about 125 to
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140 mm) for both the two and three variable equations, estimated for the 40
basins in the data set plus 17 short record basins. (These may be slightly
underestimated due to th: fact that the regression was carried out in the log
domain). They are also consistent with the standard errors of the estimate for the
nonlinear regression equations, which are slightly higher (about 180 mm). With
an average Eff-P for the study basins of 1200 mm, an average CV of ten percent

is equivalent to an average range of 240 mm,

Table 5.5
Uncertainty Analysis
With Eff-P | Est. CV | Coef |Without | Est.CV | Coef
Variable Eff-P
Variable
DA 0.03 0.862 DA 0.03 | 0.748
Eff-P 0.10 1756 | FACLS | 0.5 | -1.339
Fr-Barm | 0.10 | 0.038
Cv, 0.177 0.071

This table indicates that although the regression results are better for the equation
with Eff-P, overall the uncertainty is less using the three variable equation
without Eff-P. This r.-alts occurs not only because of the uncertainty in
estimating Eff-P, but also because the coefficient associated with it is so high.

Because the magnitude of the coefficients is similar in the equations for all
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regions where Eff-P is significant, the results would be similar, and the

uncertainty analysis was not repeated.

The equations without Eff-P were therefore chosen in preference to those with
Eff-P in other regions. As Table 5.4 showed, however, in several regions,
equally good or better equations could be developed without Eff-P, so those

results are unaffected.

523 Development of Equations for Subregions

Based on the results of the preliminary screening, the best equation from the
ordinary least squares (OLS) regression analysis without Eff-P was selected for
final development. The same regression analysis procedures and criteria

described previously in Section 4.3 were followed.

The only exception to the general guideline regarding outliers was the cluster
consisting of the four basins assigned to nonhierarchical Cluster 4 plus the single
basin assigned to Cluster 2. (These are the same five basins that make up
hierarchical Cluster 2.) With only five cases, an equation with only one
independent variable was preferred, but nc ;natter which independent variable was
tried, there were always two (usually different) outliers, leaving only three cases
for a reweighted i.ast squares or nonlinear analysis. For this region, therefore,

the nonlinear least squares equation was developed using drainage area alone with
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all five cases; an alternate equation was also developed with two independent

variables (with a much better fit), again using all five cases.

Table 5.6 presents the constants and exponents of the regression equations
resulting from the nonlinear least squares analysis, by geographic or basin
characteristic region. These are the equations used to evaluate and select the
preferred grouping for regionalization. The results of a first order uncertainty

analysis for these equations is also presented in the table.

5.3 Assessment of Regionalization Methods

A group of 17 gauged basins with shorter record lengths was used to assess whether it
is advantageous to subdivide the island into regions, and if so, to select the preferred
method for regionalization. These 17 basins have record lengths of seven to nine years,
a period sufficiently long to obtain a reasonable estimate of Qavgfld. They were treated
as ungauged basins, and the estimates made from the regression equations were compared
with the average of the observed annual maximum daily flow series. Their locations are

shown in Figure 5.2.

Table 5.7 lists these basins and their relevant physiographic characteristics. The toxplots
in Appendix B compare their characteristics with those of the study basins. In general
they are smalier (15 of the 17 are less than 130 km?), with smaller fr>~tions of the basins

controlled by lakes and swamps, and smaller fractions of barren area (conversely more



Table 5.6

Nonlinear Least Squares Regression Results

199

(a) Geographic Regions
All WwWsC Prov
Island Y z A B C D
N 40 20 19 12 12 10 5
Constant 1.082 0.140 12.160 1,183 0.117 0.241 2529
DA 0.748 0.761 0.756 0.783 1.092 0.841
DrDens 0.826
Dist—-SW ~0.600
El=-Centrd
FACLS -1339 =-0.970
Fr—Barrn 0.038
Fr-LSW -1.079 ~0.627
LMC-Sp -2.224
Shp
Fr—Forst =0373
? 0.94 0.99 0.98 0.989 0.99 098 099
2 corr 0.89 0.79 0.96 097 0.98 0.97 096
Sum of Resids 75297 13568 5144 692 9542 8353 823
Error est 45.7 29.1 18.5 83 326 345 16.6
N-p 36 16 15 10 9 7 3
Uncertainty 7.1% 11.6% 6.1% 23% 53% 6.8% 15.6%
Outliers None None SmLm None None None Hrys




Table 5.6 Continued
®) Basin Characteristic Regions/Clusters
Size (km?) Clusters
<130 >130 1 3 2+4 2+4
Alt
N 13 26 24 11 S 5
Constant 0.568 0 0.067 0.526 2227  0.0Mm15
DA 0.793 0.834 0.828 0.810 0.773 1.463
DrDens 0.290 0.303
Dist~-SW
El-Centrd 0.474 0.415 0.614
FACLS -2.058| ~-1.998
Fr—Barrn
Fr-LSW
LMC
Shp 1,208 1.177
Fr-Forst
r? 0.98 0.967 0.966 0.981 0.850 0.997
r2 adj/corr 0.92 0.926 0.927 0.924 0.481 0.989
Sum of Resids 185 38023 37403 139 14700 302
Error est 43 42.6 44.4 4.2 70.0 12.3
N-p 10 21 19 8 3 2
Uncertainty 8.8% 12.8% 12.1% 8.6% 2.3% 10.2%
Outliers None Grndy None None 2incld

200
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Table 5.7
Test Basin Data
Gauge Name Qavgfid
ms | DA [Lme_Sp [E)_Centr [Dr_Dens |Shape
YO10 unction Brk nesr Badger 116] 616 182 23 0.77| 15§
YE1 1t Brook above Portland Ork Fond 57| 1010 245 12 075| 164
Yhui tom Creek near Rocky Hor 49| 334 145 2] L13] 169
YK? lide Brook below Glide Lake 218} 1120 268 30 128| 1.61
YKs8 Brook at Trana~Canada Hwy 74| 204 101 18 126| 147
YLA | SthP th Brook at Pasdena 217} 588 132 46 134 1354
YLS | Rir tiler Brook near Mclvers 119] 170 82 "4 1.08| 110
YO?7 | Lch Brook ncw Grand Falls 236| 883 231 351 074 1352
YO8 | GRt Ratiling Brkabove Tote R.coafluence | ' 19.0 | 79.0 690 640 069| 180
YQ4 | NWG rthwest Gander R near Gander Lake 617.6 | 21300 1042 137 045 1.63
Z)32 | SmCh n Cove River near Champneys 119| 794 180 23 11| 133
ZK3 | LABP  (ittle Barschols R near Placentis 298| 372 14.6 236 1.16| 148
ZK4 | LSNH Little Salmonier R near North Harbour 730] 1040 288 12 150]| 185
Zi4A | Shms Brookat Shearstown 11.7] 289 134 12 L14| 173
Z1s | BigB PBigBrookatlead Cove ag| 112 6.7 18 100 132
2ZM16{ SthH uth River near Holyrood 98] 173 9.7 160 101 140
ZN2 1. Shotts R near T 7.7] 155 10.3 160 1.03| 153
Basin Gauge Name Fr-LSw FACLS Dist—SW Fr_Barmn | Fr_Frst |[EM—P
D km

YO10} Jnc unction Brk near Badger 019| 081 19 0.00 0.81| 0.5
YE1 | Gmw it Brook above Portland Crk Pond 012| 086 36 0.38 049 | 095
YH1 | BimC tom Creek nesr Rocky Hbr 013| 093 41 0.08 0.79| 110
YK7 | Glde [Glide Brook below Glide Lake 013| 096 21 0.00 087 1.05
YK8 | Boot t Brook at Trans~Canada Hwy 024 0.65 200 0.01 078 1.08
YIA | SthP uth Brook at Pamadena 002]| 0.08 9 0.05 094 095
YLS | Rtr tler Brook near Mcivers 009| 046 77 0.00 091 140
YO7| Leh h Brook near Grand Falls 028! 073 191 0.02 070, 085
YO8 | GiRt Raunling Brkabove Tote R. confluence 024] 035 12 0.03 0.73| 085
YQ4 | NWG rthwest Gander R near Gander Lake 031] 044 130 0.03 066! 085S
Z)2 | SmCh n Cove River near Champneys 019| o082 209 0.07 074} 100
ZK3 | LiBP Little Barachois R near Placentia 013| 034 21 0.01 086 130
ZK4 | LSNH Little Salmonier R near North Harbour 046| 091 46 031 023| 160
Z1A | Shns earstown Brook at Shearstown 004| 039 75 027 070| 100
Z1S | BigB PigBrookat Lead Cove 010 1.00 84 0.51 039 1.0S
ZM16| SthH uth River near Holyrood 011} 09 5 0.68 02| 130
| ZN2 | Sish . Shotis R nesr Trepassey 012]| 082 ) 0.00 088! 130
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forest). The test basins also tend to be better drained, i.e., they have higher drainage

density. The range and distribution of the data for the distance and elevation variables

for the two data sets is similar.

Each of the test basins was assigned to the appropriate subregion, for each of the regions
in geographic or basin characteristic dataspace. In the caz=: of the geographic regions, the
assignment was straightforward, as it was for the case of the basin dataspace region
based on drainage area only. For the dataspace region requiring cluster assignment,
multiple discriminant analysis (MDA) and visual techniques were considered. With the
MDA approach, discriminant scores are calculated from the basin characteristics, and are

userd to assign each test basin to a cluster.

Considering the relative simplicity of the problem, a visual technique was chosen. The
relevant basin characteristics (FACLS, El-Cntrd and Fr-Barrn) for each test basin were
plotted on separate plots with drainage area. Particular attention was given to the plot of
FACLS and DA, since these were identified as the two most important basin
characteristics. The test basins were assigned to the nearest cluster on the plots. The plots
used for the assignments are provided in Appendix C. The Andrews Fourier plots for
the test basins were also compared with the plots for the cluster to which they had been

assigned, and these did not suggest any better assignment (Appendix B).
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Qavgfld was then estimated for each test basin for each of the candidate regionalization
schemes by selecting the appropriate equation from Table 5.7. Three approaches were
used in order to assess the success of each regionalization scheme

o the residuals .and the sums of squares of residuals were calculated,

o a pseudo-T value was calculated, and

. a nonparametric rank sum was calculated.

The pseudo-T test was developed as an indicator of the estimated value was within the
expected range, given the variance of the model and the variance of the annual maximum
daily flow in the basin in question. The test took the form

X,_,h = Xd,,
l (Var, + Var,)"

where X, is the estimated flow, X, is the average of the annual series of maximum
daily flows, Var,, is the errer estimate of the model, and Var,, is the variance of the
annual series of maximum daily flows. A t value greater than 2 was somewhat

arbitrarily taken to identify an unusually high value; for a standard t test, t 5,37 is 2.33.

The nonparametric rank sum test was used to identify the model which tended to give the
best estimates in the largest number of cases. In this test, the residuals were ranked from
smallest to largest; the regionalization method which resulted in the smallest difference
between the observed 3 ~ .. *imated flow in a test basin was assigned rank 1 for that

basin, and so on. The process was repeated for each basin, and the ranks were summed.



205
5.4 Results

In general the results were poor. Figure 5.3 shows the scatter around the line of perfect
agreement between observed and estimated flows. Figure 5.3(a) shows all the basins, and
Figure 5.3(b) enlarges the plot to show the results for the smaller basin more clearly.
Table 5.8 lists the observed and estimated Qavgfld for each of the candidaie
regionalization methods, as well as the residuals, and Table 5.9 provides the results of
pseudo-T and rank sum tests. The schemes based on the provincial g/ ographic divisions
and on the nonhierarchical clusters appear to give the best results, The one-region
assumption gives the worst, suggesting that any regionalization, whether in geographic

or basin characteristic dataspace, l.elps.

From a strictly statistical point of view, the models should be tested using a control
group of basins similarly matched to the study basins. There are no test basins in
provincial Region D, for example; this fact probably contributes to the success of this
method of regionalization, because Region D is the most problematic. In the regionaliza-
tion based on size, there are only two large basins. These both have low FACLS, and

since FACLS is very important in this eq.ation (exponent of -2), the estimates are very

poor.

From a prdctical point of view, however, the test basins are probably a good set to use,
because they are quite typical of the basins for which flood estimates may be required.

If the equations were tested using a matched group, the results would likely be



206

Estimoted Qoavgfid (m3/s)

(Thousonds)

Estimated Qavgfis (m3/a)

1.3
1.2+ KEY
o One
1.1p o Y-2
& Prov
10 x Size
ook v Cistr o
v
o8t ,
0.7}
06}
0.5}
04}
03k
02
0.1}
o . 1 1 1 1 —_l i b
200 400 600
Observed Qavglfid (m3/s)
{o) AN test basins (17)
100
KEY
90 o One o
o WSC a
B0 a Prov
x Size
70} v Cistr
80 |- o o
50 o
I :
40 |- o [ ]
<] v °
o 8 o’
= x
20 [ o A
o ¢ X x
10} .
X
o ] [ 1 i [l [ . 1 (] i
20 40 80 80 100

Observed Oavgfid (m3/s)
(b} 3matler test boains (15)

Fig. 5.3 — Results of Regionalization Methods




Table 5.8

Qavgfld Estimatesand Residualsfor Test Basins
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Estimated Qavgfid (m%/s) .
One WwSsC Prov Size Clstr Qavg Std
Region Y-Z ABCD 123 Obs Dev
Y_2ZS [BASINS
YO10} Jnc 24.1 209 84 253 24.8 116 43
YE1 | Gm 404 603 442 40.1 396 357 10.7
YH1 | BumC 15.0 19.9 16.6 173 16.7 49 12
YK7 | Glde 300 483 458 2.6 42.1 218 7.0
YKS8 | Boot 154 72 75 99 95 74 42
YLA | SthP 596.7 215.7 859 24.1 51.7 27.7 153
YL5 | Ritlr 19.6 16.8 11.8 6.0 199 119 12
YO7 | Lch 40.6 19.1 12.1 329 324 236 71
YOS | GIRt* 3075 1166 1231 7787 3822 2190 81.2
YQ4 | NWG* 8863 1989 2619 1223.7 8376| 6176 252.1
ZJ2 | SmCh 337 163 15.1 25.7 254 119 1.8
ZK3 | L\BP 57.7 869 18.7 16.0 364 29.8 125
ZK4 | LSNH 38.0 44.7 419 475 46.7 73.0 15.1
ZlA | Shrs 45.0 288 154 159 30.0 11.7 49
ZL5 | BigB 64 53 73 6.4 6.1 38 0.8
ZM16| SthH 104 10.9 103 82 7.9 9.8 34
ZN2 | StSh 8.4 43.9 94 83 8.0 1.7 2.4
Residuals
One wsC Prov Size Clstr
Region Y-Z ABCD 123
Jnc 125 93 =32 13.7 13.2
Grvt 4.7 246 85 44 39
BimC 10.1 150 11.7 124 11.8
Glde 8.2 265 24.0 20.8 203
Boot 8.0 =02 01 25 2.1
SthP 5690 1880 58.2 =36 240
Rilr 7.7 49 =0.1 =59 8.0
Lch 17.0 -4.5 -115 93 88
GtRt* 88.5 =102 -959 559.7 1632
NWG* 268.7 =419 =356 606.1 2200
SmCh 218 44 32 13.8 135
LtBP 279 571 -111| =138 6.6
LSNH ~350 =283 ~311] =255 =263
Shrs 333 17.1 k¥ 42 183
BigB 26 15 35 26 23
SthH 0.6 11 05 -1.6 ~19
StSh 0.7 36.2 1.7 0.6 0.3
Sum of 408114 228482 141172 68263 77756
Squared Rs
wo 2 largest 328069 42706 5446 1991 2725



Table 5.9

Pseudo-T

Sum of

Test Results for RegionalizationMethods
One WsC Prov Size Cistr
Region | Y~-Z ABCD 123
-1.6 -13 04 ~2.9 -29
=04 =21 -0.7 =04 -04
-1.5 -2.7 -19 =52 =52
-0.8 -30 -26 -28 ~28
-1.0 0.0 00| =05 -05
~34.0 ~116 =36 02 02
-0.8 =05 00 0.8 05
-1.7 05 13 -13 -13
-1.1 13 12 -6.9 -6.9
-1.1 1.7 14 -24 -24
-3.1 =0.9 -035 =50 -5.1
-2.0 -4.3 09 1.1 09
2.1 18 20 1.7 1.7
-4.0 =26 =06 -0.8 -04
-04 -03 -12 -1.2 -12
=0.1 -0.2 =-0.1 0.4 04
=0.1 -73 05| =02 =02
Rank
One WSsC Prov Size Clstir
Region | Y-Z ABCD 123
3 2 1 5 4
3 5 4 2 1
1 5 2 4 3
1 5 4 3 2
5 2 1 4 3
5 4 3 1 2
4 2 1 3 5
5 1 4 3 2
1 3 2 5 4
2 4 3 5 1
5 2 1 4 3
4 5 2 3 1
5 3 4 1 2
5 3 1 2 4
4 1 S 3 2
2 3 1 4 5
3 5 4 2 1
58 55 43 54 45

Ranks

208
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reasonable, instilling a false sense of confidence in users. V‘ith no alternative, the
equation would likely be applied in practice with data outside the allowable range. As
it is, the poor results serve as a caution. The boxplots in Appendix B compare individual
variables in the test data set with the study data set, and these can be used in a
preliminary assessment of whether the characteristics of a particular ungauged basin lie
within the acceptable range. Because the explanatory variables in multiple regression are
multidimensional, however, it may be difficult to recognize whether an extrapolation is
being made beyond the range of the original data set. The leverage statistic h;= x,'(X’X)’
x, expresses the distance of a given point x, from the centre of the sample observations.
It may be calculated for an ungauged basin and used as a numerical diagnostic to detect

such extrapolation (Helsel and Hirsch, 1992).

The leverage statistics were checked for the one region equation (using the results of the
OLS analysis since these statistics are not available for NLLS). Two basins, South Brook
at Pasadena (SthP) and Little Barachois near Placentia (LtBP) had leverage statistics
beyond the value of 0.4, the highest in the data set used to generate the equation. The
leverage statistic for SthP was 2.4, which explains the outlandish estimated flow of 597
m’/s compared with an observed value of 27.7 m*/s. The leverage for LtBP was 0.45.
The leverage values for three other basins, Rattler at McIvers (Rtlr), Northwest Gander
(NWG) and Shearstown Brook (Shrs) were high (>0.3) but within the range of the data

of the study set.
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So the fact that characteristics of the test data set are somewhat different from those of
the study data set partly explains the poor results, An additional explanation is that the
hydrologic input is only taken into account indirectly. Most of the equations for the
subregions include some variable such s Fr-Barrn, Fr-Forst or Dist-SW which at least
in part represents hydrologic input. Because some of these variables are perhaps doing
double duty, reflecting both input and basin response, it is not surprising that when the

equations are tested they are not very robust.

Hydrologic input can be accounted for by geographical regionalization. Traditional
geographic regionalization assigns boundaries based on hydrological homogeneity. At
least one part of the meaning of hydrologic homogeneity is homogeneity of input, i.e.,
similarity of hydrological events. Other types of similarity (such as terrain, geology or
vegetation), are usually included in the definition as well, however, thereby clouding the
issue. Logically, the two poles of regionalization approaches are

1.  to group basins according to similar hydrologic input, and develop

equations using basin characteristics;
2. to cluster basins according to basin characteristics, and develop equations

using hydrologic input.

All present methods fall somewhere in between, The results of the provincial gr.ographic
regionalization for flood frequency analysis are interesting in this respect, because for

two or three of the regions, the effect of the regionalization is to reduce the range of
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Eff-P within each region, as shown in the boxplots in Appendix A. In those regions, the
method accounts for hydrologic input by grouping the basins into areas of similar input.
Consequently the equations for those regions do not include the Eff-P variable. The
provincial groupings for low flow analysis might show even less variation, since they
were specifically grouped by similarity of averaze annual precipitation and fraction of
barren/forest.

5.5 Alternative Approach

How can the results be improved? One alternative is simply to wait for more data. In a
few years data from the 17 test basins can be used, and the resviting models should give
better results, covering a wider range of basins. The problem of the limited range of data

will be reduced, but the question of hydrologic input will still remain.

The alternative approach considered here is to include Eff-P as an independent variable
representing hydrologic input. It was initially rejected because of the increased
uncertainty of the estimates, but this uncertainly may be compensated for by greater
robustness when used with ungauged basins. As a first trial, therefore, a simple equation
for the one-region case with DA and Eff-P was developed, and the estimatec were
compared with those obtained without using Eff-P. The regression equation was
Q = 0.489DA%Eff-p! 7%
Tables 5.10 and 5.11 present the results together with those previously given in Tables

5.8 and 5.9. They show a marked improvement.



Table 5.10

Qavgfld Estimatesand Residualsfor Test Basins:
Alternate Method for One Region Case
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Ooe Rgo
Basin One wsC Prov Size Cir DA+ Qg Sid
ID Region Y-Z ABCD 123 Ef-P Obs Dev

A1 209 84 253 48 128 116 43

404 603 “2 40.1 »6 239 5.7 10.7

15.0 199 166 173 167 12.0 49 12

300 43 458 426 Qi N3 218 70

154 72 15 99 95 72 74 42

%27 2157 8.9 .1 517 149 217 153

19.6 168 ns 6.0 199 k02 11.9 72

40.6 19.1 12.1 2.9 24 175 236 71

s 1166 123. T78.7 2 145 2190 812

8863 1989 2%61.9 1237 837.6 2748 6176 8.1

337 163 151 25.7 254 213 119 18

LIN 869 18.7 16.0 364 17.6 298 12.5

330 4.7 419 45 46.7 619 730 15.1

450 288 154 159 300 89 1.7 49

64 53 13 64 6.1 43 38 08

104 109 103 82 79 9.1 98 34

84 439 9.4 83 80 83 17 24

Residusls One Rga
Oxne wsC Prov Size Clatr DA+
Region Y-Z ABCD 123 Ed-P

Jnc 125 93 =32 137 132 12
G 47 UL 85 44 39 ~118
BimC 10.1 150 11.7 124 118 71
Gude 82 265 4.0 208 203 95
Boot 8046 ~0.189 0.036 2483 22 -0209
SthP 54.0 1880 582 =36 4.0 -128
Rt m 49 -0.1 -59 80 -1
Leh 170 =45 -115 93 88 =61
GiRt® 885 -1 =959 39.7 1632 ~104S
NWG* 268.7 -419 =35 606.1 200 =301
SmCh 218 44 2 138 135 94
uBP 219 51 =111 =138 66 -122
LSNH -35D ~283 =311 =253 =263 -11.1
Shra a3 171 7 42 183} -28
BigB 263 1491 isi16 259 229 0.486
SthH 0367 1.129 0.484 -1.04 -1933] -0.686
SiSh 043 3619 1.736 0.643 029 0.590
Squared Rs 408114 2842 M2 6R631 ™mse 19nm
wo2 largest 228069 206 5446 1991 ms 850




Table 5.11
Test Resultswith Alternate Method
Pseudo-T
One Rgn
One WSC Prov Size Clstr DA +
Region | Y-2Z ABCD 123 Eff-P
-16)  -13 GA| .. .—29]. =29 =17
-04] =21 =07 -04] = =-04 -03
-08) .-.5=30] " =26] i =28 i..-28}. .-21
-10] 00| =00 -0.5 =05 =03
=340| . ~=118] = -36 02 02 -14
-0.8 -05 0.0 08 0S5 -0.8
-1.7 0.5 13 -13 g & -0.9
=1.1 13 12 -6.9 =69 =20
=1.1 1.7 14 -24 -24 =0.9
=3.1 =0.9 =05 =50 =51 =20
=20, . =43 09 1.1 09 =05
21| 18 20 1.7 1.7 1.6
-4.0 =2.6 0.6 -0.8 =04 -23
-0.4 -03 -12 -12 -12 -0.4
=0.1 -0.2 =0.1 04 04 03
=0.1 =73 ~0.5 ~0.2 —02 =00
Rank Sum Test
One Rgn
One wsC Prov Size Clstr DA+
Region | Y-Z | ABCD 123 | Eff-P
4 3 2 6 5
3 6 4 2 1
2 6 3 5 41 .
1 6 5 4 31
6 2 1 5 4
6 S 4 1 3{
L) 3 1 4 6|:
6 1 5 4 31
1 3 2 6 51
2 ] 4 6 1!
6 2 1 5 41
5 6 2 4 1}
6 4 5 2 3
6 4 2 3 st
5 2 6 4 3
Sum of 2 4 1 5 6|
Ranks 4 6 5 3 1
70 68 53 69 58 ... 39

213
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On all measures the simple model with DA and Eff-P is superior to any of the others

(although the very large squared residual for NWG, the largest basin, gives the cluster
method an overall lower total sum of squared residuals). In addition, all the test basins

are within the range of the data as indicated by their leverages.

The plots in Figures 5.4 to 5.6 compare the estimated and observed floods using this one
region equation with some of the alternatives derived from the varinus pegionalization
methods. Figure 5.4 compares the DA-Eff-P equation with the previous one region
model. It shows that while the DA-Eff-P equation underestimates ihe flow for the two
largest basins, due to the fact that it does not take into account the faster response of the
large basins with less control by lakes and swamps, the previous one-region equatio
(with DA, Fr-Barm, and FACLS) overestimates a similar amount, The previous equation
also cannot take into account the extreme wetness of the Little Saimonier North Harbour

(LSNH) basin.

Figure 5.4(b) expands the scale to show the results for the smaller basins more clearly.
The estimate for SthP by the previous method does not appear on this plot, because it is
nearly 600 m*/s, compared with an observed value of 27.7 m%s. The other estimates are

generally better with the DA-Eff-P model.

Figure 5.5 shows a similar comparison between the DA-Eff-P (one-region) results and

the previous results assuming the provincial regional subdivisions. The DA-Eff-P results
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are as good or better than the resuits using the provincial regions. Similarly, Figure 5.6

compares the one-region DA-Eff-P results with the results using the cluster method of

regionalization. Again, the results are as good or better.

There are no test basins in the areas of the island where flows are generally considered
difficult to estimate, e.g., the south coast or the eastemn side of the Great Northern

Peninsula, so the performance of the model cannot be checked in those areas.

§.5.1 Estimating Effective Precipitation

One argument against using effective precipitation as an explanatory variable is
that it is difficult to estimate. In fact it was because of the additional uncertainty
in estimating Eff-P that it was at first rejected. In its favour is that it can be
estimated everywhere, and the estimates will virtually always be bounded. The
results presented in Chapter 4 of this study identified the important topographic
and geographic variables which should be taken into account when estimating Eff-

P, even if no equation for Eff-P can be recommended.

For a quick estimate of Eff-P, the isoline maps presented in various water
resources studies for different areas of the province may be used (Gov’t of Nfld,
1987, 1988, 1989, 1990b, 1992, 1993). This method was used for the test basin

estimates. A better estimate can be obtained by using the equations presented in
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Chapter 4, together with data from surrounding gauged basins and a consideration

of basin elevation and orientation relative to the gauged basins.

5.6 Extension of DA-Eff-P Approach to Regions

The alternative approach using only the two simple variables DA and Eff-P in a one
region equation was shown to offer marked improvement over approaches using basin
characteristics only. The next question was whether developing new equations within the
regions, including Eff-P as an independent variable, might improve the results further.
Equations using DA and Eff-P were therefore developed for all subregions in which Eff-
P was significant. The coefficients and statistics of these equations are presented in Table
5.12. As . pected, the uncertainty is higher in the regions where Eff-P is included as an
explanatory variable, and highest where the coefficient associated with Eff-P is highest

(e.g., provincial geographic Region C).

As this table shows, Eff-P was not a significant explanatory variable (i.e., p > 0.05) in
provincial regions A and B. This finding confirms the earlier comment that one effect
of geographic regionalization can be to take account of hydrologic input. On the other

hand, Eff-P is very important in the other geographic regions, especially region C.

The equations for Region D and for Cluster 2+4 include both DA and Eff-P, although
strictly speaking there are too many parameters for the number of cases. The results

were very poor with only one independent variable, however, and the coefficients of the
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Table 5.12
Alternative Regional Models
(a)  Geographic Regions

. ot e B C D
N % 12 10 3
Constant 0.489 0334 1171 1.108 0.117 0.43S 1472
DA 0862 0.927 0.700 0.783 1.092 0871 0.700
FACLS
Dr-Dens 0826
Fr—Barm
Fr-LSW
Eff-P 1.7% 1753 1788 2.4, 1.569
2 0.949 0.993 0.949 0.989 0.9%0 0.993 0987
12 coIT 0.908 0.987 0.8%0 0979 0.980 0.987 0.926
Ss res 62395 6720 14216 692 9542 3102 1923
n—~p 37 17 17 10 9 7 3
error est 41.1 199 289 83 326 21.1 253
Ccv(Q)~2 0.03t 0.032 0.032 0.001 0.001 0.063 0.025
Uncertainty 0.177 0.178 0.180 0023 0.033 0.251 0.158
(b)  Basin Characterisic Regions/Clusters
v e Size  (km?) = o Clusters :
£ {<130 G 10 |, e 3 2+4
N 7 = 1 3
Constant 0673 0.497 0457 0.629 0972
DA 0878 0.861 087 0.865 0.803
FACLS
Dr-=Dens
Fr-LSW
Eff-P 0.380 1.768 1542 062 1.403 |
r2 0.97% 0.949 0948 0983 0.986
12 corT 0.889 0.882 0.888 0933 0.950
83 res 250 60950 57292 123 1416
n-p 10 % 21 8 2
error est 50 504 522 39 26.6
Cv(Q) "2 0.004 0.033 0.029 0.006 0.022
Uncertainty 0.061 0.183 0.1 0.078 0.149
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equations with two variables were quite reasonable. The improvement was such that even
with relatively few cases the adjusted r*’s are high. Since there are no test basins in

Region D, the equation for that region is never used.

The observed and estimated flows and the residuals are presented in Table 5.13. The
plots in Figure 5.7 show the estimated and observed values. The large basins continue
to be underestimated, presumably because of their low FACLS. The cluster method
takes account of this best. The pseudo-T values and the rankings are given in Table
5.14. The sums of squared residuals are down for all regionalization methods, from
about 10 percent to over 200 percent. The number of pseudo-T values with absolute

values greater than 2 is reduced from 26 to 8.

The one-region equation continues to perform reasonably well. The Y-Z regions are also
quite promising, especially as measured by the sums of squared residuals. If the two
largest basins are excluded, the Y-Z regionalization method has the lowest sum of
squared residuals, and even with these two it is has the second lowest. Only one pseudo-
T value is significant. The Y-Z regionalization is geographic, and may represent some

additional information about hydrologic ~put which is not represented by Eff-P.

The nonparametric rank sums test suggests that clustering basins by their physiographic

characteristics is slightly better than assuming only one region, which in turn is slightly



Table 5.13
Qavgfld Estimatesand Residualswith DA and Eff—-P
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Basin One WSC Prov Size Chstr Qavg Sud
1D Rgn Y-Z | ABCD 1-2-3 | Obs Dev
B 12.8 115 84 236 20.1 116 43
o 239 220 213 8.0 330 35.7 10.7
o 119 10.2 11.7 152 139 49 1.2
C 311 289 299 432 383 218 7.0
C 72 6.0 6.8 97 88 74 4.2
C 14.9 133 13.2 235 238 27.7 153
o 10.2 83 119 92 152 119 7.2
B 175 16.0 12.1 324 274 23.6 7.1
B 1145 1204 123.1 1150 162.7 2190 81.2
B 2747 3086 2619 2753 367.7 6176 252.1
B 213 250 15.1 314 276 119 18
A 175 23.5 18.7 178 25.7 29.8 12.5
A 61.2 70.0 419 475 46.7 73.0 15.1
A 89 123 154 125 14.5 11.7 4.9
A 43 6.9 73 57 52 38 08
A 9.1 138 103 9.1 8.7 9.8 34
A 82| 127 9.4 83 79 7.3 24
Residuals
Basin One WSC Prov Size Clstr
1D Rgn Y-Z |ABCD | Large | 123
YOI10 Pnc 12 =0.1 =32 120 85
-118| ~-13.7| =144 23 -2.7
70 53 6.8 103 90
93 7.1 8.1 214 165
=02 =14 -0.6 23 14
-1281 -144| -145 -4.2 -39
-1.7 =36 =0.0 =2.7 a3
=6.1 ~76| =115 88 38
-104.5 -99| -959) -1040! -563
-3429 =309} -356| =3419| -2499
94 13.1 32 19.5 15.7
=123 -63] -111] ~120 -4.1
-118 =3.0f -311( -255| -263
-28 0.6 3.7 12 28
05 3l s 19 14
=0.7 4.0 0.5 =0.7 -1.1
0.5 50 1.7 0.6 0.2]
Sum of
Sqrd resds 129407 105996 137526 129681 67065
wo 2 largest 867 818 1800 1999 1443
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Table 5.14

Test Results with DA and Eff—-P

Basin One wsC Prov Size Clstr
ID Rgn Y=-Z ABCD Large 1-2-3
B nc -0.2 0.0 04 -2.5 -18
C ™ 09 1.2 12 =02 03
C tmC -i.1 -1.1 -14 ~-4.1 -39
C Ke -1.0 -09 -1.0 -2.9 -23
C L 0.0 0.2 0.1 -0.5 -03
C thP 0.8 09 09 03 02
C tlr 02 04 00 04 =04
B h 06 0.9 13 -12 =05
B tRt* 13 12 12 13 0.7
B G* 14 12 14 14 1.0
B mCh -14 -23 -0.5 -68 -59
A tBP 09 (18] 09 09 03
A NH 0.7 0.2 20 1.7 1.7
A hrs 03 -0.1 -0.6 ~0.2 -04
A igB -0.1 -0.6 -12 -038 -0.7
A thH 0.1 -0.6 -0.1 0.2 03
A tSh -0.1 —0.9 —0.5 -~0.2 -—0.1
Rank Sum Test
Basin One WSC Prov Size Clstr
ID Rgn Y-Z ABCD Large 1-2-3
YO10 2 1 3 5 4
YE1 3 4 5 1 2
YH1 3 1 2 S 4
YK?7 3 1 2 5 4
YK3 1 4 2 S 3
YL4 3 4 5 2 1
YLS 2 5 1 3 4
YO7 2 3 5 4 1
YO8 5 3 2 4 1
YQ4 4 2 5 3 1
)2 2 3 1 5 4
ZK3 5 2 3 4 1
ZK4 2 1 5 3 4
214 4 1 5 2 3
ZLS 1 4 ) 3 2
ZM16 3 5 1 2 4
ZN2 2 ) 4 3 1
Sum of Ranks 47 49 56 59 44
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better than the Y-Z regionalization. (Recall that the clusters were based on similarity of

FACLS, El-Cntrd and Fr-Barm.) Because the model variance for the cluster equations
is small, however, there are more high pseudo-T values. The large model variance of the
one region equation means that none of the pseudo-T values are greater than 2. The
clusters based on size alone perform the worst in the rank sums comparison. The

provincial regions also do not perform especially well.

The results are not conclusive, but in general they confirm that using DA and Eff-P gives
better results for all regionalization methods than using basin characteristics alone. The

Y-Z results also suggest that there is room for some further refinement of hydrologic

input.

5.6.1 Additional Explanatory Variables

A final comparison was made with models including a third variable in addition
to DA and Eff-P, where such a model could reasonably be developed. The
coefficients and relevant statistics of the final models are presented in Table 5-15.
Additional variables could be included in the equations for one region (all-island),
for the Y and Z regions, and for the basins greater than 130 km’. The third
variable was always FACLS except for Region Y where it was Fr-LSw. The

estimates and test results are shown in Tables 5-16 and 5-17.



Table 5.15

AlternativeRegional Models with a Third Variable
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(a) Geographic Regions
All wsC Prov
Island Y y A A B C D
[ ] ] ®

N 40 20 20 12 12 10 6
Constant 0.524 0333 1510 1.18 0.117 0435 1472
DA 0843 0839 0.667 0.783 1.092 0.871 0.700
FACLS -0.745 -0.710

Dr--Dens 0.826

Fr—Barm

Fr-LSW -0.366

Eff-P 1.194 1.205 0.942 2495 1.569
r2 0.964 0.996 0977 0.989 0.990 0993 0.987
2 corr 0.936 0992 0.951 0.979 0.980 0.987 0.926
ss res 43338 3956 6347 692 9542 3102 1923
n-p 36 16 16 10 9 7 3
error est 34.7 15.7 19.9 83 326 21.1 253
® - a third variable was used in addition to DA and E{f—P

(b) Basin Characterisic Regions/Clusters
Size (k?) Clusters
<130 >130 1 3 2+4
®

N 13 27 24 11 5

Constant 0.673 0520 0457 0.629 0972

DA 0878 0.844 0871 0.865 0813

FACLS -0.738

Dr-=Dens

Fr-LSW

Eff-P 0380 1.206 1.642 0.620 1403

r 0976 0964 0.948 0.983 098

1 corr 0.889 0917 0.888 0.933 0.950

ss res 250 43115 57292 123 1416

n-p 10 23 21 8 2

error est 50 433 522 39 _266




228

Table 5.16
Qavgfld Estimatesand Residuals — Models from Table 5.15

B
C
C
C
C
C
C
B
B
B
B
A
A
A
A
A
A
Residuals
One, | WSC..} Prov ..
o) Rgae o1 Y=Z “LABCD

70| 101 68| 103 9.0
ss| 1a] 81| 21| 165

23 0.1 ~0.6 23 14
723 122 -145 -42 -39
33 1.1 =00 -2.7 33
03 -48] =115 88 38

-}40| -954| -959| -=352] =563
-1033| -3538| =356| —-1068| -2499
124 202 32 195 15.7
4.0 166f -111{ -120 -4.1
~-235| =174} -311] -255| -263

05 41 35 19 14
~12 4.1 0s ~0.7 -11

ZM16
ZN2 0.7 6.1 1.7 0.6 02 ]
Sum of
Sqrd resds 18066 136204 137526 14647 67065

wo 2 largest 6237 1921 1800 1999 1443
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Table 5.17
Test Results with Models from Table 5.15
Pseudo-T
Basin One wsC Prov Size Clstr
ID Rgn Y-Z ABCD 1=2-3
B -0.6 -0.8 05} . =25 -18
C 0.7 03 12y . =-02] . 03
C -12 =24 =131 ~41| .. =39
C =10} . =22 -09 =29 =23
C . =03 -00 0.1 -0.5 -03
C R ¥ =08 09 03 0.2
C -04 -0.1 0.0 04 =04
B -0.0 06 14 -12 -0.5
B 04 12 1.2 04 0.7
B 04 14 14{ 04 1.0
B =20] = =42 -0.6 -6.8 -$59
A -03 -12 0.8 09 03
A 14 11 19 1.7 1.7
A -0.8 =24 =0.5 ~0.2 -=0.4
A -0.1 -09 -0.6 -0.8 =0.7
A 0.2 ~0.7 -=0.1 0.2 03
A -0.1 ~12 ~0.3 =02 =0.1
Rank Sum Test
Basin One WSC Prov Size Clstr
ID Rgn Y-2Z ABCD Large 1-2-3
YO10 3 2 1 ] 4
YEI 4 3 5 1 2
YHI 2 4 1 5 3
YK7 2 4 1 5 3
YK8 2 4 1 5 3
YL4 5 1 2 4 3
YLS 5 2 1 3 4
YO7 1 3 5 4 2
YO8 1 . 5 2 3
YQ4 1 4 5 2 3
yAyl 2 5 1 4 3
ZK3 1 5 3 4 2
ZK4 2 1 5 3 4
214 4 5 3 1 2
ZLSs 1 5 4 3 2
ZM116 4 5 1 2 3
ZN2 3 5 4 2 1
Sum of Ranks . 43 62 =48 55 47
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The estimates for the large basins are improved, but otherwise the results are the
same or not as good as without the additional variable. The sums of squared
residuals are improved for the one-region method and for the method based on
size. This result occurs because including FACLS markedly improves the estimate
for the two largest test basins. For most of thz test basins, the estimates are no
better or even worse, as shown by comparing the sums of squared residuals
without the two test basins. There are 13 pseudo-T values greater than 2,

compared with 8 in Table 5.14.

Neither the sum of squared residuals nor the rank sum test suggest a clear
preference for one rcgionalization method over another - the one region method
has the lowest sum of ranks, but the highest sum of squared residuals when the
two largest test basins are excluded. Four of the basins in the one region equation
have high leverage (SthP, NWG, LtBP and Shrs) compared with none in the

equation with DA and Eff-P only.

5.7 Comiments and Suggested Procedure

From the comparisons of the various equations and regionalization methods, we can
conclude that dividing the island into regions can improve estimates of average flood
flow at ungauged basins, particularly if Eff-P is included to represent hydrologic input.
The region/clusters provided here may not be optimal, but they do offer the opportunity

to make several estimates before making a choice for design.
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If an estimate of an average flood is required at an ungauged basin, the following

approach is suggested.

1. Measure the basin characteristics of importance. These include drainage area,
area controlled by lakes and swamps, drainage density, fraction of barren and
fraction of lakes and swamps; the number of characteristics depends on the region
or cluster of the ungauged basin.

2. Estimate Eff-P (as described in Section 5.5.1).

3. Locate the basin in a geographic region using the map in Appendix A and in a
cluster using the plots in Appendix A. Calculate standardized values using the
basin characteristic data presented in Chapter 3.

4, Use the equations provided in Tables 5.6, 5.12, and 5.15 to obtain estimates of
Qavgfld for the appropriate region or cluster. All of the geographic (one-region,
Y-Z, ABCD) and cluster options should be considered.

5. Select the most reasonable estimate, taking into account the characteristics of the
ungauged basin compared with the basins used in the data set. Use the boxplots
in Appendix B as a guide, as well as the tables of characteristics presented in

Chapter 3.
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6 Conclusions and Recommendations

The principal conclusion of this research is that with careful selection of basin
characteristics, good relationships can be obtained between flow measures and basin
characteristics on the island of Newfoundland. Stronger relationships may be obtained

with subdivision of the island in either geographic or basin characteristic dataspace.

A particular problem in hydrologic analysis in Newfoundland is the lack of data to
represent hydrologic input, due to the lack of inland precipitation measurement stations.
Because of the nature of the weather patterns affecting the island, topographic and
geographic variables can be used to represent hydrologic input, and therefore should be
included in the data set. They may be used either as independent variables in a regression
equation to estimate a hydrologic input variable, or as surrogates in equations for other

flow variables.

The basin characteristics consistently found to be important for a range of flow measures
from low to high flows are

. drainage area;

o fraction of area controlled by lakes and swamps, or scmetimes

alternatively the fraction of the basin area occupied by lakes and swamps;
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o fraction of barren area in the basin, or sometimes alternatively the fraction
of forest area (inversely related to fraction of barren);
. distance from the sea in a southwesterly direction, and distance north.;

° elevation of the basin.

The last three variables are associated with the location of the basin relative to incoming

weather systems and represeat hydrologic input.

Other conclusions are as follows.

High flows: For high flows, 2 more direct representation of hydrological input
improves regression relationships. Effective precipitation (total precipitation minus
losses) is a suitable variable, which can be estimated using topographic and
geographic variables. A procedure was developed to improve the estimate using
mapping and data from adjacent gauged basins as well as climate stations where
available. Alternatively, the topographic and geographic variables associated with
effective precipitation can be incorporated directly in the equations for other flow

variables.

For the average annual maximum daily flow, the important explanatory variables
are drainage area, effective precipitation, and the fraction of the drainage area
controlled by lakes and swamps. Slope also has some importance. If effective

precipitation is not included as a basin characteristic, the elevation of the centroid
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and some measure of exposure to incoming weather systems (fraction of barren

or fraction of forest) are required as surrogates.

Flood variability: The linear coefficient of variation (Lcv) was used as the
measure of flood variability, The relationship between Lcv and basin
characteristics is not clear; there are obviously several factors interacting which
would require a much larger data base to elucidate. In general higher Lcv is
associated with higher flood flows, and basins in the southemn part of the island
(WSC Z region) tend to have higher Lcv's. In this region, Lev tends to be related
to drainage area, distance from the sea, elevation and slope. In the central and
northern part of the island (WSC Y region), or when the island is treated as a

whole, the important basin characteristic is the area controlled by lakes and

swamps.

FD-10: The flow having an exceedance of 10 percent on the flow duration curve
was selected as a measure of high (but not flood) flows, in the range of about
twice the mean annual flow. As with Lcv, the division into Y and Z geographic
subregions resulted in somewhat stronger relationships. In the Y region, about 60
percent of the variance can be explained by drainage density, distance north, and

fraction of lakes and swamps. In the Z region, much less of the variance can be
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explained; the two most important factors appear to be the fraction of the basin

controlled by lakes and swamps and the slope.

Low Flows

The low flow measures selected were the median minimum daily flow from the
annual series (both dimensional and as specific low flow), and the 90th
exceedance percentile from the flow duration curve (FD-90). The findings for all
measures were that the important explanatory variables are drainage area, distance
north (and sometimes southwesterly distance from the sea as ell), area
controlled by lakes and swamps, and fraction of barren. For the low flows,

effective precipitation was not especially important.

Availability

Flow duration measures were used as measures of availability or flashiness. FD-
50, the median daily flow, was selected as the most suitable index of availability
after consideration of some alternative indices. The findings were that the most
important explanatory variables are drainage area, fraction of area controlled by
lakes and swamps, and one or more of the distance and elevation variables. As

with low flows, effective precipitation is not required to explain availability.
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o Regional Subdivisions - Example with Qavgfld: The study provides an

assessment of regional subdivisions for the purpose of developing regression

equations to estimate the mean maximum daily flow (Qavgfld). The conclusions

of this part of the study were as follows.

1, Clustering based on basin characteristics is a promising method of
regionalization. Characteristics must be carefully selected and weighted,
however.

2, Some of the geographic regionalization methods are also reasonable.
Geographic regions based on similaniy of hydrologic input eliminate the
need to include a hydrologic input variable in predictive equations. None
of the geographic regionalization methods assessed in this study eliminated
the need to include a hydrologic input variable at least in some regions.

3. Effective precipitation is a suitable variable to represent hydrologic input
where required. Although there is more uncertainty in estimating effective
precipitation than other basin characteristics, which may be obtained by
measurement from topographic maps, the improved prediction atungauged

sites compensates for a higher uncertainty.

Recommendations

The recommendations arising from this study are as follows.
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Estimates of flows at ungauged sites should not be made from regression
equations only, unless the ungauged site is very similar in its characteristics to the
gauged basins used to develop the regression equations. Nonetheless, the
regression equations developed in this work may be used to provide preliminary
estimates of flows of interest at ungauged sites, in particular for Qavgfld. These
estimates should be modified if the location and characteristics of the ungauged
site are not similar to gauged basins in the data set. The results of the regression
analysis together with the discussion provided in the present work on the relevant

basin characteristics can provide guidance for judgment.

Further investigation should be carried out into the possible improvement of
regression equations using different geographic regions or clusters in basin

dataspace.

Similar investigations should be undertaken for other flow measures besides
Qavgfld, particularly in about three to five years, when about 20 additional basins

will have record lengths of ten years or more and can be added to the data base.

The climate network should be expanded to inciude more climate stations inland

at higher elevations.



238

References

Acreman, M. (1985). "Predicting the mean annual flood from basin characteristics in Scotland,*
Hydrological Sciences Journal, Vol. 30, No. 1, pp. 37-49.

Acreman, M.C, and Sinclair, C.D. (1986). "Classification of Drainage Basins According to their

Physical Characteristics: An Application for Flood Frequency Analysis is Scotland," Journal of
Hydrology, Vol. 84, pp. 365-380.

Andrews, D.F. (1972). "Plots of High-Dimensional Data," Biome:sics, Vol. 28, pp. 125-136.

Arnell, N. and Beran, M. (1987). "Testing the Suitability of the Two-component Extreme Value
Distribution for Regional Flood Estimation,"” Regional Flood Frequency Analysis, ed. V.P,
Singh, D. Reidel Publlishing Co., pp. 159-175.

Bhasker, N. R. and O'Connor, C.A. (1989). "Comparison of Method of Residuals and Cluster
Analysis for Flood Rezionalization" Journal of Water Resources Planning and Management,
ASCE, Vol 115, No. 6, pp. 793-808.

Blake, G.J., Cook, A.D. and Greenall, D.H,. (1973). "The Use of Principal Component Factor
Analysis to Establish the Uniformity of a Hydrological Region in Northland, New Zealand,"
Results of Research on Representative and Experimental Basins, Proceedings of the Wellington
Symposium, Dec 1970, Vol 1. IAHS-UNSECO, Paris.

Burn, D.H. (1988). "Delineation of Groups for Regional Flood Frequency Analysis," Journal
of Hydrology, Vol. 104, pp. 345-361.

Burn, D.H. (1989). "Cluster Analysis as applied to Regional Flood Frequency”, Journal of
Water Resources Planning and Management, ASCE, 115 (5), 576-582.

Burn, D.H. (1990). "An Appraisal of the 'Region of Influence’ Approach to Flood Frequency
Analysis," Hydrological Sciences Journal, Vol. 35, No. 2, pp. 149-165.



239

Burmn, D.H. and Boorman, D.B. (1993). "Estimation of Hydrological
Parameters at Ungauged Catchments," Journal of Hydrology, Vol. 143, pp. 429-454.

Caissie, D. and El-Jabi, N. (1991). "A Stochastic Study of Floods in Canada: Frequency
Analysis and Regionalization,” Canadian Journal of Civil Engineering, Vol. 18, pp. 225-236.

Cavadias, G.S. (1989). "Regional Flood Estimation by Canonical Correlation," Canadian Society
of Civil Engineering Annual Conference and Ninth Canadian Hydrotechnical Conference, Vol.
XXX, pp. 212 - 231.

Cavadias, G.S. (1990). "The Canonical Correlation Approach to Regional Flood Estimation",
Regionalization in Hydrology: Proceedings of the Ljubliana Symposium, April 1990, IAHS
Publication no. 191, p. 171-178.

Cavadid, L., Cunnane, C., Salas, J.D. and Boes, D.C. (1991). "Flood Frequency Analysis
Based on the Box-Cox Transformation," Water Resources Paper No. 103, Colorado State
University, Fort Collins, Colorado.

Chow, V.T. (Ed), (1964). Handbook of Hydrology. McGraw Hill, New York.

Chow, V.T., Maidment, D. R. and Mays, M. (1989). Applied Hydrology. McGraw Hill, New
York.

Condie, R., Pilon, P.J., Harvey, K.D. and Goertz, H. (1986). "Comparison of Regional Flood
Frequency Methods in Southern Ontario using Analysis of Variance Techniques", Regional
Flood Frequency Analysis: Proceedings of the International Symposium on Flood Frequency and
Risk Analysis, ed. V.P. Singh, D. Reidel Publishing Co., pp. 213-222,

Condie, R., (1979). "The Three Parameter Lognormal Distribution Applied to Regional Flood
Frequency Analysis by the Index Flood Method", Inland Waters Directorate Technical Workshop
in Modelling Activities Related to the Flood Damage Reduction Program, Hull, Quebec.



240

Cong, §., Le, Y., Vogel, J.L., and Schaake, J.C. (1993). "Identification of the Underlying
Distribution Form of Precipitation Using Regional Data,” Water Resources Research, Vol, 29,
No. 4, pp. 1103-1111.

Cunnane, C. (1988). "Methods and Merits of Regional Flood Frequency Analysis,” Journal of
Hydrology, Vol. 100, pp. 269-290.

Dalrymple, T. (Ed), 1960. "Flood Frequency Analysis, Manual of Hydrology, Pt #, Flood Flow
Techniques,” U.S. Geological Survey Water Supply Paper 1543-A.

Everitt, B. (1978). Graphical Techniques for Multivariate Data. North-Holland, New York,
117p.

Fennessey, W. and Vogel, R.M. (1990). "Regional Flow Duration Curves for Ungauged Sites
in Massachusetts’, Journal of Water Resources Planning and Management, ASCE, Vol, 116,
No. 4, pp 530-549.

Fiorentino, M., Gabriele, S., Rossi, F., and Yersace P., (1986). "Hierarchicai Approach for
Regional Flood Frequency Analysis", Regional Flood Frequency Analysis: Proceedings of the
Imternational Symposium on Flood Frequency and Risk Analysis, ed. V.P, Singh, D. Reidel
Publishing Co., pp. 35-50.

Gabriele, S. and Amnell, N. (1981). "A Hierarchical Approach to Regional Flood Frequency
Analysis”, Water Resources Research, Vol. 27, No. 6, pp. 1281-1289.

Gingras, D. and Adamowski, K. {1993). "Homogencous Region Delineation Based on Annual
Flood Generation Mechanism," Hydrologic Sciences Journal, Vol. 38, No. 2, pp. 103.121.

Government of Canada, Department of the Environment, Water Planning and Operations Branch
(1971). "Flood Frequency Analysis for Newfoundland Streams”, Prepared by Roger Y. Poulin,



241

Government of Canada, Atantic Development Board, (1968). Water Resources Study of the
Province of Newfoundland and Labrador, Prepared by Shawinigan Engineering Company
Limited and James F. MacLaren Ltd.

Government of Canada, Department of Energy, Mines and Resources (1970). Hydrometric
Network Plan for the Provinces of Newfoundland, New Brunswick, Nova Scotia and Prince
Edward Island. Prepared by J. Ingledow and Associates Ltd, 2 volumes.

Government of Canada, Inland Waters Directorate (1984). Hydrologic Design Methodologies
Jor Small Scale Hydro at Ungauged Sites - Phase 1. Prepared by Acres Consulting Services Ltd.

Government of Canada, Inland Waters Directorate (1985). Hydrologic Design Methodologies for
Small Scale Hydro at Ungauged Sites - Phase 1I: Feasibility Level Study for Atlantic Provinces.
Prepared by Acres Consulting Services Ltd, 226 pp.

Government of Newfoundland and Labrador, Department of Environment, Water Resources
Division and Environment Canada (1984). Regional Flood Frequency Analysis for the Island of
Newfoundland.

Government of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1987). Warer Resources Study of the Eastern Avalon Peninsula, WRD-SW-1-
1. Prepared by Acres Consulting Services Ltd, St. John's, Nfld.

Government of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1988). Water Resources Study of the Western Avalon Peninsula, WRD-SW-
1-2. Prepared by Acres Consulting Services Ltd, in association with Colin Karasek Ltd., St.
John's Nfld.

Government of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1989). Warter Resources Study of the Bonavista Bay Area, WRD-SW-1-3.
Prepared by ShawMont Newfoundland Ltd, St. John's, Nfld.



242

Government of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1990a). Regional Flood Frequency Analysis for the Island of Newfoundland,
WRD-HM-90-1.

Government of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1990b). Wafter Resources Study of the Northern Peninsula and Humber
Valley, WRD-SW-1-4. Prepared by Acres International Ltd., St. John's, Nfld.

Government of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1991a). "Characteristics and Estimation of Minimum Streamflows for the
Island of Newfoundland”, WRD-HM-91-111.

Government of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1991b). Water Resources Study of the Notre Dame Bay Area and Central
Newfoundiand Region, WRD-SW-1-5. Prepared by ShawMont Newfoundland Ltd, St. John's,
Nfld.

Government of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1992). Water Resources Atlas of Newfoundland.

Govermnment of Newfoundland and Labrador, Department of Environment and Lands, Water
Resources Division (1993). Warer Resources Study of the Burin Peninsula and Fortune Bay
Area, WRD-SW-1-6, Prepared by Acres International Ltd. in association with Colin Karasek
Ltd., St. John’s, Nfld.

Greis, N.P. and Wood, E.F. (1981). "Regional Flood Frequency Estimation and Network
Design", Water Resoui.zes Research, Vol. 17, No. 4, pp. 1167-1177.

Greis, N.P. and Wood, E.F. (1983). "Correction to "Regional Flood Frequency Estimation and
Network Design’ *, Warer Resources Research, Vol. 19, No. 2, pp. 589-590.



243

Guo, X., Salas, J.D. and Boes, D.C. (1990). "Regional Flood Frequency Analysis,” Warer
Resources Paper No. 102, Colorado State University, Fort Collins, Colorado, 122 p.

Haines, A.T. and Finlayson, B.L. (1988). "A Global Classification of River Regimes," Applied
Geography, Vol. 8, pp. 255-272.

Hawley, M.E. and McCuen, R.H. (1982). "Water Yield Estimation in Western United States,"
Journal of the Irrigation and Drainage Division, ASCE, Vol. 108, No. IR1, pp. 25-34.

Helsel, D.R. and Hirsch, R.M. (1992). Statistical Methods in Water Resources. Elsevier, New
York.

Heo, J., Boes, D.C. and Salas, J.D. (1990). "Regional Flood Frequency Modeling and Estima-
tion," Water Resources Paper No. 101, Colorado State University, Fort Collins, Colorado,
132p.

Hosking, J.M., Wallis, J.R., and Wood, E.F. (1985). "An Appraisal of the Flood Frequency
Procedure in the UK," Hydrological Sciences Journal, Vol. 30, pp. 85-109.

Hosking, J.R.M. (1990). "L-Moments: Analysis and Estimation of Distribtuions Using Linear
Combinations of Order Statistics,”, Journal of the Royal Statistical Society, B, Vol 52, No 2,
pp 105-124,

Hosking, J.R.M. and Wallis, J.R. (1988). "The Effect of lutersite Dependence on Regional
Flood Frequency Analysis", Water Resources Research, Vol. 24, No. 4, pp. 588-600.

Hosking, J.R.M. and Wallis,J.R. (1992). "Regional Frequency Analysis Using L-Moments,"
Research Report, IBM Research Division, Yorkton Heights, N.Y. 6 p.

Hosking, J.R.M., Wallis, J.R. and Wood, E.F. (1985). "An Appraisal of the Regional Flood
Frequency Analysis in the U.k. Flood Studies Report", Hydrological Sciences Journal, Vol. 30,
No. 1, pp. 85-109,



244

Hughes, J.M.R. (1987). "Hydrological Characteristics and Classification of Tasmanian Rivers,"
Ausiralian Geographical Series, Vol. 25, #1, pp. 61-82.

Kuczerd, G. (1982). "Combining Site-specific and Regional Information: An Empriical Bayes
Approach,” Water Resources Research, Vol. 18, pp. 306-314,

Kuczera, G. (1983). "A Bayesian Surrogate for Regional Skew in Flood Frequency Analysis."
Water Resources Research, Vol. 19, pp. B21-832.

Lye, L.M. and Moore, E. (1991). * 'Instantaneous Peak Flow Estimation Procedures for
Newfoundiand Streams’ by U.S. Panu and D. A. Smith’: Discussion”, Water Resources Bulletin,
Vol 27, No. 1, p. 125-127.

MacLaren Atlantic Limited (1980). "Regional Flood Frequency Analysis for Mainland Nova
Scotia Streams," Canada-Nova Scotia Flood Damage Reduction Program, xxx p. Xxx

Maidment, D.R. (1993). Handbook of Hydrology. McGraw Hill, New York.

Matalas, N.C., Slack, J.R. and Wallis, J.R. (1975). "Regional Skew in Search of a Parent”,
Water Resources Research, Vol. 11, No. 6, pp. 815-826.

McCuen, R.H., Leahy, &.B., and Johnson, P.A. (1990). "Problems with Logarithmic
Transfromations in Regression”, ASCE Journal of Hydraulic Engineering, Vol. 116, No. 3,
Pp 414 - 428.

Mimikou, M. and Kaemaki, S., (1985). "Regionalization of F-D Characteristics", Journal of
Hydrology, Vol. 82, pp. 75-91.

Mosley, M.P. (1981). "Delimitation of Nev. Zealand Hydrologic Regions,”" Journal of
Hydrology, Vol. 49, pp. 173-192.

Nathan, R.J. and McMahon, T.A. (1990). "identification of Homogeneous Regions for
the Purposes of Regionalisation,"” Journal of Hydrology, Vol. 121, pp. 217-238.



245

Pearson, C.P. (199]). "New Zealand Regional Flood Frequency Analysis Using L-Moments,"
New Zealand Journal of Hydrology, Vol. 30, No. 2, pp. 53-63.

Pilon, P.F., Alila, Y, and Adamowski, K. (1991). "Assessment of Risk of Flooding Based on
Regional Information”. Proceedings of the NATO/ASI Conference on Water Resources and
Environmental Engineering. Porto Carras, Greece.

Pilon, P.J. and Adamowski, K. (1992). "The Value of Regional Infermation to Flood Frequency
Analysis Using the Method of L-Moments,” Canadian Journal of Civil Engineering, Vol. 19,
pp. 139-147,

Pilon, P.J.(1990). "The Weibull Distribution Applied to Low Flow Frequency Analysis",
Regionalization in Hydrology: Proceedings of the Ljubljana Symposium, April 1990, 1AHS
Publication no. 191, p. 227-237.

Potter, X.W. (1987). " Research on Flood Frequency Analysis: 1983-1986," Reviews of
Geophysics, Vol. 25, No. 2, pp. 113-118.

Raines, T.H. and Valdes, J.B. (1993). "Estimation of Flood Frequencies for Ungauged
Catchments”, Journal of the Hydraulics Division®, ASCE, Vol 119, No. 10, pp. 1138-1154.

Riggs, H.G. (1973). "Regional Analyses of Strramflow Characteristics’, Techniques of Water
Resources Investigations, Book 4, Ch B3, USGS, Washington D.C.

Riggs, H.C. (1990). "Regionalization in Hydrology", Regionalization in Hydrology: Proceedings
of the Ljubljana Symposium, April 1990, IAHS Publication no. 191, p. 159 -169.

Rossi, F., Fiorentino, M., and Versace, P. (1984). "Two-Component Extreme Value
Distribution for Flood Frequency Analysis”, Warter Resources Research, Vol. 20, No.7 pp. 847-
856.

Roussecuw, P. and Leroy, A. (1987). Robust Regression and Outlier Detection. John Wiley and
Sons, N.Y.



246

Sceviour, E. and Lye, L.M. (1993). "Hydrometric Data Analysis for the Purpose of
Regionalisation”, Unpublished.

Schaefer, Melvin C. (1983). "Regional Hydrometeorological Analysis for Spillway Design"
International Symposium on Hydrometeorology, June, 1982, American Water Resources
Association, pp. 523-530.

Schaefer, M.G. (1990). "Regional Analyses of Precipitation Annual Maxima in Washington
State", Water Resources Research, Vol. 26, No. 1, pp. 119-131,

Sharp, J.J. and Moore, E. (1988). "Regional Flood Frequency for the Island of Newfoundland:
Analysis Using Principal Components.” Faculty of Engineering, Memorial University of
Newfoundland, Unpublished, 26 p.

Tasker, G.D. (1982a). "Simplified Testing of Hydrologic Regression Regions," Journal of the
Hydraulic Division, ASCE, Vol, 108, No, HY10, pp. 1218-1221.

Tasker, G.D. (1982b). "Comparing Methods of Hydrologic Regionalization," Water Resources
Bulletin, Vol. 18, No. 6, pp. 965-970.

Tasker, G.D. (1436). "Regional Analysis of Flood rFrequencies”, Regional Flood Frequency
Analysis: Proceedings of the International Symposium on Flood Frequency and Risk Analysis,
ed. V.P. Singh, D. Reidel Publishing Co., pp. 1-10.

Tasker, G.D., Eychaner, J.H. and Stedinger, J.R, (1986). "Application of Generalized Least
Squares in Regional Hydrologic Regression Analysis", USGS Water Supply Paper 2310, pp.
107-115.

Thomas, D.M. and Benson, M.A. (1970). "Generalization of Streamflow Characteristics from
Drainage Basins Characteristics,” U.S. Geological Survey Water Supply Paper No. 1975. 55 p.

Vogel, R.M. (1992). "Regional Geohydrologic-Geomorphic Relationships for the Estimation of
Low Flow Statistics," Water Resources Research, Vol. 28, No. 9, pp. 2451-2458.



247

Vogel, McMahon et al (1993).

Vogel, R.M. and Fennessey, N.M. (1993). "L-Moment Diagrams Should Replace Product
Moment Diagrams®, Wazer Resources Research, Vol. 29, No. 6, pp 1745-1752.

Wallis, J.R., Matalas, N.C. and Slack, J.R. (1974). "Just a Moment®, Water Resources
Research, Vol 10, No. 2, pp 211-219.

Wallis, J.R., Matalas, N.C. and Slack, J.R. (1977). “Apparent Regional Skew", Water
Resources Research, Vol. 13, No. 1, pp. 159-182.

Wallis, J. R. and Wood, E.F. (1985). "Relative Accuracy of Log Pearson III Procedures”,
ASCE Journal of Hydraulic Engineering, Vol. 111, No. 7, pp 1043 - 1056.

White, Elizabeth. (1975). "Factor Analysis of Drainage Basin Properties: Classification of Flood
Behaviour in Terms of Basin Geomorphology," Warter Resources Bulletin Vol. 11, No. 4, pp.
676-687.

Wilkinson, Leland (1990). SYSTAT: The System for Statistics. Evanston, IL: SYSTAT, Inc.

Wiltshire, S.E. (1986a). "Regional Flood Frequency Analysis 11: Multivariate Classification of
Drainage Basins in Britain," Hydrological Sciences Journal, Vol. 31, pp. 335-346,

Wiltshire, S.E. (1986b). “Identification of Homogeneous Regions for Flood Frequency
Analysis,” Journal of Hydrology, Vol. 84, pp. 287-302.

Wiltshire, S. and Beran, M. (1987a). "Multivariate Techniques for the Identification of
Homogeneous Flood Frequency Regions,” Regional Flood Frequency Analysis: Proceedings of
the International Symposium on Flood Frequency and Risk Analysis, ed. V.P. Singh, D. Reidel
Publishing Co., pp. 133-146.



248

Wiltshire S. and Beran, M. (1987b). "A Significance Test for Homogeneity of Flood Frequency
Regions", Regional Flood Frequency Analysis: Proceedings of the International Symposium on
Flood Frequency and Risk Analysis, ed. V.P, Singh, D. Reidel Publishing Co., pp. 147-158.

Wiltshire, S.E. (1986c). "Regional Flood Frequency Analysis 1: Homogeneity statistics,”
Hydrological Sciences Journal, Vol. 31, pp. 321-333,

Wood, E.F., and Rodriguez-Itrube, I., (1975). "Bayesian Inference and Decision Making for
Extreme Hydrologic Events. Water Resources Research., 11(4), pp. 533->4c.

Wu, B. (1988). "Bayesian Approaches to Inference of Probabilities of Extreme Hydrologic
Events”. M. Sc. thesis, University College, Galway, Ireland, 99 pages.

Zrinji, Zolt, and Burn, D.H. (1994). "Flood Frequency Analysis for Ungauged Sites Using a
Region of Influence Approach”, Journal of Hydrology, Vol. 153, pp. 1 1-21,



g



A
L If'_llruil.l
AN R P
:1]'4,1. }i'-:'i,, AN PN o b h"“'«’f

1
jEptT NG R AV e L L
\f F x
P ! N
} f nuh / W i
: f I' L\ ‘l. III
/ r EELI. : Oy LTI Ny : [ RS et
JII W DK il A . i
i . I ] ' AR | ;-"i
0

: I : .f" #JI~ J,, ': 'nql' Il;;: ":{': r:r..:::::jl . I:uz‘ :.:ll. | .;.;'J . ]
e W ".“I ;?’%{s;:-f 'J‘;‘il,u Y o ‘;t'. : il hﬁur’:
o
i q‘ I':{\E-I:.';"F‘».’IJHI o i 'LI"P I]. :{"Ir 'Yf ﬂi@' i
ik Eh:;'.;:ql e i !:',*jfﬂpilf# lﬁ.r | }?. r}‘
i S T i

yﬁ%ﬂ!;ji.;

(SIS el Ly
'k”%ﬁﬁ?ﬂ
Al

| " Yoy S e R . B,
:!: - :_l N o ! Kk 4::"|' s . A
f W ll " ?'I ';,l B b |I |
! SR k .
! ¥ ;. IIILI I;’Jl‘:lj_h \ ! ":I+ t_L' N l.J, ' ’
B : I i o ! IljI | i Is’ i i | ] o
it (L :.l.-lJ“l L) ."I!"\'rlil |r
ull i bl i A | | y

it

i

sa ol
’!"Eﬁ ﬂj
A

it
-irl"?li-lFrllri_ |
.-.-.I.'I !'; Lt ;
L) . ]
| I-." "

i

B

SEETe
- 7 _:_: 'f"__

AL i AL e
it O haan
e !
i i
el

I
L}

il
|.

- - X ey
e -
"52:'- = —

e
= -
T
R
e e
R

| iy I"-' I'-:'.fl.* |-
X -'If-i- II':I W T .I iy .I , “.:. i X AN WY
‘:,'-L'.h E llll' '.IF" {ﬁ b i U """."I'.'u'-'!;'r 'qﬁ"é;r';&:ﬁ,'
(i I (e :--:.' A [ ¥ i i gL 0 ‘l.'l-!}ll:l:l'”
T
b

| d: :
| I )

I b II :‘ {I Wi “I*"lh'l! i,
e 't 'I:r ;_ H!ﬁ.'n .4{ r' 4

g
|

Ll

i
: M
U 1



