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Abstract

Floods are a devastating natural disaster causing economic loss and even threatening
human lives. A better understanding of floods can lead to improved design of flood
mitigation measures. The Natural Sciences and Engineering Research Council of Canada
(NSERC) funded the FloodNet Strategic Network to identify ways to improve the resilience
of Canadian society to flooding. This thesis is a part of the NSERC FloodNet project on
the development of a flood estimation manual for Canada. The objective of this thesis is
to assess and improve regional flood frequency analysis (RFFA) frameworks developed in

the NSERC FloodNet project.

The annual maximum (AMAX) RFFA framework is compared with at-site flood frequency
analysis (FFA) for 1114 Water Survey of Canada hydrometric stations across Canada.
Different flood-related attributes were explored to find quantitative measures to identify
stations for which the AMAX RFFA performed poorer than at-site FFA. The results
show the AMAX RFFA framework performs better than at-site FFA for 81.69% of sites
across Canada. The average basin slope, lake effect, and L-moment ratios are effective
quantitative measures to identify sites where at-site FFA performs better than AMAX
RFFA.

The peaks-over-threshold (POT) RFFA framework is compared with the AMAX RFFA
framework for 89 sites having more than 50-years of record across Canada. For 78 of 89
long record sites, the POT RFFA performs better than the AMAX RFFA. For sites where
the peaks per year of the POT flow series is greater than 1.5, the POT RFFA performs
better than the AMAX RFFA.
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The Rocky Mountain region was identified as a problematic region where both RFFA
frameworks did not perform well. An alternative RFFA framework, the POT-Rocky RFFA,
was proposed for the Rocky Mountain region. The POT-Rocky framework performs better
or at the same level as the AMAX and POT RFFA frameworks for most of the long record

sites within the Rocky Mountain Region.
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Chapter 1

Introduction

1.1 Motivation

The frequency and intensity of extreme weather events are a paramount concern when
designing infrastructure and ensuring the safety of human. From 1998 to 2017, floods
ranked as the most frequent natural disaster in the world, affecting more than 2 billion
people (UN, 2017). The Insurance Bureau of Canada has identified a trend of increasing
payouts for property and casualty insurance across Canada. The average payout rose from
$405 million per year between 1983 and 2008 to $1.8 billion between 2009 and 2017. Water
damage is the key driver for this trend (IBCBAC, 2018). In the last two decades, multiple
large floods hit major cities in Canada, causing severe damage. In 1997 “the flood of the
century” hit Winnipeg, causing $1.2 billion in losses. In 2011, southern Manitoba was again

struck by severe flood, leading to $1 billion in losses. In June 2013, excess precipitation



caused unprecedented flooding in the Bow and Elbow rivers, with an estimated cost of $6
billion (Eccles et al., 2017). Thus, there is an increasing need to improve precision in flood

estimation for Canada.

Although floods are an inevitable natural hazard, proper mitigation can reduce their
impact on people and society. A solid understanding of flood frequency is essential for
design and risk assessment of flood mitigation measures. Flood quantile estimation is
the most critical step for many flood mitigation measures (Zaman et al., 2012). Flood
frequency analysis (FFA) has been widely used and proven to be an effective tool to obtain
design flood quantiles in infrastructure design. Flood frequency analysis is a statistical tool
that estimates flood quantiles by using statistical distributions fitted to historical records.
At-site FFA is the most direct method of estimating floods; however, a long flood record is
required. For instance, to estimate a 100-year flood, which is the common design criteria
for highway bridges, the recommended record length from the hydrometric station is 200
years (FEH 1999). However, in Canada, only 0.8% of Water Survey of Canada hydrometric
stations have a record length greater than 100 years. A lack of long-term records reduces
the reliability of at-site flood frequency analysis. Instead, regional flood frequency analysis
(RFFA) is a powerful method for short-record sites. The RFFA method takes advantage
of information from statistically similar sites. In other words, the RFFA method trades

space for time (Hosking & Wallis, 1997).

Many countries have conducted nation wide research on improving and standardizing
flood frequency analysis. Some have standardized their flood estimation manual, such
as Guidelines for Determining Flood Flow Frequency Bulletin 17C in the United States
(IACWD, 2018), Flood Estimation Handbook Volume 3 (FEH, 2008) in the UK and Peak
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Discharge Estimation Book 3 in Australia (ARR Australia, 2015). All three handbooks use
RFFA analysis as a method to obtain flood quantiles. In Canada, there is no national flood
estimation guideline. Each province uses its preferred procedure with little cross-validation
between provinces since flood management is traditionally conducted at the provincial level.
To address these issues, the Natural Science and Engineering Council of Canada (NSERC)
funded the FloodNet Strategic Network. FloodNet is a nation-wide multi-disciplinary
research network focused on improving the resilience of Canadian society to floods. The
network consists of 13 Canadian universities, multiple federal and provincial agencies
and industrial partners (FloodNet, 2019). The research presented in this thesis is under
FloodNet theme 1 Flood regimes in Canada: Learning from the past and preparing for
the future. The product of theme 1 will be software designed for Canadian hydrological
conditions and watersheds and a flood estimation manual for Canada. These products will
be valuable assets for industrial partners and government organizations in managing and

mitigating the impact of floods.

1.2 Study Background

This research assesses the performance of the currently developed RFFA frameworks for
Canada from NSERC FloodNet project 1-1. Then, this study explores sites where the
current RFFA frameworks perform worse than the at-site flood frequency analysis. Ultimately,

this research offers recommendations to improve the RFFA frameworks for Canada.

Two RFFA frameworks for Canada were developed: (1) the annual maximum (AMAX)

RFFA (Mostofi Zadeh & Burn, 2019) and (2) the peaks-over-threshold (POT) RFFA
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(Mostofi Zadeh et al., 2019). The major difference between the AMAX RFFA framework
and the POT RFFA framework is the input data. The AMAX RFFA estimates the flood
quantile by using the annual maximum flood from the gauging record. The POT RFFA
uses flood time series constructed by choosing floods above a certain site-specific threshold
value (Mostofi Zadeh & Burn, 2019; Mostofi Zadeh et al., 2019). The key ideas for both
frameworks are similar: to identify and group statistically similar hydrometric stations
into a pooling group or region. If all the hydrometric stations within the pooling group are
statistically similar, that pooling group is homogeneous. Then, a statistical distribution
is selected for the pooling group through a goodness-of-fit test. Last, the flood quantile is

estimated through the selected distribution.

In this research, the AMAX RFFA framework was compared with the most widely used
at-site FFA model for 1114 Canadian catchments. The width of the confidence interval
for the flood quantile was used as the performance measure for identifying the superior
framework. Any site for which the at-site FFA performs better than the AMAX RFFA
framework is named a problematic site. Different factors were explored to find effective
quantitative measures to identify problematic sites. The first factor is the flood-related
attributes of average basin slope and the lake attenuation effect. The second factor is the
effect of the outlier site within the pooling group and heterogeneous pooling group, and

the third is the effect of L-moment ratios for the flow series.

Finally, an alternative RFFA framework is proposed for the Rocky Mountain region
(POT-Rocky RFFA framework). The previous study identified the Rocky Mountain region
as a problematic region for both RFFA frameworks for Canada. The performance of the

POT-Rocky RFFA framework was compared with both the AMAX RFFA framework and
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the POT RFFA framework for long-record hydrometric stations within the Rocky Mountain
region. This alternative framework improves the currently developed frameworks for the

Rocky Mountain region.

1.3 Research Objectives and Scope
The overarching goal for this research is to assess and improve RFFA frameworks for
Canada. Three objectives were defined to accomplish this goal:

— Assess currently developed RFFA frameworks to find quantitative measures to identify

problematic sites

— Compare the performance of the AMAX RFFA framework and the POT RFFA

framework for long-record sites and identify ways to select between the two frameworks

— Formulate recommendations to improve currently developed RFFA frameworks for

Canada

1.4 Organization of the Thesis

This thesis is organized into five chapters.

Chapter 1 gives an overview of the topic, including research motivation, a broad

introduction to the study background, and specific research objectives.



Chapter 2 is the literature review relevant to the thesis objectives. This chapter
discusses the existing research for two flood frequency analysis techniques, at-site FFA
and RFFA, and introduces two RFFA frameworks for Canada; the AMAX RFFA and the
POT RFFA.

Chapter 3 describes the methodology used in this research, including factors that can
be used to identify problematic sites. The chapter discusses the comparison between the
two developed RFFA frameworks for Canada and an alternative RFFA framework for the

Rocky Mountain region.

Chapter 4 presents the results of the research. This chapter lists quantitative measures
for selection among frameworks and the performance of the alternative RFFA framework

for the Rocky Mountain region.

Chapter 5 presents the summary and conclusions of this thesis and recommendations

for the flood estimation manual for Canada.



Chapter 2

Literature Review

This chapter introduces different flood frequency analysis techniques that are related to
this thesis. The flood frequency techniques introduced in this chapter include: 1) The most
widely used at-site flood frequency analysis with annual maximum flow series (at-site FFA);
2) Two techniques extending the information for flow series, paleoflood hydrology, which
extends the record period by using indicators left by major floods that occurred prior to the
systematic gauging period, and the peaks-over-threshold (POT) method, which extracts
multiple flood events from one year; and 3) A general framework for regional flood frequency
analysis (RFFA), and 2 RFFA frameworks designed specifically for Canadian catchments,
the annual maximum regional flood frequency analysis (AMAX RFFA) framework for
Canada and the peaks-over-threshold regional flood frequency analysis (POT RFFA) framework

for Canada.



2.1 Flood Frequency Analysis

Flood magnitudes for a design flood can be obtained through physically based hydrologic
models or a statistically-based model. Since flood generation mechanisms are complex
and drainage basin specific, the uncertainty associated with physically-based models is
magnified by the number of processes in the model. Therefore the statistical model,
flood frequency analysis, is widely used in industry. Hosking and Wallis (1997) stated
“Frequency analysis is the estimation of how often a specified event will occur.” In
hydrology applications, this method is known as flood frequency analysis. Flood frequency
analysis uses the fitted distribution from historical data to estimate the magnitude and
occurrence of floods in the future, relating return periods to an associated flood by magnitude

using

P(Q>Qr) = % (2.1)
F(Qr)=1- % (2.2)

where T is the return period in years, P, is the exceedance probability for a given discharge
Qr, and F(Qr) is the cumulative distribution function (CDF) for the fitted statistical
distribution. Equations (2.1) and (2.2) are the two governing equations for flood frequency
analysis (FEH, 1999). The magnitude of design flood (Qr) is often the objective for flood

frequency analysis. Two types of flood frequency analysis are used in the field, at-site flood



frequency analysis and regional flood frequency analysis. Both methods are used in this

research and explained in the following subsections.

2.1.1 At Site Flood Frequency Analysis

At-site flood frequency analysis uses data from a single hydrometric station. This approach
is well established and easy to apply, therefore it is widely accepted in industry. In at-site
flood frequency analysis, the historical flood record is used to calculate parameters for
a statistical distribution. This process is also known as fitting a distribution to the
flood data. The statistical distribution is selected based on either goodness of fit test
or recommended by regulators for a given jurisdiction. Various goodness of fit techniques
have been recommended in different flood frequency analysis manuals, such as the plotting
position method recommended in the United States (England, 2019) and Bayesian calibration
and L-moments used in Australia (Micevski & Kuczera, 2009). The fitted distribution is
used to extrapolate flood quantiles for the desired return period. Flood frequency analysis
is a statistical tool and the flood record for a hydrometric station is considered to be a
sample from the true flood population. Therefore the larger the sample is the more reliable
the estimated quantiles are. To obtain reliable estimates of flood quantiles, a long flood
record at the target site is required. A general guideline for the required record length is
that for estimating a flood with a return period of T years, the record length at the target
site should be between T and 2T years (FEH, 2008). More details for at-site frequency
analysis can be found in England (2019), FEH (2008), Geoscience Australia et al. (2016)
and Cunnane (1989).



In reality, however, the flood record from a single site is usually shorter than the return
period required for designing infrastructure. For example, design criteria for highway
bridges in Ontario is 50-year flood or 100-year flood for freeway bridges (MTO, 1979)
and 100-year flood or 200-year flood for bridges in British Columbia (BC Mol T, 2016).
However, as stated in the last chapter, only 0.8 % of Water Survey of Canada hydrometric
stations have flood a record over 100 years. In this situation, two approaches can be used
to improve the accuracy of flood frequency analysis, flood record extension and regional

flood frequency analysis. Both methods will be discussed in the following sections.

2.1.2 Flood Record Extension

Flood record extension for a single site can be achieved by use of a partial duration
series or by paleoflood hydrology. The method using partial duration series is known
as peaks-over-threshold (POT). Unlike the annual maximum method that only uses the
highest annual discharge event, the POT model can include multiple flood events from the
same year, thus increasing the available information. Paleoflood hydrology uses evidence of
high flood stages from prior to the systematic gauging record in the process of estimating

flood frequencies.

2.1.2.1 Paleoflood Hydrology

Paleoflood hydrology studies floods before human record, by geologic and physical evidence
left on the flood plain (Baker, 1986). Paleoflood data have two types, paleostage indicators,

and nonexceedance bound information. Paleostage indicators are used to determine the
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magnitude and nonexceedance bound is for determining the return period (Benito &

Thorndycraft, 2005). Most common paleostage indicators are shown in Figure 2.1.

Figure 2.1: Diagram of a section showing typical paleoflood features used as paleostage
indicators (from Jarrett & England, 2002).

The United States Geological Survey (2019) recommends “Paleoflood information should
be obtained and documented whenever possible, particularly where the systematic record
is relatively short and (or) the annual exceedance probability of interest is less than 0.01.”
Paleoflood information is used to construct the flow interval for pre-record years and is
used in fitting a distribution to the flood data. The Expected Moments Algorithm (EMA)
combines information from the record period, historical flood information and paleoflood
and botanical information to estimate parameters for the distribution. In this approach
floods from the historical period and years before present (paleoflood) are represented
by flow interval (Qy jower, QY,upper); Where Qy jower and Qy upper are based on observations,

written records and physical evidence. By adding information from paleofloods, a better fit
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of the probability curve can be achieved, especially for high return period floods. Although
information from paleofloods is valuable for large floods, it requires extensive research and
geographic survey on major catchments. However, this is difficult to achieve in Canada
under current circumstances. Therefore the POT model, which extracts more information

from the gauging record, is more applicable for Canada.

2.1.2.2 Peaks-Over-Threshold Model

The POT method has been used in a number of studies (Langbein, 1949; Cunnane, 1973
& Lang et al., 1999). The POT model identifies events above a prescribed threshold value
to create flood sequences for frequency analysis. The two most important aspects of the
POT model are: 1) Identification of an appropriate flood threshold; and 2) Identification
of independent exceedances of the threshold that do not correspond to the same event
(Madsen et al., 1997b). Both aspects are illustrated in Figure 2.2 where S is the identified
threshold level and 6 should be long enough to prevent overlapping of hydrographs for
floods X; and X5. In practice, however, the POT model is not widely used, since the
selection of the threshold level is difficult to automate and hard to standardize (Mostofi

Zadeh et al, 2019).
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Y
-

episode n°l1 n°2

Figure 2.2: Inter-flood duration criteria. (from Lang et al, 1999).

Several methods have been proposed in the literature to verify the hypothesis of independent
flood peaks. The Water Resource Council (USWRC, 1976) stated that successive floods
should be separated by a number of days equal to five plus the natural logarithm of the
basin area in square miles. This is in addition to the requirement that the intermediate
flows between two consecutive peaks must drop below 75% of the lowest of these two flood
events. Cunnane (1979) suggested two other criteria: 1) The gap between two selected
peaks should be greater than 3T}, where T, is the average time to peak from the first five
clean hydrographs; 2) The intermediate flows between two consecutive peaks must drop
below 66.7% of the earlier of these two flood events. Miquel (1984) proposed to test the lag
1 and lag 2 autocorrelation coefficients of peak values. If the autocorrelation coefficients

are below a given significance level, the selected peaks are considered to be independent.
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Lang et al. (1999) summarized several approaches and tests for appropriate threshold
selection. Many researchers proposed to use a fixed number of peaks-per-year as the basis
for determining the threshold level, where the number of peaks-per-year is specific to
a climatic or geographic region (Taesombut & Yevjevich, 1978; Konecny & Nachtnebel,
1985; FEH, 1999; Bacova-Mitkova & Onderka, 2010; Bezak et al, 2014). Gottschalk and
Krasovskaia (2002) suggested a threshold level equal to the flow that is three standard
deviations larger than mean daily flow. Thresholds have also been defined as a quantile for
significant floods, such as 50-year flood or 100-year flood. The quantile is estimated using
the distribution fit to the daily flow series (Solari et al, 2012). Davison and Smith (1990)
recommended using the threshold such that the mean-exceedance above the threshold is
a linear function of threshold level. Ashkar and Rousselle (1987) proposed the use of the
adequacy of the Poisson Process as an indicator to select the threshold. The threshold
selected should have a dispersion index within the 95% confidence limit for the Poisson
Process. The threshold can also be determined by a graphical method that combines the
tests introduced above. Plots used in the graphical method are: (1) The mean residual
life plot, which is a plot of the mean flood exceedances versus a range of threshold values;
(2) Plots of scale and shape parameters of the Generalized Pareto distribution versus the
threshold level; and (3) A dispersion index plot (Lang et al. 1999; Coles 2001; Burn et
al., 2016). The threshold is selected based on all plots implying that human inspection is

required in the graphical method (Burn et al., 2016).

Durocher et al. (2018) developed an automated threshold selection method. This
approach is particularly useful when a threshold must be selected for a large number of

sites for which manual threshold selection by the graphical method is tedious. In the
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automated threshold selection method, the declustering method introduced by Lang et al.
(1999) is used to ensure no significant auto-correlation for extracted flows. The automated
POT selection method assumes that exceedances above a well-chosen threshold follow
the Generalized Pareto distribution with a constant shape parameter (Durocher et al.,
2018). The p-value of the Anderson-Darling (AD) goodness of fit test is evaluated for a
large range of threshold values ordered from lowest to highest. The first threshold with a
p-value passing a critical p-value (0.25) is selected as the first candidate. This test statistic
ensures that the extracted peaks follow a Poisson Process. To avoid the selection of a
low threshold that violates the independence assumption, a second candidate threshold
is introduced. The second candidate threshold is selected based on a fixed number of
exceedances per year. The final threshold is selected from the two candidate thresholds.
For a site where the flood quantile estimate from the first candidate is consistent with the
second candidate, the first candidate is accepted as the final threshold. Otherwise, the

higher threshold from the first and second candidate is selected as the final threshold.

2.1.3 Regional Flood Frequency Analysis

Another well known method for dealing with short data records is regional flood frequency
analysis. The most commonly used regional flood frequency analysis model is the index
flood procedure proposed by Dalrymple (1960). In the index flood method, the quantile
for the site of interest can be calculated as the product of the index flood and the regional

growth curve (Hosking & Waills, 1997):
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Qi(F) = piq(F) (2.3)

where Q;(F) is the flood quantile for the i! site, p; is the index flood, and q(F) is the
regional growth curve. The most commonly used index flood is the mean value from the
flow sequence. The regional growth curve is a dimensionless function that can be applied

for every site within a pooling group, or region.

Screening of data is the first step for any statistical data analysis. For frequency
analysis, the sample used in the analysis must represent the true population and have been
drawn from the same distribution (Hosking & Wallis, 1997). Tests for outliers and trends
in the data are well established in the literature (e.g, Barnett & Lewis, 1994; Kendall,
1975), such as the Mann-Kendall trend test and the quantile-quantile plot. Hosking and
Wallis (1997) suggested using a discordancy measure to identify outliers. The discordancy
measure evaluates differences between the L-moment ratios for a site and the average
L-moment ratio for the pooling group. The discordancy measure (D;) is used to identify

outliers within the pooling group, and is defined as (Hosking & Wallis, 1997):

w; = [t® ) 17 (2.4)

u=N""! i u; (2.5)
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A= Z(u —a)(u; —a)" (2.6)

D - %N(ui — )T A (- 1) (2.7)

where u; is a vector containing the L-moment ratios for site i, @ is a vector of the unweighted
group average L-moment ratios, and D; measures the dispersion of L-moment ratios for
site 1 with respect to its group. If the D; the value for a site exceeds the critical value, that
site is considered an outlier site. The critical value for the discordancy measure depends

on the number of sites within the group and is defined as follows:

LN <15

Di_critical = (2.8)

3 ifN>15
A popular method of estimating the parameters of a statistical distribution in regional
flood frequency analysis is the method of L-moments. L-Moments are an alternative system
describing the shape of a distribution, where L stands for linear combinations of probability
weighted moments (PWMs). This method was developed by Grenwood et al (1979) and
modified by Hosking and Wallis (1997); L-moments can be calculated from PWMs as

follows:

b=t (" ) oy e 2.9
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lg - 2b1 - b(] (211)
I3 = 6by — 6by + by (2.12)
Iy = 20b3 — 30by + 12b; — by (2.13)

where x;., is the vector of ordered sample values, n is the sample length, b, are PWMs and

l; to 1y are called L-moments. L-moment ratios are defined as follows:

Mean = [, (2.14)
L—CV:% (2.15)
L — Skewness = % (2.16)
L — Kurtosis = ;—;" (2.17)

Similarly to conventional moments, the method of L-Moments can be used to estimate
parameters of a distribution by equating sample L-moments to the theoretical L-moments

for a particular distribution (Hosking & Wallis, 1997).

The next step of regional frequency analysis is forming the pooling group. In regional
flood frequency analysis, pooling groups are sets of hydrometric stations that are considered
to be similar. Within a homogeneous pooling group, all individual hydrometric stations

share the same distribution (Hosking & Wallis, 1997; Burn, 1997). Two popular approaches
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for forming pooling groups are: 1) Forming a fixed pooling group based on flood-related
attributes through cluster analysis; and 2) Forming a region for a specific site through
the Region of Influence method. Cluster analysis is a well developed multivariate analysis
for dividing a dataset into groups. The K-means algorithm is the most frequently used
clustering method in practice (Burn, 1989, Chang et al., 2008; Dikbas et al., 2013). Hosking
and Wallis (1997) advocate cluster analysis of site characteristics as the most practical
method of forming regions from a large data set. The Region of Influence (ROI) method
allows forming a unique pooling group for each station (Burn, 1990). A pooling group
is formed by evaluating a similarity measure with respect to the target site. The ROI
approach, and its modifications, have been extensively applied as a regionalization approach
in flood frequency analysis (e.g. Zrinji and Burn, 1994; Burn, 1990; 1997; Castellarin et
al., 2001; Grover et al., 2002; Merz and Bloschl, 2005; Faulkner et al, 2016; Burn et al.,
2016).

The step following pooling group formation is assessing regional homogeneity. This is a
critical step in regional flood frequency analysis. While many homogeneity tests have been
proposed in the literature, the Hosking and Wallis (1997) heterogeneity measures are now
commonly used by hydrologists (Castellarin et al., 2008). The Hosking and Wallis (1997)
heterogeneity measures compare the dispersion of L-moment ratios for the pooling group
with the expected dispersion, obtained from Monte-Carlo simulation. Three dispersion

measures for L-moments are proposed by Hosking and Wallis (1997).
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— Dispersion Measure for L-CV

V- \/ Zﬁl(gﬁi‘”( T (2.18)

— Dispersion Measure for both L-CV and L-skewness

N i i R )
Nty (19 = ()2 + (17 = 7))

Vo= (2.19)
— Dispersion Measure for both L-skewness and L- kurtosis
N (4) (R)y2 () ()1210.5
; ((ty” — 1t t, —1
‘/3 — Zz:l(n (( 3 3 ) + ( 4 4 ) ) ) (220)

where t®, t3® and t4® are the regional average L-CV, L-skewness, and L-kurtosis, respectively;
ti, t3' and t,' and n; are the values for L-CV, L-skewness, L-kurtosis, and the sample size
for site i respectively; and N is the number of sites in the pooling group. The heterogeneity

measure, Hy is then calculated as:

V=,
O'Vk

H, (2.21)

where py, and oy, are the expected mean and standard deviation for the corresponding
dispersion measure Vi. These two values are calculated through the Monte-Carlo simulation.
Hosking and Wallis (1997) suggested that a group of sites may be regarded as acceptably
homogeneous if Hy is less than 1, possibly heterogeneous if Hy is between 1 and 2, and

definitely heterogeneous if Hy is greater than 2. It has been observed (Hosking & Wallis,
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1993) that higher-order L-moments tend to be more homogenous in space than the lower-order
ones. Therefore heterogeneity measure by using L-CV ratio is the most widely used

heterogeneity measure.

Based on the results of the homogeneity test, revision of the pooling group may be
required. Burn and Goel (2000) discussed several characteristics that regions should possess
to ensure effective information transfer and therefore the efficient estimation of extreme
flow quantiles. 1) Homogeneity of the pooling group. 2) The proper size of the pooling
group. FEH (1999) suggests a pooling group should contain 5T station-years of data to
estimate a flood event with a return period of T. If the initially constructed region is
unacceptably heterogeneous or lacks a sufficient amount of station-years of data, revision
to the region is needed. The goal of revising regions is to create homogeneous groups by
moving catchments to a new region (usually based on the discordancy statistic), removing a
catchment from a region and not reassigning it, merging or splitting regions, or replicating

regions (Burn & Goel, 2000).

The next step in regional flood frequency analysis is to select the proper statistical
distribution for the final pooling group. The best fit distribution is selected using a
goodness-of-fit test (Hosking & Wallis, 1997). Some available approaches for the goodness-of-fit
test are quantile-quantile plots, chi-squared test, Kolmogorov-Smirnov test, Cramer von
Mises test, Anderson-Darling test, and tests based on moments or L-moments (Hosking &
Wallis, 1997; Liao 2004). After the development of the L-moments technique in the 1990s
(Hosking 1990; Hosking & Wallis, 1993, 1997), the method of L-moments became popular
in flood frequency analysis. For the method of L-Moments, the quality of fit is assessed
by:
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TR — rfist 4 B,

04

A (2.22)

where Z9! is the goodness of fit measure; 7,% is the regional L-kurtosis; 744" is the
theoretical L-kurtosis for the selected distribution; By is the bias correction term and o4 is
the standard deviation for the 74%. B4 and o4 are computed from pooling groups having
the same number of sites and same record lengths where pooling groups are generated by
Monte-Carlo Simulation. The fit is declared to be adequate if Z9* is sufficiently close to
zero, a reasonable criterion being |Z95| less than 1.64 while the lowest magnitude Z4 is

indicative of the distribution having the best fit to the data (Hosking & Wallis, 1997).

The final step in regional flood frequency analysis is to estimate parameters for the fitted
statistical distribution. Some well-developed methods for estimating statistical parameters
are the method of moments, the method of L-moments, and maximum likelihood. The
method of moments involves equating the sample statistical moments to the distribution
moments (Hosking & Wallis, 1997). Similar to the method of moments, the method
of L-moments matches sample L-moments to population L-moments. The key idea for
the maximum likelihood (MLE) is to estimate the parameter values that maximize the
likelihood function, where the likelihood function is the joint probability distribution of the
random sample of given observations (Haddad & Rahman, 2010). The MLE can produce
unbiased solutions with high efficiency; however it often requires numerical computation
and non-linear optimization. Since the available data records for flood frequency analysis
are typically short, the method of L-moments can achieve similar performance to the MLE

with less computation and is thus a popular method in regional flood frequency analysis.
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2.2 Proposed Flood Frequency Analysis Framework

for Canada

This research is based on a flood frequency analysis framework for Canada developed by
(Mostofi Zadeh & Burn, 2019) and (Mostofi Zadeh et al., 2019). This section introduces two
regional flood frequency analysis frameworks for Canada; a regional annual maximum flood
frequency analysis (AMAX RFFA) and a regional peaks-over-threshold flood frequency
analysis (POT RFFA). Both frameworks have the following components: screening of
data; formation of pooling groups; assessment and revision of pooling groups; estimation

of the regional growth curve.

2.2.1 Regional Annual Maximum Flood Frequency Analysis Framework

for Canada

2.2.1.1 Data Preparation and Screening

Data used for the annual maximum flood frequency analysis (AMAX RFFA) framework
are annual maximum flow series from Water Survey of Canada hydrometric stations. The
data used in flood frequency analysis must initially be screened to ensure they satisfy
the independent identically distributed (IID) assumption for the analysis. Two tests
were selected for data screening, temporal trend analysis and change-point-analysis. The
Mann-Kendall nonparametric trend test is commonly used in trend analysis for hydrometric

data and is based on calculating at test statistic S, through:
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S = Z Z sign(z; — x;) (2.23)

=1 j=i+1
(
+1 if60>0
sign(©) =<0  ifh=0 (2.24)
-1 if8<0
\

where S is the Mann-Kendall test statistic, n is the sample length and x;j, x; are values
from the flow series (Kendall, 1975). Significant serial correlation in a data series can
impair the robustness of trend detection (Wang et al., 2015) given the assumption of serial
independence of data by the Mann-Kendall test (Onéz & Bayazit, 2012). To overcome the
effect of serial correlation, the block bootstrap sampling (BBS) technique is applied. The
procedure for BBS Mann-Kandell trend test is summarized as follows (Khaliq et al., 2009):
First, apply the Mann-Kendall trend test to the original flow series. Second, determine the
number of significant serial correlations k. Third, resample the original data in blocks with
size of k + 1 and estimate the Mann-Kendall test statistic for each simulation. Fourth,
construct the distribution of Mann-Kendall test statistic based on the simulation results.
Fifth, compare the Mann-kendall trend test statistics from the original flow series to the
distribution from step four. The trend in the original flow series is significant if the original

Mann-Kendall trend test statistics is located in the tail of the simulated distribution.

Shifts in a data series also affect the power of the Mann-Kendall test (OBrien & Burn,
2014). Change-point analysis is used to detect abrupt changes in the moments of the data.

Tan and Gan (2015) indicated that the Pettitt test is the best option among other tests.
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The nonparametric rank-based Pettitt test is given by (Pettitt, 1979):

n—1 n
Kr = maz| Z Z sign(x; — ;)| (2.25)

i=1 j=it+1

where Kt is the change-point for the given flow series; the change-point is detected by
using the 5% significant level. If a change-point is detected in the flow series, the series is
first divided into two subseries (before and after change-point) and then trend analysis is
performed on the subseries. In the AMAX RFFA framework, both trend and change-point

analyses are performed in which the former is done after the latter.

2.2.1.2 Forming the Pooling Group

2.2.1.2.1 Super-Region Approach 1114 hydrometric stations were selected after
data screening. The selected stations are located across Canada. Due to the high variability
of physiographic and climate characteristics across the country, Mostofi Zadeh and Burn
(2019) proposed a hierarchical process of creating super-regions from cluster analysis. The
watershed mean annual precipitation and drainage area are used as attributes in the cluster
analysis. Figure 2.3 shows the 6 super-regions derived from cluster analysis. The ROI

approach was used to form station specific pooling groups within each super-region.
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Figure 2.3: Catchment characteristics of 771 Canadian catchments (from Mostofi Zadeh &
Burn, 2019).

2.2.1.2.2 Region-of-Influence Approach The key idea in the ROI approach is calculating
the similarity measure between a target site and other sites within the super-region containing
the target site. The similarity measure is an essential requirement for the formation of
pooling groups (Burn, 1997). Flood seasonality measures are used to define the similarity
measure. In this analysis, the Julian date of occurrence of peak flow for a flood event i is

converted to an angular value using (Burn, 1997):
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2
0; = (Julian Date); . 2.26
(Julian Date) length for given year ( )

where 6; is the angular representation for flood event i. January 1% is day 1 and December
31% is day 365 (or 366 in a leap year). The average Julian day for a flood sequence with n

events can be calculated as:

3

T = 1 cos(6;) (2.27)
n =1

1l

gy=—» sin(6;) (2.28)
n

=1

The mean event date (MD) represents the average occurrence of floods for given site.

It can be defined as:

length of the year
2m

MD = arctan(%)( ) (2.29)

=7+ y? (2.30)

where T is dimensionless and ranges from zero to one. A value close to one represents

perfect regularity and a value close to zero represents low regularity.

Seasonality characteristics of the flood regime can be calculated by Equations (2.29)
and (2.30). A nival flood regime usually has high regularity and a pluvial flood regime

usually has lower regularity.
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Chen et al. (2013) proposed a modified flood seasonality measure including the magnitude

of each flood. Details for this approach are described as follows:

T M (2.31)

Z:'L:l 4

" gisin(b;
o Ziyasin(8) 032

Z?:1 qi

where q; is the magnitude for flood event i.

2.2.1.2.3 Forming the Initial Pooling Group The similarity measure between catchments
can be obtained through numerical values measuring the difference for certain attributes
affecting floods. In the literature, distance metrics have been used to form hydrological
neighborhoods (e.g. Castellarin et al. 2001; Lance & Williams 1966; Tasker 1982; Mostofi
Zadeh & Burn, 2019). The similarity measure used in this framework is the Euclidian
distance between catchments for certain basin characteristics (Mostofi Zadeh & Burn,

2019) and can be calculated as:

Dij = | Y _(a, — ath)? (2.33)

m=1
where Dj; is the distance between site i and j, x,,' are the flood attributes and M is
the number of attributes. A smaller value of Dj; represents a higher similarity. Different
combination of flood seasonality measures were tested, including X and y; MD and T; X and

¥; MD' and T. The seasonality measure based on MD and 7 was recommended (Mostofi
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Zadeh & Burn, 2019). Hosking and Wallis (1997) found that no substantial benefit is
gained when forming regions with more than 20-25 sites. Therefore, the first 24 sites with
the highest similarity with respect to the target site were combined with the target site to

form the initial pooling group.

2.2.1.3 Assessing and Revising of the Pooling Group

This analysis uses the most common approach for testing regional homogeneity developed
by Hosking and Wallis (1997) and described in Section 2.1.3. A modified homogeneity
measure that takes into account cross-correlation between sites within the pooling group
is used in the annual maximum regional flood frequency analysis framework (Castellarin

et al., 2008). The modified homogeneity statistics is calculated as:

Hygq = Hi + Cp2(R—1) (2.34)

where H; ,q; is the adjusted value for the homogeneity measure, H; is the homogeneity
measure introduced by Hosking and Wallis (1997), C is an empirical corrector with a value
of 0.122, p? is the averaged correlation of concurrent flows and R is the number of sites

within the pooling group.

If the adjusted homogeneity measure passes the criteria of homogeneity stated in section
2.1.3, then the initial constructed pooling group is considered as the final pooling group.
Otherwise, a revision process is required. In the revision process, the site having the highest
effect on the modified homogeneity statistics is removed one site at time until the pooling

group is homogeneous.

29



2.2.1.4 Estimating the Regional Growth Curve

The sample L-moment ratios of annual maximum flow series from N sites in the pooling
group are used to derive the regional growth curve. The frequency curve for each site
within the pooling group is derived from the regional growth curve by the index flood

method, described in section 2.1.3.

Regional L-moment ratios are calculated by taking the weighted average of L-moment
ratios for all individual sites in the pooling group. Detailed information on L-moment
ratios and how to calculate them are discussed in Section 2.1.3. The regional L.-Moment

ratios are defined as:

_ Tl (2.35)

where i represents each individual site within the pooling group, w; is the weighted coefficient
for the i*" site, t® represents L-moment ratios for the i site. The weight coefficient uses
both the station record length and the site similarity with the target site and is given as

(FEH, 1999; Burn, 2003)

where n; is record length for site i and s; is the similarity rank for site i. The similarity
rank comes from the similarity measure in the pooling group forming process decribed in

Section 2.2.1.2.3.

The six distributions selected as candidates for fitting are Generalized extreme value

distribution (GEV), Generalized normal distribution (GNO), Generalized logistics distribution
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(GLO), Pearson type III distribution (PE3), Generalized Pareto distribution (GPA) and
Wakeby distribution (WKB). The fit of different distributions and their suitability as
candidates can be evaluated by the goodness-of-fit statistic described in Section 2.1.3.

The L-moment ratio diagram is used as a graphic tool to inspect the goodness-of-fit.

Once a distribution is identified for the final pooling group, parameters for the fitted
distribution are estimated by the method of L-moments. Details for sample L-moments

are discussed in Section 2.1.3.

2.2.1.5 Uncertainty Analysis

The selected measure of uncertainty for the proposed annual maximum regional flood
frequency analysis framework is the width of the confidence interval (CI) for the estimated
quantile. The method used for computing confidence intervals was developed by Hosking
and Wallis (1997). In this approach, the confidence interval is estimated through Monte-Carlo
simulation where the realization of the final pooling group is generated using L-moments
and the fitted distribution from the final pooling group. For sites without a long data
record, the width of the confidence interval provided valuable information about the

performance of the regional framework.
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2.2.2 Regional Peaks-Over-Threshold Flood Frequency Analysis

Framework for Canada

2.2.2.1 Data Preparation and Screening

Data used for the peaks-over-threshold (POT) flood frequency analysis framework are
daily flow records from Water Survey of Canada hydrometric stations. Determining the
appropriate threshold value is the initial step in POT flood frequency analysis. As described
in Section 2.1.2.2, the POT series should have the following characteristics: 1) No significant
auto-correlation within POT series; and 2) POT series should follow the Poisson Process.
The automated threshold selection method introduced in Section 2.1.2.2 is used in the

POT RFFA framework to generate POT flow series.

The POT series is extracted based on the selected threshold. The diagnostic checks
used in the annual maximum flood frequency analysis framework are also applied to ensure

the independent identically distributed assumption. This is described in section 2.2.1.1.

2.2.2.2 Forming the Pooling Group

The procedure for region forming is exactly the same as for the annual maximum flood

frequency analysis framework. It is described in section 2.2.1.2.
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2.2.2.3 Assessing and Revising the Pooling Group

The procedure for assessing the pooling group is mostly the same as for the annual
maximum flood frequency analysis framework, except that cross-correlation is not considered
within the pooling group. The basic assumption for cross-correlation between different
sequences is that all sequences share a common time interval. This assumption is hard
to fulfill for POT series within the pooling group. Therefore the homogeneity test used
in POT regional flood frequency analysis is the Hosking and Wallis (1997) homogeneity
measure described in section 2.1.3. The revision process for the pooling group is the same

as the annual maximum flood frequency analysis framework, introduced in section 2.2.1.3.

2.2.2.4 Estimating the Regional Growth Curve

Unlike the annual maximum flood frequency analysis framework introduced in section
2.2.1.4, only one distribution, the Generalized Pareto distribution, is selected for distribution
fitting. Following the procedure described in section 2.2.2.1, extracted POT series follow
the Poisson Process, which can be described with the following probability function:

P(Ny=n) = %ewp(—)\t) (2.37)

where A equals the expected number of exceedances per year. The exceedance magnitudes,
which are the difference between flow magnitudes and the selected threshold, are assumed
to be independent and identically distributed following the Generalized Pareto distribution.

The cumulative distribution function of Generalized Pareto distribution with the scale and
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shape parameter, a and k respectively are:

F(z) =1—exp(—%) if k=0
(2.38)

Fl)=1—(1—#x2%)x ifrn#0
when x=0, the Generalized Pareto distribution is reduced to the exponential distribution.
The range of x is (0 < x < o0) for negative shape parameters. For positive shape
parameters, an upper limit (0 < 2 < %) exists. The T-year event, xr, is defined as

the (1 —1/AT) quantile in the distribution of exceedances. The flow magnitude xr can be

obtained by following equation:

xr = F7Y(1 - 1/\T) = aln(\T) if k=0
(2.39)
zp=F (1 -1/AT)=2(1—-(1/AT)") ifx#0
Scale («) and shape (k) parameters, can be estimated using L-moments.
. ~ 1
a=M(—-1) (2.40)
T2
1
h=——2 (2.41)
T2

where A1, 7 are first and second L-moment ratios, respectively. The method used to obtain
flood quantile is the same as the annual maximum flood frequency analysis framework

described in section 2.2.1.4.
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2.2.2.5 Uncertainty Analysis

The procedure for uncertainty analysis is the same as for the annual maximum flood

frequency analysis framework, described in section 2.2.1.5.
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Chapter 3

Methodology

At-site annual maximum flood frequency analysis remains the most popular method to
estimate design flood magnitudes in Canada due to its simplicity. The two proposed
frameworks are both based on RFFA, using different input data. To create a flood
estimation manual for Canada based on RFFA frameworks, a detailed comparison between
the three frameworks is required. The most widely used method in the industry, at-site
annual maximum flood frequency analysis, is used as a benchmark to assess the regional

flood frequency analysis frameworks.

This methodology chapter consists of three sections. The first section compares at-site
AMAX flood frequency analysis and regional annual maximum flood frequency analysis
for Canada. This section seeks quantitative flood-related measures that can be used to
determine sites where the AMAX RFFA framework is expected to perform worse than the

at-site flood frequency analysis model. The second section compares the AMAX RFFA
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framework with the POT RFFA framework for sites with relatively long record lengths.
The third section proposes an alternative flood frequency analysis framework for the Rocky
Mountain region, a region for which the two regional flood frequency analysis frameworks

do not perform well. The steps of the analysis are detailed in the following sections.

3.1 Assessing Performance of Annual Maximum Flood

Frequency Analysis Framework for Canada

Unlike a physically-based surface water model, which models daily runoff for an entire
water year, validation is missing for statistically-based frequency analysis models. Because
the magnitude of different return period floods are unknown, the typical method to assess
performance for flood frequency analysis models is uncertainty analysis. The method used
in this research compares the width of the confidence intervals for site flood quantiles. The
detailed procedure is described in Section 2.2.1.5. A narrower confidence interval represents
better performance. This assessment is applied for all 1114 Water Survey of Canada
hydrometric stations used for the AMAX RFFA framework for Canada. After identifying
problematic sites, two studies were applied. First, different flood-related attributes were
explored to find quantitative measures used to identify problematic sites. Second, the

relationship between the performance of RFFA and regional L-moment ratios was explored.
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3.1.1 Flood-Related Attributes

Flood-related attributes are critical factors in a region forming process. The key idea in
a region forming process is to group similar sites, and flood-related attributes are used to
calculate catchment similarity measures. Therefore, flood-related attributes are potential
candidates for indicators used to identify problematic sites. In other words, if problematic
sites share a common flood-related attribute, that flood-related attribute can be used
as an indicator to identify problematic sites. Many flood-related attributes have been
recommended by different researchers. Hosking and Wallis (1997) proposed the use of
geographical and physiographic proximity, site elevation, mean annual precipitation, ratio
of minimum average two-month precipitation to maximum average two-month precipitation,
and beginning month of minimum average two-month precipitation and beginning month
of maximum average two-month precipitation in a region forming process. Burn (1997)
defined the flood seasonality measure for the site similarity measure. Faulkner et al. (2016)
recommend using catchment area and lake attenuation factors as two variables to estimate
design flood. Three flood-related attributes considered in this study are (1) geographic

proximity, (2) basin elevation and average slope, and (3) lake attenuation.

3.1.1.1 Geographic Proximity

For geographic proximity, catchments closer to each other generally share similar hydrological
and physiographical characteristics. Therefore, catchments with close geographical proximity
are more likely to share the same flood regime. In this study, geographical proximity

was estimated by calculating the distance between catchment centroids within the final
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pooling group. In addition, the Canadian ecoregions were used in the analysis. Ecoregions
were developed based on macro-features of climate and vegetation (Bailey, 2005). In the
developed RFFA framework, each individual station will have its own pooling group.
Therefore, the site of interest for each pooling group will have the highest importance.
The geographical proximity analysis for pooling group was conducted using ArcGIS and

the following steps:
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Figure 3.1: Canadian Ecoregions

— Calculate geographic distance between the site of interest and any other sites within

the pooling group
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— Apply penalty for sites located outside the ecoregion for the site of interest; the
general rule is light penalty for neighboring ecoregions and heavy penalty for nonadjacent

ecoregions

— Estimate average weighted geographic distance for the pooling group

3.1.1.2 Basin Elevation and Average Slope

The data source used to extract basin elevation was the archived Canadian Digital Elevation
Model (CDEM) with 1.5 arc-second resolution. Basin elevation was estimated as the
elevation at the centroid of the catchment. Basin slope is the average slope for the main
reach from the headwater to the hydrometric station. The procedure to obtain basin

elevation and basin slope is listed as follows:

Identify site of interest

Form a large CDEM covering the entire catchment by merging multiple 1.5 arc-second

resolution CDEMs

Delineate watershed for the site of interest and generate flow reach by using ArcGIS

— Validate watershed boundary and simulated reach by overlaying major catchments

and hydro-network map for Canada

— Extrapolate basin elevation and average slope for the main reach
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This analysis was applied to all sites where the pooling group was possibly homogeneous
or definitely heterogeneous. This analysis was not extended to all 1114 sites because of the

significant work required for the full-scale analysis.

3.1.1.3 Lake Attenuation Factor

Lakes and reservoirs within a watershed can significantly affect the flood regime. Lakes act
as storage in the watershed and tend to flatten peaks in a hydrograph. Previous studies
in Canada developed various indices to measure the lake effect on flood peaks. Rollings
(1999) applied the lake attenuation factor, which is an additive index for individual lakes
within the catchment, accounting for the open water area for lakes, the area draining into
each lake and the total watershed area. In this study, a similar measure for total lake effect
was used: flood attenuation by reservoirs and lakes (FARL). This method was originally

developed in the UK Flood Estimation Handbook (FEH, 1999).

As the product of the attenuation index for each lake and reservoir within a watershed,

FARL is defined by equation (3.1):
FARL =[] o (3.1)
i=1

where n is the total number of lakes within the watershed and «; is the attenuation index

for the i lake. The index for an individual lake is calculated as follows:

a=1-+r" (3.2)
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where r is relative lake surface area to its tributary area,

sur face area
. / (3.3)
subcatchment area

and w is the weight coefficient, which reflects the relative importance of the lake within

the watershed (FEH, 1999):
subcatchment area

w = (3.4)

catchment area

Faulkner et al. (2016) conducted a nation-wide study of Canadian catchments to
develop a regression model to estimate floods in Canadian catchments. In their study,
a total of 2469 lakes with a surface area greater than 20 km? were used to calculate FARL.
In the Faulkner et al. study, FARL was useful; however, many Canadian catchments are
not included in their study. Moreover, for small drainage basins, even a small lake can
have a significant lake effect. Therefore, in this study, the FARL index was estimated for
118 Canadian catchments. The global lakes and wetland database, developed by McGill
University, provided the lake surface area. In this study, there was no constraint for
minimum lake surface area. ArcGIS and GreenKenue were used to delineate the watershed
and sub-catchments for each lake. Five lakes with the highest lake effect were used to

compute FARL.

3.1.2 Heterogeneous Pooling Group

The discordancy measure (D) for the target site was computed for all 1114 Water Survey

of Canada stations. The discordancy measure and adjusted Hosking and Wallis (HW)
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homogeneity measure (H,q;) were combined to determine the problematic sites. Moreover,
for final pooling groups, which are not homogeneous, D; was used to identify outliers
within the pooling group. The details of obtaining D; were introduced in Section 2.1.3.
Outlier sites were compared with all the other sites within the pooling group. Moreover,
the discordancy of the site of interest was estimated for all final pooling groups to identify

potential problematic sites. Finally, common characteristics shared by outlier sites were

identified.

3.1.3 L-Skewness and L-Kurtosis

The HW heterogeneity measure is used in both AMAX and POT RFFA frameworks. The
details are described in Section 2.1.3. However, Viglione et al. (2007) found the power
of the HW heterogeneity test drops for high L-skewness pooling groups. Lilienthal et al.
(2017) found regional skewness and the HW homogeneity test rejection rate have a positive
correlation through a simulation study. The above research indicates pooling groups with
a high L-skewness defined as homogeneous through the HW heterogeneity measure may
actually be heterogeneous. This study compares regional skewness and regional kurtosis
with respect to confidence interval ratios. Further, the study explores L-moment ratios for

the target site compared to its pooling group. The following steps were used:

— Compute regional L-moment ratios for all 1114 final pooling groups

— Calculate dispersion of L-moment ratios (number of standard deviations away from

the regional mean) for the target site with respect to its pooling group
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— Plot confidence interval ratio versus L-moment ratios (width of confidence interval
from regional framework and at-site framework) to identify patterns and problematic

sites

3.2 Compare Performance of Peak-Over-Threshold and
Annual Maximum Flood Frequency Analysis Frameworks

for Canada

In the last section, the problematic sites from the AMAX RFFA framework were identified
and different aspects were explored. Theoretically, a properly extracted POT flow series
contains more information than an AMAX series; therefore, the POT framework should
perform better than the AMAX framework. However, for some sites, the AMAX framework
performs better than the POT framework. Thus, the study compared the AMAX and the
POT RFFA frameworks and developed quantitative measures to identify sites where the
POT framework performs better than the AMAX framework. The comparison between the
two frameworks was achieved by checking the following properties. First, the performance
of the automated threshold selection technique described in Section 2.2.2.1. Second, the
average extracted peaks per year for the POT flow series. Third, the spatial distribution

of stations within the pooling group.
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3.2.1 Check Performance of Auto-Threshold Algorithm

The most important step in POT extraction is to determine the flood threshold. The
POT series from a bad threshold value will lead to poor performance. The first step in
comparing the AMAX and POT frameworks is to check the validity of the threshold value
from the POT framework. All individual events within a properly extracted POT flow series
should be independent and follow the Poisson process. The generalized Pareto distribution
was chosen as the distribution for POT extraction. Traditionally, the threshold value
is determined through a series of statistical tests described in Section 2.1.2.2. The POT
framework developed for Canada selects a threshold value based on an automated threshold
selection algorithm, which is covered in Section 2.2.2.1. The automated threshold selection
algorithm is effective for a dataset having many hydrometric stations since no manual
judgment is required. Durocher et al., (2018) compare the outcome from the automatic
threshold selection method with the manually selected threshold for different flow regimes
across Canada. In this study, the comparison between manual and automatic threshold

selection was extended to 261 Water Survey of Canada stations.

The graphic method introduced in Section 2.1.2.2 was used to manually estimate
threshold values. Four plots were used in the graphic method: the mean residual life
plot, plots for shape and scale parameters of the generalized Pareto distribution and the

dispersion index plot. In addition, equation 3.5 was applied to check the assumption that
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all events within the extracted POT are independent (Lang et al. 1999):

O < 5+ log(A)
or (3.5)

where © is the minimum separation in days between any two events, A is the watershed

area in mi? and xp, is the lowest flow value between two successive flow events, Q; and
Qo

A sufficient threshold should have the following properties. First, the residual life plot
after the selected threshold has a linear trend. Second, the generalized Pareto shape and
scale parameters are constant after the selected threshold. Third, the dispersion index
after the selected threshold is 1. Fourth, the average peaks per year is greater than 1. The
threshold values from both the manual and automatic methods were compared in terms of

magnitude and peaks per year.

3.2.2 Peaks per Year

Peaks per year has been used as a quantitative measure to select the better model between
POT and AMAX in many studies. Cunnane (1973) examined the performance between the
AMAX model and POT model using generalized extreme value distribution (POT-GEV
model) and concluded the POT-GEV model performs better than AMAX if peaks per year
for the POT-GEV model exceed 1.65. Jin and Stedinger (1989) and Wang (1991) compared

the performance for the AMAX model fitting generalized extreme value distribution and
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POT model using generalized Pareto distribution (POT-GP model) and found both models
perform equally well when peaks per year from the POT-GP model are above 1. In this
study, the peaks per year from the POT series was compared with the performance of the

POT model for the corresponding site to determine the recommended peaks per year to

select from the AMAX and the POT framework.

The performance of the regional AMAX and regional POT models was estimated only
by using stations that were stationary and had more than 50 years of record within Canada.
For the sites with record lengths greater than 50 years, the flood quantiles of 5-year,
10-year, 25-year, and 50-year events from the at-site FFA is believed reliable. The flood
quantile from the regional AMAX and regional POT models were compared with the
quantile estimated from the at-site FFA model, and a smaller dispersion recommends
better performance. The RMSE was used to measure the dispersion and was calculated

using equation (3.6) (FEH, 1999 and Mostofi Zadeh et al., 2019):

Nion
Z'_ 9(l — p‘ 2
RMSE; = \/ im1"’ (Ingr, HQTZ) (3.6)

where RMSEr is the measure of uncertainty for a given return period, T, Njoy, is the total
number of long-record sites, qr, is the T year flood quantile for the site i, and ¢P, is the

T year flood quantile from the regional method for site i.

The better model between the AMAX and POT frameworks has a smaller RMSEr. The

peaks per year for each station’s POT series was then compared to the model performance.
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3.2.3 Spatial Distribution of the Stations in a Pooling Group

The spatial distribution of the stations is also an important factor to consider when
assessing the AMAX and POT frameworks for Canada. Section 3.1.1 described some
flood-related attributes comparing the AMAX RFFA framework with at-site FFA. Those
flood-related attributes were used to find effective quantitative measures to choose the
better framework. A GIS study was used to evaluate flood-related attributes, including
the lake effect and geographic proximity within the final pooling group for each target

station.

3.3 Investigation of Alternative RFFA Framework for

Rocky Mountain Region

The result of comparing the AMAX framework with the at-site FFA and the comparison
between the AMAX and the POT frameworks had similar conclusions. T'wo problematic
regions, the Canadian Prairie and the Rocky Mountains, were identified. The Canadian
Prairie has a complex flood generation mechanism. A detailed discussion is presented in
the results section. For the Rocky Mountains, stations for which the AMAX framework
outperformed the POT framework did not have common flood-related attributes. An
alternative POT framework is proposed for the Rocky Mountain region (POT-Rocky
framework), considering its unique characteristics. The detailed procedure for the proposed

POT framework is described in the following sections.
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3.3.1 Data Preparation and Screening

The preprocessing steps for the POT-Rocky framework are the same as the POT framework

covered in section 2.2.2.1.

3.3.2 Forming the Pooling Group

In the POT-Rocky framework, the Rocky Mountain region consists of three Canadian
ecoregions: Montane Cordillera, Boreal Cordillera and Taiga Cordillera. The total number
of stations in the Rocky Mountain region is 261, as Figure 3.2 illustrates. Similar to the
AMAX and POT frameworks, the ROI approach was used to rank the similarity between
stations. In the POT-Rocky framework, four flood-related attributes were used to calculate

catchment similarity:

— The modified flood seasonality measure

Elevation at the outlet of each catchment
— Mean annual precipitation at the centroid of each catchment

— The geographic proximity between stations

The modified flood seasonality measure was introduced in Section 2.2.1.2.2 and was
normalized by average melt day from the site of interest. The 2 m air temperature from
National Centers for Environmental Prediction North American Regional Reanalysis data

from 1979 to 2017 was used in the analysis. A high order polynomial was fitted to the
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Figure 3.2: Water Survey of Canada Hydrometric Stations for the POT-Rocky framework

temperature data at the centroid of each catchment. The fitted polynomial is used to
estimate the average melt day for each catchment within the watershed. The average
melting day for all 261 catchments was then used in normalizing the Julian day of the
flood event. The difference in the average melting day between the target site and other
sites was used to correct the Julian day of each flood event in the corresponding POT flow

series and can be described as follows:

(JulianDate)agjusted; = (JulianDate); + (M D; — M Dyarget) (3.7)
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where Julian Date,gjusted i 1S the adjusted Julian day series for station i, MD; is the average
melt day for site i and MDygeet is the average melt day for the target site. The adjusted
Julian day was used to estimate the flood seasonality measure discussed in Section 2.2.1.2.2.
The flood seasonality measure was estimated using the adjusted Julian day. Details for

estimating the flood seasonality measure are described in Section 2.2.1.2.2 and Section

2.2.1.2.3.

The elevation effect is a unique and important flood-related attribute for the mountainous
region. Therefore, elevation at the outlet of each catchment was selected as a similarity
measure to account for the elevation effect. The data and steps to extract station elevation

were introduced in Section 3.1.1.2. Closer elevation leads to higher catchment similarity.

Mean annual precipitation (MAP) at the centroid of each catchment was used in AMAX
and POT RFFA frameworks for Canada to form super-regions (Mostofi Zadeh et al, 2019).
MAP has been tested as an effective way of grouping similar catchments. Therefore mean
annual precipitation was included as a similarity measure in this work. Data used to
estimate catchment mean annual precipitation was provided by Environment and Climate

Change Canada. Similar catchments usually have similar mean annual precipitation.

Last, the distance between flow gauges was used to calculate geographic proximity. The

smaller distance between stations leads to higher catchment similarity.

Since all four similarity measures had different units and different scales, normalization

was required before estimating the overall similarity between catchments. The overall
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similarity measure between stations i and j was calculated using:
N
Diotar = »_ WiD}; (3.8)
k=1

where W}, is the weight coefficient. In this study, the four similarity measures were treated
equally. D}, is the normalized £ similarity measure. The initial pooling group consists of

the target site and 24 stations with the highest similarity to the target site.

3.3.3 Assessing and Revising the Pooling Group

The assessing and revising processes were the same as the POT framework introduced
in Section 2.2.2.3. The HW homogeneity measure was used to assess the pooling group
homogeneity. For the heterogeneous pooling group, the site with the largest discordance
measure was dropped and another candidate site was chosen based on catchment similarity

until the pooling group was homogenous.

3.3.4 Estimating the Regional Growth Curve

The procedure for fitting the regional growth curve for the POT-Rocky framework was the
same as the POT framework for Canada. The generalized Pareto distribution was fitted
to the final pooling group. The method of L-moments was used to estimate the shape and
scale parameters for the generalized Pareto distribution. The procedure is explained in

Sections 2.1.3 and 2.2.2.4.
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3.3.5 Uncertainty Analysis

The procedure for uncertainty analysis is described in Section 3.2.2. This analysis was
achieved by comparing the estimated flood quantile from at-site FFA and POT-Rocky
framework for stations with more than 50 years record. The 5-year, 10-year, 25-year, and
50-year events were used to estimate the degree of discordancy between flood quantile from
at-site FFA and POT-Rocky RFFA. The performance of the POT-Rocky framework was
compared with the AMAX framework and POT framework for Canada. The best model

for the Rocky Mountain region has the smallest RMSET.
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Chapter 4

Results

This chapter presents the results of the AMAX and POT RFFA framework evaluation and
the performance of the alternative POT-Rocky framework. The methodology introduced in
Chapter 3 was adopted in this research. This chapter is further divided into three sections.
Section 4.1 discusses the performance of the AMAX RFFA framework for Canada and some
quantitative measure for detecting sites where the AMAX RFFA framework performs worse
than at-site FFA. Section 4.2 compares the AMAX and POT RFFA frameworks to find
quantitative measures that can be used to select a better RFFA framework, and Section
4.3 proposes an alternative RFFA framework for the Rocky Mountain region and assesses

its performance.
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4.1 Performance of AMAX Regional Frequency Analysis

Framework for Canada

This section provides a general assessment for the AMAX RFFA framework for all 1114
sites. Comparing the flood quantile for the regional method and at-site method is well
developed and recommended in several flood estimation manuals. However, this method
works for long-record sites. For short-record sites, the estimated quantile from the at-site
model is not reliable. Since the majority of the 1114 stations had a record length of less than
40 years, the width of the confidence interval for the flood quantile function was selected
as the evaluation metric to assess the performance of the AMAX RFFA framework over
Canada. The methodology was discussed in Section 2.2.1.5, where the performance of the
AMAX RFFA framework was compared with at-site FFA. The problematic site is defined
as a site for which at-site FFA gives a narrower confidence interval than the AMAX RFFA
framework. The confidence interval (CI) ratio is the width of the confidence interval for the
flood quantile between AMAX RFFA and at-site FFA; the confidence interval for 50-year
flood and 100-year flood were used in this analysis. The problematic site is defined as the
site at which the CI ratio is greater than 1. Figures 4.1 and 4.2 depict the geographic

distribution of the six super regions and the problematic sites.

Overall, the AMAX RFFA framework performed better than the at-site FFA for many
Canadian catchments. However, two regions were identified as problematic: the Rocky
Mountain region and the Prairie. The percent of problematic sites for each geographic

region is provided in Table 4.1, where similar Canadian ecoregions were merged into
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seven geographic regions. The performance for each super-region is displayed in Table 4.2.
Super-regions 5 and 6 have the highest percent of problematic sites. These regions mostly
consist of stations in the Rocky Mountain region and the Canadian Prairie. The Canadian
Prairie has a flat terrain and complex flood generation mechanism. The tributary area
for a watershed within the Prairie region changes depending on the soil moisture and the
amount of ponded water on the ground. Since its system is not stationary, the statistical
model does not perform well in this region (Dumanski et al, 2015). Therefore, the Canadian
Prairie was excluded in this study. For the Canadian Prairie, the multiple input time series
model and physical-based hydrologic model are recommended. The multiple input time
series model combines more information in the analysis, such as temperature and snow
accumulation, leading to more accurate estimations of floods. The physically-based model,
which is able to simulate the flood generation mechanism, can produce accurate flood
estimations. However, the physically-based model is specific to catchments and requires

users to have an in-depth understanding of the flood generation mechanism.

Table 4.1: Performance of the AMAX RFFA framework for seven geographic regions

Geographic Region | Percent Problematic Site (%) | Number of Site
Rocky Mountain 43.77 281
Canadian Prairie 40.57 106

Arctic 31.58 19
Taiga Plain 28.75 80
Mixed Wood Plain 22.32 112
Boreal Plain 21.13 355
Maritime 11.92 151
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Figure 4.1: Super-regions and problematic sites for eastern Canada

Table 4.2: Performance for the AMAX RFFA framework for six super-regions

Super-region | Percent Problematic Site (%) | Number of Site
1 21.32 258
2 18.43 331
3 18.06 72
4 24.19 62
) 45.85 229
6 45.68 162
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Figure 4.2: Super-regions and problematic sites for western Canada

4.1.1 Flood-related Attributes

In this section, two flood-related attributes, drainage basin average slope and lake effect,
are explored. Due to the complexity of extracting the average basin slope and the lake
attenuation factor, not all Water Survey of Canada stations were selected. The homogeneity
of the final ROI pooling group was used as the basis for selecting subsets of the station set
for analysis. Although the homogeneous final pooling group does not guarantee the final
performance, it remains the most important indicator in the pooling group revision process.

Of 1114 stations, 118 were selected to explore the lake effect and the basin average slope
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effect. The 118 selected ROI pooling groups were a possibly homogeneous region (1 <Hag;
<2) or a definitely heterogeneous region (H,q; >2). Figure 4.3 illustrates the geographic

distribution of all 118 sites. Most of the stations are in the Rocky Mountain region, the

Canadian Prairie, Boreal Plain and the Mixed Wood plain.
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Figure 4.3: Selected Water Survey of Canada Stations

4.1.1.1 Average Basin Slope

Figure 4.4 depicts the relationship between the average basin slope and the confidence
interval ratio (CI ratio). The result indicates no direct connection between the average
basin slope and the CI ratio; however, a basin with a slope steeper than 15° is more likely

to be a problematic site. This finding is subjective and needs future justification on more
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hydrometric stations.
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Figure 4.4: AMAX RFFA versus at-site FFA, with respect to average basin slope
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4.1.1.2 Lake Effect
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Figure 4.5: AMAX RFFA versus at-site FFA, with respect to lake effect

Figure 4.5 displays the relationship between the lake effect and the CI ratio. The FARL
factor represents the basin lake effect, smaller FARL represents a strong lake effect while
a watershed with no lake effect has a FARL factor of 1. The results indicate FARL is not

an effective quantitative measurement for selecting the better model between the AMAX
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RFFA and at-site FFA. However, the FARL index remains useful in some unique cases,
such as when the target site has a significant lake effect but other sites within the pooling
group have no significant lake effect. Moreover, the FARL index is sensitive in the Rocky

Mountain region and the Boreal plain.
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Figure 4.6: AMAX RFFA versus at-site FFA, with respect to both lake effect and average
basin slope.
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Considering average basin slope and lake effect individually are not strong enough.
Figure 4.6 presents the result of combining the average basin slope and the FARL index.
The blue dots represent stations for which AMAX RFFA provides a narrower confidence
interval. Watersheds with average slopes above 15° with or without the lake effect are
problematic. For watersheds with low average basin slopes, lake effect is an effective
quantitative measure. A watershed with a FARL less than 0.8 is likely to be a problematic

site.

In the next two sections, the AMAX RFFA performance is assessed with the homogeneity
and L-moment ratios of its corresponding final pooling group. All 1114 Water Survey of

Canada stations were used in the analysis.

4.1.2 Heterogeneous Pooling Group

Figure 4.7 provides an overview of the results of combining the discordancy measure for
the target site (D;) and the homogeneity measure for the final pooling group (H,g;). The
stations with discordancy measure greater than 3 or homogeneity measure greater than 2
were defined as heterogeneous. However, there is no direct link between the confidence
interval ratio and the degree of heterogeneity for the final pooling group. Sites with
homogeneity measures exceeding 2 are more likely to have a confidence interval ratio greater
than 1. For all sites with confidence interval greater than 2, the discordancy of the target
sites was greater than 2. Moreover, the degree of dispersion for the target site concerning its
final pooling group was related to the confidence interval ratio. Afterward, the dispersion

of L-moments for the target site to its final pooling group was checked.
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Figure 4.7: AMAX RFFA versus at-site FFA, with respect to discordancy measure for the
target site and adjusted homogeneity measure
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4.1.3 L-Skewness and L-Kurtosis

In this section, the confidence interval ratios are compared with the discordancy of L-moment
ratios of the sites of interest. Figures 4.8, 4.9 and 4.10 illustrate the cross-comparison
between three L-moment ratios: LCV ratio, L-skewness and L-kurtosis. L-moment ratios
were found to be effective quantitative measures to select the best model from the AMAX
RFFA and at-site FFA frameworks. The results indicate the problematic sites share some
common characteristics. The discordancy of the L-CV ratio and L-skewness are more
effective than L-kurtosis. Generally, when the L-CV ratio or L-skewness from the target
site was 2 standard deviations lower than the pooling group average value, that site was
more likely to be a problematic site. In other words, if the flow series from the target site
has a low average flow and skews to the left compared to all the other flow series within

its pooling group, at-site FFA is recommended for that specific site.
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Figure 4.8: AMAX RFFA versus at-site FFA, with respect to the spread of L-skewness
and L-CV ratio for the target site
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Figure 4.9: AMAX RFFA versus at-site FFA, with respect to the spread of L-kurtosis and
L-CV ratio for the target site
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Figure 4.10: AMAX RFFA versus at-site FFA, with respect to the spread of L-skewness
and L-kurtosis for the target site
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4.2 The Annual Maximum Regional Flood Frequency
Analysis Framework Versus The Peaks-Over-Threshold

Regional Flood Frequency Analysis Framework

The performance measure for the confidence interval is easy to apply without any constraint
on record length. Therefore, this performance measure was used (Section 4.1) to provide a
comprehensive analysis for the performance of the AMAX RFFA framework across Canada.
The results indicate the AMAX RFFA framework performs better than at-site FFA for most
stations. In this section, the AMAX RFFA framework is compared to the POT RFFA
framework using another performance measure. Flood quantiles from the AMAX RFFA
framework and the POT RFFA framework are compared with the quantile from at-site
FFA and the smaller difference represents better performance. Since this performance is
only valid for sites at which the quantile from at-site FFA is reliable, only long-record sites
with more than 50-year records were considered. The assessment procedure was introduced
in Section 3.2.2. For sites where the difference between flood quantiles from the AMAX
RFFA and the POT RFFA is less than 15%, the two frameworks are considered to perform

the same.
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Figure 4.11: AMAX RFFA versus POT RFFA, for long record stations

Table 4.3: Performance of the AMAX RFFA and POT RFFA frameworks for long-record
sites

Number of Station
POT Win 67
Same 11
AMAX Win 11

Table 4.3 and Figure 4.11 present the performance for the AMAX RFFA and POT
RFFA frameworks. The POT RFFA framework is superior to the AMAX RFFA framework

for most of the long-record sites except some stations in the Rocky Mountain region and
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the lake-rich region in the Boreal Shield. The Rocky Mountain region remains the most
problematic region. This finding matches the results from Section 4.1. Theoretically,
a successfully extracted POT flow series with proper pooling technique contains more
information than the AMAX flow series; therefore, POT RFFA should perform better than
AMAX RFFA for long-record sites. In the following sections, the automatically generated
threshold value is compared with the manually selected threshold. The number of peaks
per year from the POT flow series and the corresponding performance is compared with
the recommended peaks per year from the literature. The spatial distribution for sites

where AMAX RFFA performs better than POT RFFA is explored.

4.2.1 Performance of the Automatic Threshold Algorithm

The automatic threshold selection algorithm is used in the POT RFFA framework to
generate the threshold. Therefore, the first step in the analysis was to check the performance
of the automatic-threshold selection algorithm. In total, 261 stations in the Rocky Mountain
region were used in the analysis. The manual threshold selection method is the graphical
method introduced in Section 3.2.1. The threshold value and the peaks per year from both
methods were compared to estimate the performance of the automatic threshold selection

algorithm.
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Figure 4.13: Automatic-threshold versus manual threshold, peaks per year

Figures 4.12 and 4.13 illustrate the performance of the automatic threshold selection
method. The dashed line represents the trend for all data points and the shaded area is the
95% confidence interval. Both plots demonstrate the automatic threshold selection method
can generate threshold values close to the manual selected threshold for 261 hydrometric
stations within the Rocky Mountain region. Therefore, the threshold values used in the

POT RFFA framework for the Rocky Mountain region were valid. Thus, the reason AMAX
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RFFA performed better than the POT RFFA for some sites is not strongly related to the

poor threshold values within the Rocky Mountain region.

4.2.2 Peaks Per Year

Figure 4.14 depicts the performance of the AMAX RFFA and the POT RFFA for the
peaks per year for long-record sites across Canada. Previous literature (Jin & Stedinger,
1989 and Wang, 1991) concluded that when the peaks per year from the POT flow series
ranges from 1 to 1.65, AMAX FFA is recommended (Section 3.2.2). This study supports
that conclusion as most of the sites where the AMAX RFFA framework performed better
than the POT RFFA framework had peaks per year less than 1.5 for the POT flow series.
Peaks per year for the POT flow series is an effective way to select between the POT and
AMAX RFFA frameworks. For a site with peaks per year less than 1.5, the AMAX RFFA
framework is recommended. In other words, for hydrometric stations having a nival flood

regime, the AMAX RFFA framework is recommended.
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Figure 4.14: Peaks per year for long record sites across Canada

4.2.3 Spatial Distribution of Stations

A GIS study was conducted for sites where the AMAX RFFA framework performed better.
No clear flood-related attributes were found. Regarding the spatial distribution of six
super-regions in the Rocky Mountain region, no dominate super-region within the Rocky

Mountain region exists. Therefore when forming the pooling group, geographically close
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stations with high similarity to the target site might have been excluded because those
stations were from different super-regions. Moreover, a critical flood-related attribute,
elevation, was not included in the similarity measure in region forming. In the next section,

an alternative POT RFFA framework is proposed for the Rocky Mountain region.

4.3 Performance of the Alternative POT RFFA Framework

for the Rocky Mountain Region

The alternative POT RFFA framework introduced in Section 3.3 was applied to 261 Water
Survey of Canada stations. The results and the performance of the alternative POT RFFA
framework for the Rocky Mountain region (POT-Rocky RFFA framework) are described

in the following sections.

4.3.1 Data Preparation and Screening

Data used in this analysis was a subset of the stations from the POT RFFA framework
located within the Rocky Mountain region. In total, 282 hydrometric stations were included
in this framework. The automatic threshold algorithm was applied to all stations to
select the threshold value. Seasonal stations were excluded. The trend test was applied
for each POT flow series to remove all nonstationary flow series. This analysis followed
the procedure introduced in Section 3.3.1. Finally, 261 of 282 stations were used in the

POT-Rocky RFFA framework.
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4.3.2 Form Pooling Group and Quantile Estimate

The procedure used in this section was described in Section 3.3.2.

Table 4.4: Homogeneity measure and station-years for long-record site from POT-Rocky
RFFA framework

Station ID | H1 | Station-Years (yr) | Station ID | H1 | Station-Year (yr)
05AA022 | 0.88 652 05AA023 | 0.89 968
08CD001 | 0.02 2277 08CEO001 | 0.68 1465
08EDO002 | 2.30 523 O08EEO008 | 1.90 2421
08JB003 | 1.37 094 08KA004 | 0.76 2566
08KAO005 | 0.97 2523 08KBO001 | 1.46 2184
08LB047 | 1.00 2675 08LB064 | 0.70 2699
O08LD001 | 0.91 2759 08NAO002 | 2.38 2138
O8NDO12 | 1.81 2098 08NDO13 | 1.46 2630
O8NE039 | 1.79 2568 08NEO74 | 0.94 2804
O8NEO7T7 | 0.77 890 O8NEO087 | 0.92 2592
08NGO065 | 0.03 2158 O8NH119 | 1.78 2489
O8NH120 | 1.69 2675 08NKO016 | 1.70 2394
O8NLOO7 | 0.28 2337 O8NLO024 | 0.75 2780
09AC001 | 1.37 1178 09AE003 | 0.46 1965
09BA001 | 0.68 2237 09BC001 | 1.37 2290
09CDO001 | 0.99 1047 09DD003 | 1.08 2151
10AA001 | 0.79 2131 10AB001 | 1.16 2143
10BE004 | 1.41 1683

Table 4.4 presents the results for stations with more than 50-year records within the
Rocky Mountain region; bolded stations indicate the final pooling group is definitely
heterogeneous. Two final pooling groups were categorized as definitely heterogeneous; the
other 33 pooling groups were homogeneous or possibly-homogeneous. The station years
from the final pooling group ranges from 523 years to 2804 years ensuring the information

provided by the pooling group is sufficient to estimate 100-year floods. Overall, the
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POT-Rocky framework is able to delineate homogeneous pooling groups with long station

years within the Rocky Mountain region.

The Generalized Pareto distribution was fitted for each final pooling group. The logic

and necessary steps were discussed in Section 2.2.2.4.

4.3.3 Performance of the POT-Rocky RFFA Framework

The performance of the POT-Rocky RFFA framework was evaluated by comparing the
flood quantile from the POT-Rocky RFFA framework to the quantile from at-site FFA for
long-record sites. The cross-comparison of the AMAX RFFA, POT RFFA, and POT-Rocky
RFFA is displayed in Table 4.5 and Figure 4.15.
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Table 4.5: Performance measure for three RFFA frameworks at long-record sites in the
Rocky Mountain region

Station 1D RMSE; Station 1D RMSE;

AMAX | POT | POT-Rocky AMAX | POT | POT-Rocky
05AA022 | 0.2459 | 0.4468 0.1309 08NEO77 | 0.1037 | 0.1144 0.1612
05AA023 | 0.0933 | 0.0463 0.1798 O8NEO087 | 0.1486 | 0.0340 0.0183
08CD001 | 0.2252 | 0.0363 0.0510 08NGO065 | 0.7081 | 0.0009 0.0541

08CE001 | 0.1130 | 0.1177 0.1009 O8NH119 | 0.5030 | 0.1012 0.0396
08EDO002 | 0.1204 | 0.3097 0.0397 O8NHI120 | 0.1118 | 0.0576 0.0395
08EE008 | 0.2393 | 0.0956 0.0735 08NKO016 | 0.3823 | 0.1714 0.0870
08JB003 | 0.1153 | 0.4194 0.1984 O08NL007 | 0.7317 | 0.1165 0.0538
08KA004 | 1.0239 | 0.2309 0.1337 O8NLO024 | 1.1142 | 0.1748 0.1109
08KAQ005 | 3.3487 | 0.2863 0.1018 09AC001 | 0.1117 | 0.1811 0.0949
08KBO001 | 0.6929 | 0.2171 0.1183 09AE003 | 0.0782 | 0.0328 0.0390
O8LB047 | 1.3676 | 0.0504 0.0766 09BA001 | 0.1425 | 0.0544 0.0106
08LB064 | 1.0724 | 0.1107 0.1201 09BC001 | 0.1556 | 0.0632 0.0574
08LDO001 | 1.0822 | 7.1434 0.0593 09DD003 | 0.1503 | 0.0235 0.0051
O8NDO12 | 0.1193 | 0.1147 0.1098 10AA001 | 0.2096 | 0.0350 0.0629
08NDO13 | 0.9773 | 0.2158 0.0691 10AB001 | 0.2093 | 0.2639 0.0756
08NE039 | 1.4323 | 0.2490 0.0924 10BE004 | 0.1437 | 0.0708 0.0435
08NEO74 | 1.5779 | 0.1933 0.1250 09CD001 | 0.1167 | 0.1825 0.1052
O8NAO002 | 0.9773 | 0.2158 0.0691

Winning frameworks are bolded!
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Figure 4.15: Performance measure for three RFFA frameworks at long-record sites in the
Rocky Mountain region.

The best models in Table 4.5 are bolded. If the difference in the RMSE; between
frameworks is less than 20%, the performance of those frameworks are considered to be

the same. The POT-Rocky RFFA framework performs better than or the same as the
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POT RFFA and AMAX RFFA frameworks for most of the long-record sites in the Rocky
Mountain region. The POT-Rocky framework considered the elevation effect, which is an
important flood-related attribute in mountainous regions. Thus, this framework improves
the performance in the Rocky Mountain region and, therefore is recommended for the end

product from FloodNet theme 1, the flood manual for Canada.
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Chapter 5

Conclusions

5.1 General Conclusions

In this research, the performance of the AMAX RFFA framework was compared to the
well-known at-site FFA framework. The width of the confidence interval for the flood
quantile was used as the evaluation measure; the model producing a narrower confidence
interval is the superior model. For 1114 Water Survey of Canada stations, the AMAX
RFFA framework provided a narrower confidence interval for 81.69% of stations. The
sites at which at-site FFA gives narrower confidence intervals were named problematic
sites. These sites concentrated in two geographic regions: the Rocky Mountain region
and the Canadian Prairie. Different factors were explored to find effective quantitative
measures to identify problematic sites. The first was the flood-related attributes geographic

proximity, lake attenuation effect and average basin slope. The second was the effect of the
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heterogeneous pooling group and the high discordant target site to its pooling group. The
third was the effect of L-moment ratios. For hydrometric stations with flat catchments,
the lake effect is an important indicator to identify problematic sites. The average slope
for a catchment is effective for identifying problematic sites for the mountainous region.
Finally, if either the L-CV ratio or the L-skewness for the flow series from a hydrometric
station is two standard deviations lower than the regional average for its pooling group,

that hydrometric station is likely to be identified as a problematic site.

The AMAX RFFA framework was compared to the POT RFFA framework for sites with
more than 50-year records. The quality of the threshold value obtained by the automatic
threshold selection technique was compared with the well-developed manual threshold
selection method for 261 stations within the Rocky Mountain region. The automatic
threshold selection method can generate a suitable threshold value close to the manually
selected threshold. The average peaks per year for the POT time series was checked as
an effective quantitative measure to select the better framework between AMAX RFFA
and POT RFFA. For sites with peaks per year from 1 to 1.5, AMAX RFFA performs the
same as POT RFFA. Overall, the POT RFFA framework performs better than the AMAX
RFFA framework for 78 of 89 long record stations across Canada. The POT framework
has a better performance than the AMAX framework for most of Canada, except for the

Rocky Mountain region and parts of the Boreal Shield with large lake coverage.

An alternative POT framework (POT-Rocky) is proposed for the Rocky Mountain
region where the Rocky Mountains were treated as the same region. Four similarity
measures were used to form the pooling group: geographic proximity, elevation at the

centroid of each watershed, mean annual precipitation and modified flood seasonality

83



measure. The pooling group for 94% of the long-record sites with more than 50-year
flow records in the POT-Rocky framework is homogeneous or possibly homogeneous. The
performance of the POT-Rocky framework was compared with the AMAX framework
and the POT framework for long-record sites within the Rocky Mountain region. The
POT-Rocky framework performs better than or the same as the AMAX and POT frameworks
for most of the long record sites within the Rocky Mountain region. Thus, the POT-Rocky
framework is recommended as the alternative RFFA framework for the Rocky Mountain

region.

5.2 Recommendations for the Flood Estimation Manual

for Canada

For hydrometric stations with the following characteristics, at-site FFA is recommended

to be considered and compared with the regional frameworks to select the best model:

1 The catchment of the hydrometric station has an average basin slope beyond 15°

2 The catchment of the hydrometric station has an average basin slope close to 0° and

has a FARL index lower than 0.9

3 Either the L-CV ratio or the L-skewness for the flow series from a hydrometric station

is two standard deviations lower than the average for the pooling group

The AMAX RFFA framework is recommended for hydrometric stations with peaks per

year less than 1.5.
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The POT-Rocky framework is recommended as an alternative regional framework for

the Rocky Mountain region.
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