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ABSTRACT

QUASI-EQUILIBRIUM CONDITIONS OF URBAN GRAVEL-BED
STREAM CHANNELS IN SOUTHERN ONTARIO, CANADA, AND

THEIR IMPLICATIONS FOR URBAN-STREAM RESTORATION

Urban gravel-bed stream channels in southern Ontario, Canada, identified to be in
a state of quasi-equilibrium have been studied over the past 15 years and compared
against rural gravel-bed stream channels of the same hydrophysiographic region.
Bankfull width and depth versus bankfull discharge were not found to increase as a
function of increasing urbanization as has been found in many other studies. The
observed annual frequency of bankfull discharge was typically less than a 1-year return
period with many sites ranging between two to eighteen bankfull events per year with
higher intensity and shorter duration urban flood responses.

The cumulative volume of bankfull and larger flood events from the urban-stream
channels were very similar to the same annual event volumes in the rural comparison
study reaches. Bed-material supply was found to decrease with increasing urbanization
and the reduction in bed-material supply appears to be offset by the smaller bankfull
channel width, depth, and access to floodplains during large flood events. Field evidence

may also suggest an even greater reduction in channel width trajectory, relative to the
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rural setting, with floodplains to maintain quasi-equilibrium conditions as bed-material
supply continues to decrease with increased anthropogenic activity.

Compared to surrounding rural watersheds, urban belt widths were found to
decrease, while meander wave lengths and radii of curvature were found to increase as a
function of bankfull width. The stream-wise elongation of meander wave lengths (and
thus increase in radii of curvature) are a result of increased flood flow frequency and
volume in the urban environments combined with reductions in bed-material supply.

An increased frequency in riffles and pools was also observed along each reach.
Additional pools appeared along straight sections between bends, although they were
shallower than pools on bends. The changes in bedforms result from brief but frequent
discharge events that exceed critical shear values, resulting in sediment pulsing and the
frequent placement of keystone clasts that create frequent riffle (and pool) development.
Field observations of standing wave patterns in flood flows also support the role of
‘dune-like’ formations as a means of maximizing flow resistance.

Several methods of estimating channel-forming discharge were also evaluated to
test their applicability in the urban condition. Bankfull stage was identified at a series of
locations along each study reach and it was found that the most consistent observations of
bankfull discharge occurred during flood conditions where bankfull stage was identified
at the top of point bars along the convex arc of bends. The largest errors in estimation
occurred at gauge stations where cross-sectional geometry had been altered to conform to
bridges or culverts rather than the channel morphology. Independent evaluations of
channel-forming discharge were conducted by eleven practitioners ranging from 10 to 43

years of experience with similar findings and errors.
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Various methods of relating frequency return periods were evaluated using annual
peak series discharge observations and continuous 15-minute systematic discharge
records using partial duration series analysis. No specific correlations were identified
between frequency return periods and land-use change. However, based upon the
findings of this study, the applicability of employing annual series peak discharge data to
evaluate bankfull frequency return in urban-stream channels is highly discouraged.

William Kenneth Annable
Department of Civil and Environmental Engineering
Colorado State University

Fort Collins, Colorado 80523
Fall 2010
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CHAPTER 1

INTRODUCTION

Sedimentary deposition has been occurring over the planet for approximately 4.2
billion years from fluvial, mechanical, and aeolian erosion of sub-aerial crustal regions
(Froude et al., 1983). Over this time period, fluvial processes have played a significant
role in molding Earth’s landscapes and river valleys. During the geologic evolutionary
time scale, river networks experience erosional cycles (Davis, 1899; Leliavsky, 1955;
Leopold ef al., 1964; Schumm 1969, 1977; Schumm ef al., 1984). The cycles are typified
by long durations (hundreds to hundreds of thousands of years) of quiescent evolution
whereby bed- and bank-erosion rates are relatively low with the surrounding geology,
sediment supply, flow regime, vegetative communities, and land use for a given
catchment area (Lane, 1955). Long durations of quiescent evolution are interrupted by
abrupt incursions upon the landscape (i.e., changes in slope, land use, flow regime, or
sediment regime), which result in relatively rapid rates (decades to hundreds of years) of
channel degradation.

Recently human-kind, in the geologic time scale, has had profound effects upon
Earth’s landscapes. Anthropogenic manipulations of upland regions for agricultural,
resource, transportation, and occupational exploits have resulted in rivers responding to

the land-use stressors (Wohl, 2000). In attempts to mitigate channel change, humans



have imposed a litany of channel works to counter geologic evolution including:
conversions of watercourses into storm-sewer networks and floodways, hardening of
channel beds and banks to mitigate stream-channel erosion (which may include materials
such as concrete, riprap, gabion baskets, etc.), introduction of grade-control structures,
construction of reservoirs, storm-water management facilities, and bio-engineering.
Concomitantly, these measures have often resulted in the decline of riparian corridor
diversity and aquatic health (e.g., Leopold (1949), Booth and Jackson (1997), Paul and
Meyer (2001), Morley and Karr (2002), Booth et al. (2004), and Freeman and Schorr
(2004)).

In the past 25 years, there has been an evolving intellectual and resource-
management shift towards restoring or rehabilitating many degraded river systems
throughout the world (e.g., Federal Interagency Stream Restoration Working Group
(FISRWG, 1998), Shields et al. (2003), and Bernhardt et al. (2005)); which is also
commonly referred to as natural channel design (NCD). These initiatives have been
motivated by attempting to increase the bio-diversity of riparian corridors, reducing
infrastructure maintenance costs, reducing sediment loadings to river networks, and
improving water quality, amongst other initiatives (FISRWG, 1998). Objectives of this
approach are to: develop stable dimensions, patterns, and profile forms for the given
watercourse, floodplain, valley form, and geology; maintain sediment continuity;
maintain geo-technical slope stability; reduce risk of flooding; and provide a thriving
ecological community (e.g., Imhof et al. (1996), FISRWG (1998), and Shields et al.
(2003)). From a river mechanics perspective the NCD approach is to develop a river

channel in a state of quasi-equilibrium. Quasi-equilibrium is here defined as a channel



that maintains both discharge and sediment continuity throughout the entire flow regime,
while maintaining relations amongst discharge, velocity, width, depth, slope, and
roughness (Langbein and Leopold, 1964). The relations do not imply static conditions;
rather, the channel adjusts with time, while maintaining hydraulic geometry relations
unique to the given geology, valley configuration, climate, vegetative communities, and
land use.

One category of land usage that has garnered particular attention in NCD has been
urban or urbanizing assemblages. Although it is not entirely certain whether urban
watersheds experience greater net amounts of river degradation relative to rural or
wildland settings over evolutionary time scales, their rates of channel change, increased
maintenance costs, and changes in ecology at the human time-scale are perceived to be of
higher importance. Simply, these are the areas where large percentages of the Earth’s
populations reside focusing attention towards these regions.

Considerable research over the past half century has focused on the degradational
effects from urbanization on stream channels (e.g., Carter (1961), Wolman (1967),
Leopold (1968), Hollis (1975), Packman (1979), Whipple et al. (1981), Dyhouse (1982),
Booth (1990, 1991), MacRae and Rowney (1992), Henshaw and Booth (2000), MacRae
(1997), Doll et al. (2002), Bledsoe and Watson (2001), Konrad ef al. (2005), and Jordan
et al. (2009)). However, there is a dearth of studies on the quasi-equilibrium
characteristics of urban-stream channels (if they exist) which could strengthen our
understanding of urban-stream systems and possibly lead to improved designs. Most
NCDs in urban regions have therefore relied upon the hydraulic and morphologic

relationships derived from rural or wildland watersheds (e.g., Leopold et al. (1964), Bray



(1972), Andrews (1984), Hicks and Mason (1991), and Annable (1996a,b)) to proffer
design plans, assuming that the quasi-equilibrium conditions in rural and urban land-use
areas are transferable.

If the conditions unique to urban watersheds are not fully realized and design
tools employed that are inconsistent with the urban state (i.e., considerations in the
changes in overland flow routing, sediment supply and transport, channel evolution, etc.),
an intended positive NCD may fail and initiate a further rapid rate of channel degradation
that was not anticipated (e.g., Alexander,1999). Further, if the processes unique to urban
streams are not sufficiently quantified and NCD projects continue to employ observations
and theory that many not be entirely applicable to the land-use condition, the liability and

cost of undertaking NCD projects and ensuing maintenance may become prohibitive.

1.1 OBJECTIVES

At the conclusion of a research project by Annable (1996a,b) investigating the
quasi-equilibrium morphologic, hydraulic, and sedimentological relationships of rural
rivers in southern Ontario, Canada, several researchers and practitioners identified
limitations in the data set when applied to urban or urbanizing stream channels. At that
time and to present, most stream-restoration projects in the region have been focused
towards urban or urbanizing watersheds where erosion control and the preservation of
aquatic ecosystems have been of paramount consideration. Researchers and practitioners
have been concerned with how transferable the practice of NCD is to urban regions

(relative to rural or wildland settings), and if there are differences in the external



variables of urban watersheds (e.g., flow and sediment) that require different knowledge
sets to culminate in successful urban-stream restoration designs.

The objective of this work is, therefore, fundamental in approach: it is to
determine if quasi-equilibrium urban-stream channels exist. If such reaches exist, study
their hydrologic, sedimentological, and geomorphic characteristics. Further, compare the
urban-stream reaches to rural reaches identified to be in a state of quasi-equilibrium
characteristics in the same hydrophysiographic region. The objectives of this research
are as follows:

e canvas gauged urban or urbanizing watersheds within southern Ontario and
determine if river reaches close to gauge stations (where continuity of flow
can be assumed) exhibit a state of quasi-equilibrium either by maintaining
previous channel form or adapting to the change in land-use conditions,

e where reaches are identified to be in a state of quasi-equilibrium, collect river
data over a multi-year period to characterize the hydraulic, geomorphologic,
and sedimentological conditions of each reach, and

e compare the characteristics of urban and rural streams identified to be in a
state of quasi-equilibrium of the same hydrophysiographic region and identify
their principal similarities and differences. Finally, identify conditions

distinct to urban-stream stability.

1.2 DISSERTATION ORGANIZATION

This dissertation follows the multi-part dissertation format whereby Chapters 2, 3,

and 4 are organized into three distinct topics with respective introductions, methods,



observations, analyses, discussions, and summaries (manuscript format). Chapter 5
presents the general conclusions that were made during the multi-year research study.
Recommendations are also offered which suggest future research avenues to pursue in

complementary or contrasting avenues.



CHAPTER 2
QUASI-EQUILIBRIUM CONDITIONS OF

GRAVEL-BED URBAN-STREAM CHANNELS

2.1 INTRODUCTION

Fluvial responses to changes in watershed topography, hydrology, and sediment
supply have been well studied over the past century (Davis, 1899; Leliavsky, 1955;
Leopold et al., 1964; Graf, 1984; Schumm et al., 1984; Chang, 1988; Julien, 2002).
Investigations of stream responses to urban land-use change have been more prominent
since the 1960s, beginning with comparatively small watersheds where changes in
hydrology and sediment delivery were identified as the principal agents of channel
change (Carter, 1961; Wolman, 1967; Leopold, 1968; Hollis, 1975; Packman, 1979;
Whipple et al., 1981; Dyhouse, 1982). More recent studies have investigated channel
responses to urbanization in larger watersheds and have also proffered strategies for
mitigating the upland flow regime to minimize or reverse the impacts of channel
degradation (MacRae, 1997; Booth, 1990, 1991; MacRae and Rowney, 1992; Henshaw
and Booth, 2000; Doll et al., 2002; Bledsoe and Watson, 2001; Konrad et al., 2005;

Jordan et al., 2009).



A common aim in urban-stream restoration has been to maintain or return a
channel to its historical (post-colonization) fluvial alignment and function rather than
allowing it to evolve to a new state of quasi-equilibrium (Langbein and Leopold, 1964)
that is based upon the new urban flow and sedimentological regimes. This approach is
reinforced where there is existing infrastructure that may be compromised by new
patterns of channel evolution, floodplain encroachment and occupation, and alterations to
riparian corridor habitat and management (Brookes, 1988; Hey, 1997). However,
restoration to the pre-disturbance conditions may not be achievable or may require long-
term maintenance because contemporary land use has imposed a different set of
irreversible controlling conditions (Kondolf and Downs, 1996).

Henshaw and Booth (2000) argue that the management of urban watercourses
should not consider only maintaining or restoring a channel to its historical condition but
should also explore rehabilitation alternatives that are in balance with a watershed’s
likely future steady-state conditions of hydrology and sediment transport. Consequently,
a watercourse rehabilitated to quasi-equilibrium conditions in an urbanized watershed
may have a different channel morphology and/or alignment than in its historical (post-
colonization) state. However, how to determine what the quasi-equilibrium
characteristics of urban watercourses are or will be has remained elusive because most
previous studies have investigated the riverine degradational effects from urbanization
rather than those of any new conditions of stability. Concordantly, urbanizing watersheds
are in a relatively rapid rate of land-use change, while there is a dearth of studies
identifying reaches that have maintained channel stability (if such exist) that could add to

our understanding of urban channel stability.



In the absence of specific information on the quasi-equilibrium characteristics in
urban watercourses, many researchers and practitioners rely upon the established quasi-
equilibrium characteristics of rural watercourses being transferable to urban-stream
settings. Data sets and relationships developed by Leopold and Wolman (1960),
Kellerhals et al. (1972), Andrews (1980, 1984), Bray (1972), Williams (1986), Hicks
and Mason (1991), Annable (1996a), Parker et al. (2007), and others are often employed
to assist in assessing riverine urban impacts and used to develop urban-stream
rehabilitation designs. However, these studies were conducted in rural or wilderness
settings. It is by no means apparent how transferable such observations are to the altered
flow and sedimentological regimes of urbanizing watersheds.

Some outstanding questions in regards to urban-stream channels are: 1) Do quasi-
equilibrium river reaches exist within watersheds subjected to significant urbanization?
2) If so, what are their specific characteristics, and how do they compare to rural or
wilderness settings in the same hydrophysiographic region? 3) Are there central
tendencies common to both urban and rural fluvial processes that can be prescribed to
mitigate the adverse effects of urbanization? These questions are the basis of the current

study.

2.2 METHODS

Twelve gravel-bed stream reaches in urban and urbanizing watersheds were
measured and monitored over a 15-year period in areas of southern Ontario, Canada,

underlain by unconsolidated Pleistocene deposits (i.e., not within the Canadian Shield or



areas of other resistant bedrock control, in order to avoid the complexities of bedrock

channels).

2.2.1 Study Area and Site Selection

The urban watercourse selection was limited to reaches where there were
hydrometric gauging stations providing reliable long-term systematic hydrology records.
One-hundred-sixty-eight river reaches were screened (Figure 2.1a). Reach lengths were
initially limited to segments where there were no major storm-sewer outfalls or tributary
confluences so that continuity of flow, relative to the gauge station location, could be
assumed. Sites were eliminated that were dominantly rural, wilderness, or had flood-
control structures close to the gauge stations. More sites were eliminated where aerial
reconnaissance and morphometric analysis (Brice, 1973; Richard, 2001) showed that the
planform geometry had significantly varied (compared to rural counterparts in similar
geology) over the period of photographic record (typically a 50- to 70-year record). The
remaining watercourses were inspected in the field reconnaissance and eliminated if
observable down cutting had occurred or where major in-stream channel works existed.

The cull resulted in twelve urban-stream reaches (Figure 2.1b) that were subjected
to detailed field studies. Within each of their watersheds, some channel degradation had
occurred upstream or downstream of the study reaches. The presence of degraded
channel reaches nearby helps to identify those portions in each watershed that are
adjusting to changes resulting from urbanization. We, therefore, assume that the quasi-

equilibrium conditions which exist within each of the detailed study reaches, either by
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maintaining historical channel form or by means of short- to intermediate-term time

adjustments, exhibit intrinsic reach characteristics of channel stability.
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Figure 2.1. Site location map: a) screening area, and b) site location references.

2.2.2 Site Conditions

All of the urban reaches are gravel-bed stream channels, based upon the median
grain size (Dsp) of a log-normal bed-material sampling distribution exceeding 2 mm.
Each reach ranged in length between 52 < Wy < 77, where Wy is defined as the average
bankfull channel width. Eleven of the study sites have riffle-pool dominated channel
morphologies (O’Neil and Abrahams, 1984; Montgomery and Buffington, 1997) and
there is one run-pool dominated morphology (Table 2.1). The run-pool morphology
defined here is consistent with the plane-bed definition offered by Montgomery and
Buffington (1997) but it has been labeled differently to avoid confusion with the kind of
plane-bed form associated with a particular flow regime in sand-bed channels (Simons

and Richardson, 1963).
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Table 2.1. General urban reach characteristics

Site Effective  Urban
Reference Catchment Land Channel Cross-section Adjacent
No. Gauget Station Name Area Use Morphology Relief Land Use
(km?) (%)
1 02HCO005 Don River at York Mills 95.5 72 Riffle-pool ~ Semi-confined  Golf course
2 02HCO017 Etobicoke Creek at Brampton ~ 67.7 24 Riffle-pool Floqdplam Park
dominated
3 02HCO030 Etobicoke Creck below QEW  215.4 62 Rifflepool  T1oodplain Park
dominated
Grindstone Creek near . Floodplain
4 02HBO012 Aldershot 83.9 13 Riffle-pool dominated Park
5 02HDO013 Harmony Creek at Oshawa 43.0 44 Riffle-pool Floqdplam Golf course
dominated
6 02GA024 Laurel Creek at Waterloo 57.5 34 Riffle-pool Floodplam Park
dominated
7 02HC029 Little Don River at Don Mills  135.1 70 Rifflepool T ioodplain Park
dominated
8 02HC033 Mimico Creek at Islington 73.8 87 Riffle-pool Floqdplam Park
dominated
9 02HAO14 Redhill Creek at Hamilton 56.3 66 Riffle-pool  Lioodplain Park
dominated
10 02HBO007 Spencer Creek at Dundas 156.0 9 Run-pool Semi-confined Urban
11 02HAQ22 Stoney Creek at Stoney 19.2 15 Riffle-pool  F1oodplain Park
Creek dominated
12 026A027 WYalker Creek at St 5.9 99 Riffle-pool  1oodplain Park
Catherines dominated

Note: T Environment Canada Operated Gauge Stations and associated site designations.

With the exception of Sites 1 and 10, the cross-sectional relief was floodplain
dominated (i.e., an unconfined floodplain). Site 1 is semi-confined to a flow depth twice
bankfull depth (Dyf) before there is overflow onto the floodplain. At Site 10 there is a
semi-confined cross section consistent with run-pool channel morphology. Cross-
sectional confinement was defined as the ratio of the channel top width (Wg,) at a
discharge twice bankfull depth divided by the top width associated with bankfull
discharge (Rosgen, 1996). Where Wg,/Wypr > 2.2, the channel is categorized as floodplain
dominated or unconfined, and where 1.4 < Wg,/Wpr < 2.2 the channel is considered to be
semi-confined with limited floodplain access.

Digital elevation models (DEMs) at 5.0-m contour intervals were used to

determine the topographic catchment area (A4) upstream of each hydrometric monitoring
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station. The storm-sewer network, combined sewer network, and as-built infrastructure
data within the topographic catchment limits were collated in a geographical information
system (GIS) to determine the effective catchment area (Aeg) upstream of each
hydrometric station. Effective catchment area may differ from the topographic catchment
area (Leopold, 1968; Booth et al., 2004; Jordan et al., 2009). Values of As/Aq less than
unity define a reduction in the total catchment area because some precipitation falling
within the limits of Ay is routed to different catchments via drainage alterations or sewer
networks. Values of Ai/Aq greater than unity identify the opposite effect in basin
alterations. In this study, the topographic and effective catchment areas did not vary
significantly from unity (0.96 < A./Aq < 1.07) but it may be noted that the A.s/Aqg
deviations did increase with decreasing watershed area.

Digital land-use classification mapping from the Ontario Ministry of Natural
Resources (OMNR, 2006) differentiating ninety-nine different land-use types was used to
determine the types and areal extent of urban land-use assemblages in each watershed.
Anthropogenic alterations to the hydrology, hydraulic routing, and sediment supply were
included in the urban land-use delineations, including roads (plus any curbs and gutters),
parking lots, roof tops, turf, recreation areas, residential lands, commercial lands, and
industrial lands: these were assigned to three land-use categories 1) built-up impervious,
2) built-up pervious, and 3) transportation. Their surface areas were summed within each
effective catchment area to determine the urban upland catchment area (Ay). The percent
urban land use was calculated as (Au/Aesr) x 100. Figure 2.2 illustrates the spatial
distribution of urban land use within each of the effective catchment areas. Only urban

land-use assemblages are illustrated.
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As shown in Table 2.1, the urban watersheds ranged between 5.9 km® and 215.4
km? in area and urban land use ranged between 9% and 99%. A set of rural gravel-bed
streams studied previously by Annable (1996a) of a similar magnitude (32.3 km” to 528
km?) offer a good comparison. The urban land use varied between 1.1% and 18.3% in
these watersheds. There is overlap of percent urban land use in seven of the study
reaches. In the rural watersheds, however, the urban land use was dispersed throughout
the watersheds such that changes in overland flow routing created by urbanization, roads,
etc. were buffered by interconnecting riparian corridor reaches. Conversely, in the urban
reaches, urban land use is intense proximal to the hydrometric monitoring stations where
the effects of changes in urban hydrology are measured. The overlap also provides a
means of investigating divergence in the frequencies of bankfull discharge in rural versus
urban watersheds, as is discussed in subsequent sections.

Where there are floodplains, the land use immediately adjacent to each urban
watercourse was either park land or golf courses, with the exception of Site 10 which was
surrounded by urban development (residential and light industrial). The riparian corridor
along each reach had a relatively dense under-story and over-story of vegetation.
Vegetation densities were similar to those observed by Annable (1996a) in the rural
streams in the same humid hydrophysiographic region. No significant undercut banks
were observed in any of the study reaches, and the dominant plant rooting depths
typically extended to the bed of the channel in most cases. It is noted that in the case of
Site 12 (the smallest effective catchment area), both sides of the 3.8-m wide creek were

bordered by large willow trees which significantly enhanced channel stability.

15



The majority of the channels are in glacial till of the Halton Clay Plain (Karrow,
1991), which underlies their banks and lower beds (below active scour depth). At Sites 3
and 9, the bankfull channels are under-fits that flow within larger glacial spillway
entrenchments that have shale valley walls which outcrop intermittently along the study
lengths. Site 6 is dominated by glacial fluvial deposits with fine-grained consolidated
silty sandy clay levee and till deposits comprising the contemporary floodplain. All of
the study sites are considered to be semi-alluvial in character, resulting from the brief
10,000-year post-Wisconsinan Glaciation period during which the stream channels are
considered to be in a continuing state of evolution (Campo and Desloges, 1994; Ashmore

and Church, 2001).

2.2.3 Channel and Hydraulic Geometry

Longitudinal profiles were surveyed along each reach using a total station and
geo-referenced using a 1*-order differential global positioning system (GPS). Fluvial
features mapped included: channel thalweg, bankfull stage at the top of the convex
(inside) bend on point bars and along the upper third of riffles, the crests and bottoms of
riffles and runs, pool inverts, terraces, and any other notable changes in channel bed slope
or geomorphic features. Bed slope (Sp) was determined from the difference in riffle crest
elevations between the upper- and lower-most surveyed riffles along the measured
bankfull channel centre line.

A series of cross sections were surveyed within the upper third of each riffle or
run to characterize their relief, and referenced to the geodetic system. Approximately

thirty to forty discrete points were surveyed at each cross section, including a discrete
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point at every even meter interval within the bankfull channel limits, the top and bottom
of channel banks, the thalweg, bankfull stage and terrace elevations, floodplain features,
and any other observable change in slope. Parameters determined from each cross
section included: bankfull width (Wys), bankfull depth (Dyy), bank-slope angles ([1), and
flood-prone width (Wy,). Permanent benchmarks were installed at cross sections on the
upper third of riffles or runs to be used for long-term erosion monitoring surveys.
Additional cross sections were acquired at infrastructure installations, consistent with the
parameterization requirements of Hydrologic Engineering Centers River Analysis System
(HEC-RAS) 4b (U.S. Army Corps of Engineers (USACE), 2004) to develop one-
dimensional hydraulic models of each study reach.

To examine potential sampling bias in the current study and that of Annable
(1996a), bankfull hydraulic geometry was compared to a larger data set of gravel-bed
channels from North America and Europe (Parker and Anderson, 1977; Parker et al.,
2007). Parker et al. (2007) offered dimensionless bankfull cross-sectional geometry

relationships of the form:

W =487 Q**' D=0.368Q"*", S, =0.0976 Q" (2.1a-c)

where dimensionless bankfull discharge (Q), dimensionless bankfull width (W), and

dimensionless bankfull depth (D) are expressed as:

Q= Qu W=y Du (22a-c)
DSO

Y, gD50D§0 1 Dy,

respectively, where Qur is the bankfull discharge and g is gravitational acceleration.
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Archived Environment Canada gauge station field records of measured flow top
width (W), average flow depth (D), discharge cross-sectional area (A), and average
channel velocity (V) were collated for each urban stream to produce at-a-station
hydraulic geometry relationships (Leopold and Wolman, 1960) as a function of

calculated discharge (Q), in the general form:
W=¢,Q", D=¢,Q%, A=¢,Q%?, V=¢,Q% (2.3a-d)

where ¢ - ¢4 and e; - e4 are power-function coefficients and exponents, respectively, of
the best fit for each relationship. The hydraulic geometry relationships were developed in
a similar fashion for rural gauge stations in the study by Annable (1996a).

The urban gauge stations were often located close to bridges for ease of sampling
during high-flow events. This results in hydraulic geometry reflective of the
infrastructure (confined cross sections) rather than a natural cross-sectional form. To
examine at-a-station hydraulic geometry of the natural channel morphology, one-
dimensional HEC-RAS models were developed from the field survey data for each reach
and calibrated to the hydraulic geometry of the gauge stations (Equation (2.3)). The
natural at-a-station hydraulic geometry relationships were developed for locations where
cross sections were surveyed in the field at the upper third of riffles or runs, and in
addition, where bed-load sampling occurred (discussed in subsequent sections). The

relationships were of the general form:

W=f(Q) , D=f(Q) , V=(Q), V.. =m(Q) , R, =fm(Q) (2.4a—¢)
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where V. is the main channel velocity, Ry is the hydraulic radius defined as Ry, = A/P
and P is the wetted perimeter of the channel. The relationships developed using Equation
(2.4) were produced from one-hundred equally-distributed discharge simulations ranging
between 0 < Q < Qjg0, Where Qo is the 100-year return period based on a Log Pearson
IIT analysis (discussed below).

Reach-based channel roughness, used in the calibration of the one-dimensional
models, was estimated employing the Wolman (1954) pebble-count method at a series of
riffles, pools, and runs appropriate to each study site. Grain-size distribution results from

each riffle were used to estimate the Manning’s roughness coefficient (n), employing
Chow’s (1959) form of the Strickler (1923) equation as defined by n=0.0417D.g,, where

Dsop is defined as the log-normal median grain size of the pebble-count grain-size

distribution.

2.2.4 Hydrology

Bankfull discharge (Qyr) was field-verified during flood events at each reach and
the timing reconciled with the instantaneous discharge (Q;) at each urban gauge station.
Bankfull discharge was defined for riffle-pool dominated morphologies as the stage on
the convex arc (inside) of bends where water just begins to flow onto the floodplain
(Wolman and Leopold, 1957). In the case of a run-pool dominated morphology, bankfull
stage was identified as the stage where the ratio of the flowing top width (W) to average
channel depth (D) is a minimum (Wolman, 1955).

Annual yearly maximum instantaneous discharge records for both urban and rural

gauge stations were used to determine the return frequency of bankfull discharge at each
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study reach. The annual flow-frequency analysis employed the Log-Pearson III method
as outlined by U. S. Geological Survey (USGS) Bulletin 17B (1982). Given the potential
event intensity and flashiness of urban-stream channels (Leopold, 1968; Hollis, 1975), all
of the other hydrologic measures analyzed used systematic 15-minute interval discharge
data observed at both urban and rural gauge stations. The available period of record
(where 15-minute data were issued by Environment Canada) was 1969 to 2008 unless a
shorter period of record was available.

The annual return frequency of bankfull discharge was also explicitly determined
using the systematic time-series discharge records and enumerating the annual number of

bankfull discharge (or greater) occurrences (N;). An event was included when Q, = Q,;
on the rising limb of the hydrograph. The volume (V.) and duration (T.) of any event

exceeding bankfull discharge was defined by the time-series limits when Q, >Q and
Q, <Q for the rising and falling limbs of the hydrograph, respectively (Figure 2.3),
where Qis the mean annual discharge. A further condition stipulated that where two or
more observations of Q; traverse Q. on the rising or falling limbs of the hydrograph over

a consecutive 3-day period, the multiple occurrences were considered a single event
rather than multiple events. This constraint ensured that events associated with spring
freshets and diurnal snow-melt fluctuations were not enumerated as multiple events but
considered as a single discharge event. Conversely, there are frequent convective storms
in the region, especially in the warmer months. Use of a minimum 3-day interval
assumes that more than two independent convective storms producing independent
bankfull events could occur within one week, with the proviso that the storms are

separated by a 3-day interval. The constraint also stipulated that the discharge on the
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falling limb of the hydrograph must cross the 25% Qs threshold in order for two events
to be enumerated separately (Figure 2.3); otherwise the hydrographic response is
considered a single event. The annual return frequency of bankfull discharge using

observed storms was calculated as 1/N..

Event 1 Event 2
Event volume Event volume exceeding bankfull
exceeding bankfull discharge (V,,). Both portions of
% discharge (Vyy) the hydrograph exceeding Q,;
o
E Total event Total event
Q volume (V,) volume (V,)
= (total gray area) (total gray area)
o)
Q- =~~~ ="RNN "~~~ Thrasholdfora. — W\~~~
0-25Qbf second event to be
| enumerated in the time series
6 ______________ e, T = T Tl S — e —m— —
LL+I
T
bf Te - .
Time

Figure 2.3. Event definition and threshold criteria.

The total annual discharge volume (Vi) from each effective catchment area was

determined by the summation of the product of the instantaneous observed discharges

and the 15-minute time interval over each entire year as V,, = ZQi x900. An event
i=1

volume (V) is defined as the cumulative discharge over the event duration (T.). Within
the same event, the volume exceeding bankfull discharge (Vi) is defined as the
cumulative discharge over the duration Ty that exclusively equals or exceeds bankfull
discharge (Figure 2.3). The annual volume (V,.) and duration (T,e) of events equaling or

exceeding bankfull discharge is the annual sum of all V. and T. events, respectively.
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Similarly, the annual volume (V) and duration (Ta) of flow exclusively exceeding
bankfull discharge is the annual sum of all Vi and Tye events, respectively. Flood
intensity is here defined as the largest annual event volume (V.) by the duration of that
event (T.). The flashiness index is defined as the instantaneous maximum peak flow by

the mean annual discharge in a given year.

2.2.5 Bed- and Bank-material Characteristics

Bed-load transport measurements were not available from the rural study by
Annable (1996a) and thus a direct comparison of bed-material transport capacity was not
possible between the rural and urban study reaches. However, an urban versus rural
comparison of bed-load transport characteristics was considered of particular relevance in
evaluating the quasi-equilibrium stability characteristics unique to the urban-stream
reaches. Specifically, to identify if there were any significant differences in bed-load
transport characteristics derived from the change in urban hydrology.

Bed-material (pavement) and substrate (sub-pavement) samples were collected in
the rural study by Annable (1996a) and were, therefore, sampled in a similar fashion here
to evaluate bed-material transport characteristics in both the urban and rural study
reaches. Bed-material and substrate sampling was undertaken on riffles and runs in the
urban streams following the methods of Klingeman and Emmett (1982), Church et al.
(1987), Annable (1996b), and Bunte and Abt (2001). Four to six random locations
(depending on channel width) were sampled on each individual riffle or run. A serrated
drum was worked into the bed of the channel with a 0.0625-mm mesh bag (Helley-Smith

bed-load sampling bag) capturing flow out of an orifice on the downstream side of the
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drum to ensure that all fines were captured in the excavation process. Bed samples were
excavated to a depth of the largest particle size found within the drum and substrate
samples were excavated to the same depth below the bed sample. Drum sizing was
consistent with the recommendations of Church et al. (1987) and Annable (1996b) to
ensure that the drum was sufficiently large to avoid bias from the mass of one or a few
larger particles. Approximately eighteen to twenty-four bed samples and the same
number of substrate samples were collected from each urban study site. Bed-material,
substrate, and bed-load (discussed below) samples were subjected to grain-size analysis
using dry sieving methods at 0.5-phi intervals (Friedman and Sanders, 1978), producing
log-normal distributions. Composite reach-based grain-size distributions were determined
for bed material and substrate for each reach.

As all of the urban study reaches had gravel-bed or larger average grain sizes,
three sediment-transport equations were employed to evaluate transport capacity, using
the at-a-station hydraulic geometry relationships of Equation (2.3) for the urban and rural
study reaches. The one-dimensional model calibrated at-a-station hydraulic geometry
relationships of Equation (2.4) could not be used because calibrated one-dimensional
models had not been used in the earlier study of the rural watercourses (Annable, 1996a).
The modified form of the Meyer-Peter Miiller equation offered by Wong and Parker
(2006), Einstein-Brown equation (Brown, 1950), and the Wilcock and Kenworthy (2002)
were employed to evaluate the characteristics of bed-material transport. Substrate grain
sizes were used in the evaluation of bed-material transport because they are found to be
consistent with the grain sizes associated with bed-load transport in mostly mobile bed-

material layers (Parker ef al., 2007).
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The modified form of the Meyer-Peter Miiller equation is defined for the

volumetric bed-load transport (W) per unit width (qyi) as (Wong and Parker, 2006):

W= w403t -1, ) (2.5a-b)

V(G -DgD;]

where g is gravitational acceleration, G is the specific gravity (which ranged between
1.95 < G < 2.65 for bed material between shale and granitic clasts), and Dj is the substrate

grain size of interest based upon log-normal grain-size distribution. The dimensionless
Shields parameter ( ;) for a given grain size i is defined as T, = puz/(y —y)D,, where p
is the fluid density, y is the specific weight of the solid, and y is the weight of the fluid.

Shear velocity (ux) is defined by u.=,/t,/p where bed shear (1,) is defined as

1, =YR,S,, for a given discharge (Q;). The dimensionless critical Shields parameter T

was determined using a modified form of Brownlie’s (1981) curve as outlined by Parker

et al. (2007) as:

*

T =% 0.22Re;* +0.06x 1077 (2.6)

The dimensionless particle Reynolds number (Rep;) used in Equation (2.6) is defined as

(Parker et al., 2007):

Re W\ (G - l)ng Di (27)

v

pi

where v is the kinematic viscosity. Values of viscosity used in Equation (2.7) were

varied between 1.51x10°m?*/s<v<1.14x10°m’/s following a simplified Gaussian
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distribution, in order to represent the seasonal change in water temperature (T) of
between 0°C < T < 20°C; the values were rectified in time with the flow records.

The Einstein-Brown equation is defined as (Brown, 1950):

—0.391/x;

2.15exp ,where 1. <0.18

*

W =i for W' ={40(t))’, where 0.52> 1 >0.18 (2.8)
Q)
15(1))"?, where 1, >0.52

o

where , is the clear-water fall velocity defined by Rubey (1933). Five substrate size
fractions 1 (i.e., 1 = 1, 2, 3, 4, and 5 relate to Djs, D2s, Dso, D7s, and Dg4 grain-size
fractions, respectively) were investigated for both Equation (2.5) and Equation (2.8).

The two-fraction sediment model offered by Wilcock and Kenworthy (2002) is

defined as:

0.002¢" for ¢ < ¢’
Ty

W*:(G;)qubi’ Vvi* v 45 , p=—> (29a-c¢)
Fu; All-—5- | forp>¢ Ty

025
where field parameters were utilized for A =115, v=0.923, and ¢/ =1.27. The
proportion F; of size fraction i is employed differently here relative to Equation (2.5) and
Equation (2.8), and is denoted as either the sand (sa) fraction or the gravel (gr) fraction of
the bed-surface material. The two-fraction definition of Equation (2.9) then only has a
single transport rate based on Equation (2.9) rather than the five grain fractions used in
Equation (2.5) and Equation (2.8). The dimensionless critical incipient motion threshold

(1) used in Equation (2.9) was defined by Wilcock and Kenworthy (2002) for bed

material as:
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. . D,
T*Ci = (T*Ci)l + [(T*Ci)o - (T*Ci)l]exp 714FS] y (Tes)o = a(TCgr)O[D_gj (210a-b)

sa

where (1), = 0.035, (1:2@)1 =0.011, (1), =0.065, o = 1.0, Fs is the surface sand

content, and Dy and Dg, are the representative grains sizes of the gravel and sand
fractions, respectively.
The estimated annual bed-load yield (Ygeq) from each watershed using any of

Equations (2.5), (2.8), or (2.9) at-a-station was determined by:

Yoo = Dy - min(e; QL Wy,) (2.11)

j=1 i=1

where Ygeq s reported in metric tonnes, n is the total number of discharge observations in
any given year, and m is the total number of grain-size fractions investigated (i.e., 1 =1,
2, 3, 4, and 5 relating to Dy, D2s, Dsg, D75, and Dgs grain-size fractions, respectively).
The minimum width limit in Equation (2.11) converts q;; to the total flowing width of
bed material that is in transport, stipulating an upper limit of bankfull width (Wyg). The
maximum width of Wy makes the assumption that all of the bed-load transport occurs
within the limits of the bankfull channel. It is noted that in the case of applying the
Wilcock and Kenworthy (2002) equation only, the sand (Ds,) and gravel (Dg,) sizes were
specified.

Stream-bed stability was evaluated in a fashion similar to those of MacRae and
Rowney (1992) and Konrad et al. (2005). However, rather than specifying a specific
return period of 0.5-year as in Konrad et al. (2005), (which may be subject to

considerable error in urban environments (USGS, 1982; Booth, 1990; Sweet and Geratz,
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2003) if not subject to the same level of scrutiny as by Konrad et al. (2005)), the annual
fraction percent of the year (Fpe.q) where dimensionless shear stress exceeds

dimensionless critical shear stress was used in the form:

{ 1, where T,

n >
Fug = 3 X900, X =

i=1

' 2.12
0, where T, (212)

1

.
< Ty

where n is the number of annual instantaneous discharge observations and the particle
size 1 is defined here as the median (Dsg) or 84th—percentile (Ds4) bed-material (pavement)
diameter.

Stream banks in all of the urban-stream channels were largely dominated by the
Halton Clay Plain Till or other cohesive sediments (Chapman and Putnam, 1966; Karrow,
1991). An in-situ hydraulic jet tester (e.g., Hanson (1991)) to estimate critical bank

hydraulic shear (t.;) was not available for use in this study. Instead, a series of total
shear (o,) measurements were obtained at each urban study site and converted to T,

using the relationship t., =B,0;, where B,, was specified as B, =2.6x107* (Léonard

and Richard, 2004). A series of Torvane and pocket penetrometer measurements were
taken on the outside of bends at or just above the water level in the capillary fringe to
obtain total shear values. Bends were selected as the locations for testing as they
exhibited the steepest surfaces (often vertical), the greatest absence of roots, and are the
locations associated with basal end control (Lawler ef al., 1997).

Stream-bank stability was evaluated in a fashion analogous to bank stability by

evaluating the annual percent fraction of the year (Fgi) that the bed shear stress (1)

exceeds the critical shear stress of the bank material (T ), in the general form:
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1, where Zt, > 1, (2.13)
0, where Zt, < T g '

i=1

1 n
F, =— > Xx900; X=
B 9nz {

where Z is the tractive force ratio (Lane, 1955) defined with a maximum side slope
correction factor of Z =0.76 (side slope of 1:1) to relate bank shear to bed shear. It is
noted that critical bank shear stress was estimated without allowing for any mitigating
effects of vegetation that can contribute to bank stability (Hickin, 1984; Thorne, 1990;

Millar, 2000).

2.2.6 Bed-material Transport Capacity

Bed-load transport measurements were conducted in the urban study reaches
employing either a 0.076-m x 0.076-m or a 0.152-m x 0.152-m Helley-Smith bed-load
sampler (Helley and Smith, 1971) with hydraulic efficiency factors of 1.46 and 1.56,
respectively, and using 0.0625-mm sampling bags. The specific sampler selected was
based upon the pebble-count results and the average particle sizes. If the Dsop from the
pebble count was greater than 35 mm, the 0.152-m x 0.152-m sampler was utilized,
otherwise the smaller sampler was employed.

Bed-load samples were collected from pedestrian bridges, wherever possible,
rather than roadway bridges. Pedestrian bridges did not constrict flood flows as
significantly as roadway bridges and maintained a cross-sectional geometry more
consistent with the study reach, thereby minimizing hydraulic and sediment routing.
Continuity of flow between the cross section at sampling locations and gauge stations
was valid in all cases. In very large flood events, roadway bridges often had to be

utilized because the pedestrian bridges were inundated (wading across inundated
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floodplains to pedestrian bridges was usually discontinued when flow depths exceeded
0.3 m).

Bed-load sampling followed the methods of Hubbell (1964), Emmett (1980), and
Edwards and Glysson (1988). Multi-vertical samples were obtained at each cross section
within the bankfull limits (typically ranging between three to nine verticals, depending
upon channel width) to determine the instantaneous bed-load transport rate in a cross
section. There were two or more separate samplings over the course of a hydrographic
event in order to obtain bed-load transport data for both the rising and falling limbs of the
hydrograph wherever possible. Although longer duration samplings are always preferable
to time average the chaotic nature of bed-load transport, sample durations were typically
limited to 10-minute intervals or decreased in duration to ensure that the sampling bag
never exceeded approximately 75% volume occupation. Sample time was also limited in
recognition of the flashiness of urban-stream hydrology because there should be a
relatively constant discharge during each multi-vertical sampling pass. Post analysis,
samples were corrected for the respective efficiency factors.

Instantaneous bed-material transport rates were plotted against the observed
instantaneous discharges to produce bed-load rating curves of the form Q, , =0,Q¥,
where o, and B are the best-fit power-fit curve-fitting coefficients and exponents for

each watercourse, respectively. The annual at-a-station bed-load yield (Ygeq) for each

effective catchment area was determined by:

1, where Tt = T

You = 2 1E0sQ 900 7 = { (2.14)

* *
0, where Ty, < T
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where ( is a user-specified lower discharge threshold below which no detectable bed-
material transport occurred (based upon observed discharges associated with the absence
of bed material in bed-load sampling bags, and field observations). Above the observed
bed-load threshold { = 1.0, otherwise { = 0.0. The natural at-a-station hydraulic
geometry relationships of Equation (2.4) were used with Equation (2.14) to calculate the
bed-material transport rates.

Bed-load sampling commenced in 1994 and continued until 2007. Within this
sampling period, several of the watersheds experienced observed record discharge events.
The hydrographic sampling of these events enabled the bed-load rating curves to be
extended to seldom attainable limits. Effective discharge (Q.s) was determined for each
stream consistent with the methods of Biedenharn et al. (2000) using the power-fit bed-
load rating curves, minimum discharge threshold criteria outlined in Equation (2.14), and

the hydraulic geometry relationships of each site defined by Equation (2.4).

2.2.7 Statistical Analysis

When comparing data between the urban and rural watersheds, it is useful to
determine if the data sets can be considered statistically similar. A multiple regression
method making use of dummy (or indicator) variables was employed to test for
coincidence between the urban and rural data set regressions. Coincidence occurs when
two straight-line regressions are found to occupy the same intercept and share a common
slope. The method is briefly summarized below, and is detailed in several statistical

textbooks (Kleinbaum et al., 1988; Paulson, 2007).
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Testing for coincidence was conducted with a single linear regression model of

the form:

R 11f watershed is rural
V=B, +Bx+P,z+P;xz+¢ ; where z= , , (2.15)
0 if watershed is urban

where y and x are the variables of interest, z is the dummy variable indicating the
watershed land-use type (rural or urban), and € is the random error within the model.

Two data sets are considered coincident when B, =, = 0, which reduces the full model
to a single, shared fitted line of the form §=f,+p,x+¢. In the cases of power-fit

regression comparisons (Davis, 1986), log-transforms of the variables were employed
prior to undertaking tests of coincidence.

The hypothesis (Ho) of coincidence (Ho:f, =P, =0), can be tested with the

following F-test statistic with values derived from a full and partial regression of the

model:

(SSR(full) B SSR(partial)J [SSR(x,z,xz) - SSR(x)j
3-1
x)= Y

= (2.16)

F(XZ,Z
MSE(ful]) MSE(

F

critical

x,z,xz)

where the required Mean Square (MS) and Sum or Squares (SS) values can be obtained
from the overall regression ANalysis Of VAriances (ANOVA) table and the Type I
(Sequential) Sum of Squares table. The hypothesis (Hy) is not rejected when the critical

value is less than the appropriate test value (F | < FTest(a’v’nfkfl)) suggesting that there is

critica
significant evidence to conclude that the two data sets are coincident. Where the critical

value of F exceeds the F-test value, this suggests that a significantly better fit will be
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obtained by fitting separate regression lines to the data set then by fitting a single line. P-
values are reported for each test, as the null hypothesis tests that the regression lines are
significantly different, p-values greater than o will result for coincident lines. For the
purposes of this study, « was taken as 0.05. This approach assumes that it is appropriate
to pool the variances between the data sets, an innate assumption within the linear
regression model.

The intercepts and slopes of the two data sets can also be examined in a similar

fashion separately for similarity by testing the hypothesis (Ho: 5, =0 or Hp: B, =0,

respectively). The F-statistics for these tests are shown elsewhere.

2.3 RESULTS

2.3.1 Channel and Hydraulic Geometry
A bivariate hydraulic geometry relationship was derived for average bankfull
channel width (W, ) versus bankfull discharge (Qyf) using a power-fit regression analysis

(Figure 2.4). Table 2.2 lists the average bankfull hydraulic geometry characteristics of
each urban study site. Average bankfull width versus bankfull discharge resulted in
coefficients and exponents of fit of 4.03 and 0.41 (r* = 0.72) for the urban streams and
4.25 and 0.41 (r* = 0.69) for the rural streams, respectively. The urban and rural data sets
were also found to be coincident (p = 0.90), suggesting that there were no significant
differences in channel width as a function of bankfull discharge between the quasi-
equilibrium urban and rural reaches. Soar (2000), compiling data from Simons and
Albertson (1960), Schumm (1968), Chitale (1970), Kellerhalls et al. (1972), and Annable

(19964a) and applying a similar power-function regression analysis identified a composite
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relationship with coefficients and exponents of fit of 4.13 and 0.55 (r* = 0.89), which

compares very well with power-function relationships of the current study.
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Figure 2.4. Average bankfull width (be ) and average bankfull depth (ﬁ,f) versus
bankfull discharge (Qyy).

Table 2.2. Reach geometry and pebble count characteristics.
Site Average Average Pebble
Reference  Bed Bankfull Bankfull Bankfull Count
No. Slope Discharge Width Depth Dsgp

(m/m) __ (m%s) (m) (m)  (mm)
1 2.1B-03 88 14.9 0.93 30
2 44E-03 142 13.0 043 30
3 5.1E-03  47.8 19.1 0.83 93
4 50E-03  11.1 11.7 047 37
5 2.6E-03  12.5 9.7 0.77 19
6 1.7E-03 128 10.2 0.81 36
7 21B-03 238 14.1 1.10 25
8 5.5E-03 184 11.7 1.15 47
9  27B-03 138 13.1 0.57 35
10 1.0E-02 124 10.8 0.71 52
11 1OE-02 32 8.7 0.76 19
12 5.1E-03 2.1 3.8 0.82 19
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A bivariate power-fit regression analysis was also calculated between average
bankfull depth (D,,) versus bankfull discharge resulting in coefficients and exponents of

0.70 and 0.03 (r* = 0.23) for the urban reaches and 0.61 and 0.08 (r* = 0.39) for the rural
study reaches (Figure 2.4). The urban and rural data sets were also found to be coincident
(p = 0.96), thus there was no statistically significant difference in channel depth as a
function of bankfull discharge between the urban and rural sites. The poor coefficient of
determination in average bankfull depth versus bankfull discharge is a common feature of
many previous studies, which ascribe it to the variability in channel morphology, and
boundary material.

Measurement bias in the current study and the rural study reaches of Annable
(1996a) was evaluated against the larger database of gravel-bed rivers offered by Parker
et al. (2007), as defined by Equations (2.1) and (2.2) using power-fit regression analysis
(Figure 2.5). Results show that dimensionless width, depth, and slope versus
dimensionless discharge were coincident in all cases (p = 0.91, p = 0.60, p = 0.42,
respectively) for the combined analysis of the current rural and urban study sites and
those of Parker ef al. (2007). Based upon the combined rural and urban data sets, a
coefficient and exponent of 4.163 and 0.396 (r* = 0.96), respectively, compare very well
with Equation (2.1a) for dimensionless width, showing no statistical differences in the
data sets. Correspondingly, a coefficient and exponent of 0.336 and 0.418 (r* = 0.94)
were obtained for dimensionless depth, which is virtually indistinguishable from the
results of Parker et al. (2007) given in Equation (2.1b). The regression of channel slope
versus dimensionless discharge results in a coefficient and exponent of 0.031 and -0.208

(r* = 0.33), respectively, which differs from that of Parker et al. (2007) in Equation
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(2.1c). The difference is largely attributed to the scale of rivers studied; Parker’s included
a larger suite of rivers on shallower slopes compared to the reaches studied here, which
can generate a bias in the slope regression. Thus, there appears to be no particular bias in
hydraulic geometry for either the urban or rural databases of southern Ontario when

compared against other gravel-bed streams from around the world.
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Figure 2.5. Dimensionless average bankfull width (W ), dimensionless average bankfull
depth (D), and channel bed slope (So) versus dimensionless bankfull discharge (Q).

To further examine the hydraulic geometry characteristics of the urban study sites,
the bed and bank stability were examined (Equations (2.12) and (2.13), respectively) in
terms of the annual duration percent of shear stress exceeding critical shear conditions
(Fpea and Fgy, respectively). Bed-material and bank characteristics of each urban site are
outlined in Tables 2.3 and 2.4, respectively. Converted critical bank shear values
obtained in this study are similar to those derived by in-situ jet testing by Shugar et al.

(2007) in similar physiographic units of the same region. Although detailed bed-material
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characteristics were available from the rural study by Annable (1996a), detailed bank
material measurements were not. Therefore, only the urban sites were analyzed. When
Equation (2.13) was applied to the hydraulic shear values converted from measured total
shear using the Torvane meter, the analysis showed that in all cases the critical bank
shear (tcg) was never exceeded in any of the urban study sites over their periods of
record. Léonard and Richard (2004) found that in-situ jet testing of hydraulic shear was
usually bound between converted total shear from pocket penetrometer measurements
(commonly lower than in-situ testing) and converted total shear from Torvane
measurements (commonly higher than in-situ testing). When hydraulic shear values were
converted from total shear measurements using pocket penetrometer measurements, the
average annual total percent duration exceeding critical shear (tcp) ranged between
0.14% and 6.8% of the year (1 to 24 days/year). Therefore, critical bank shear values
assessed here are expected to relate to the largest annual bank exposure durations that

would be experienced at each study site.

Table 2.3. Bed-material and transport characteristics.

Site Bed Material Substrate Bed-load Rating
Reference Coeffi- Expo-
No. Dis Dxs Dsy Di;s Dgs | Dig Dss Dsy Dzs Dgs | cient  nent r’ Qert
(mm) (mm) (mm) (mm) (mm)|(mm) (mm) (mm) (mm) (mm) (m’fs)
1 7.4 203 304 36.8 39.5|15 29 67 21.0 27.0/0.1063 1.0831 0.89 10.0
2 59 17.8 304 474 60615 3.0 7.4 319 40.2|0.0569 23034 0.75 153
3 422 51.8 92.5 19572767 1.9 2.8 58 18.1 243(0.0022 1.8554 0.87 42.7
4 21.1 26.7 36.8 50.3 564 |09 1.5 53 17.5 21.3/0.0112 3.4257 0.67 6.2
5 42 55 19.0 288 333| 14 29 62 185 20.8|0.1489 1.8054 080 11.3
6 204 273 363 514 639| 15 44 62 87 20.0/0.0521 1.2033 0.58 10.5
7 47 63 251 402 45414 27 59 19.1 247(0.3910 1.1326 088 17.6
8 182 29.2 473 1609244.1| 14 2.1 56 19.0 254|0.4303 1.0512 091 21.0
9 20.5 25.6 349 66.1 839 | 1.5 27 58 187 22.7/0.0023 1.6698 0.81 18.6
10 334 40.0 51.8 91.1 1182 1.4 28 57 83 20.3|0.1124 1.1649 0.68 11.2
11 45 54 187 338 399|104 0.7 44 68 7.9 |0.1282 24232 0.79 4.1
12 45 54 187 338 399|104 0.7 44 68 7.9 [0.1630 0.8591 0.85 0.8
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Table 2.4. Channel bank characteristics.

Bank Characteristics
Site Average Hydraulic Hydraulic
Reference Surficial Bank Shear Shear
No. Geologyt Angle, [ Torvane Penetrometer
(Pa) (Pa)

1 Clay Till 37 54.4 (22.4) 39.7 (10.7)
2 Clay Till 28 59.7 (27.1) 30.5 (19.6)
3 Clay Till 59 59.7(23.2) 29.5(21.7)
4 Clay Till 26 40.6 (19.3) 17.7 (4.4)
5 Clay Till 49 30.7 (12.1) 159 (13.4)
6 SD%glg:ftZ 40 416(12.1) 251 (14.7)
7 Clay Till 48 59.7 (27.1) 30.5 (19.6)
8 Clay Till 42 38.7 (22.9) 21.7 (12.3)
9 Clay Till 44 44.3 (10.0) 26.6 (10.1)
10 Clay Till 60 60.2 (24.4) 53.8(30.1)
11 Clay Till 35 47.9 (17.8) 32.9(15.2)
12 Sand Plain 53 443 (15.1) 27.3(10.4)

Notes: 7 Chapman and Putnam (1966, 2007). (Parentheses = standard deviation)

There were no correlations between the annual percent shear stress exceedance of
the critical shear of the bed-material median (Fgegso) or the 84th-percentile (FBedss) particle
sizes nor critical bank shear (Fgy) (using hydraulic shear values converted from the
pocket penetrometer measurements) versus effective catchment area or urban land-use
percentage. A direct comparison was undertaken between Fp versus Fpedso (Figure 2.6a)
and Fpegs4 (Figure 2.6b). With the exception of Sites 3 and 10, Fgx was greater than
Fpegso (Figure 2.6a). Therefore, the median and smaller bed particle sizes are more
mobile and susceptible to bed denudation relative to the side boundary materials.
Conversely, Fpegss was commonly equal to or less than Fgy (Figure 2.6b). The annual
percent duration exceeding Tcss Was never greater, on average, than 1.98% (7.2 days) in

any given year. These results support the common observation that the coarser material
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is armouring the beds of channels in urban-stream reaches, leading to the banks becoming

more susceptible to erosion and widening.
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Figure 2.6. Annual duration flow exceeding critical bank shear stress (Fpx) versus the
annual percent shear stress exceeding critical shear of the a) median bed material (Fgegso),
and b) the 84th-percentile bed material (Fpegsa).

Given that channel widening is not occurring in the urban study reaches (when
compared to the rural study reaches), the hydraulic geometry must be in a state of quasi-
equilibrium between channel slope, hydraulic radius, and sediment continuity to maintain
the channel form. Eleven of the twelve urban-stream channels are riffle-pool dominated
channel morphologies and the consistency in annual duration exceeding critical bed shear
ranges between bed material Dsy and Dg4 and bank shear, floodplain connectivity must be
contributing to maintaining low hydraulic radii and shear stress, thus arresting
downcutting. Sufficient bed-material supply and transport must also be occurring to
maintain the existing channel morphology. Riparian vegetative control is undoubtedly

further contributing to bank stability in all of the cases, as has been previously reported
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elsewhere (Zimmerman et al., 1967; Keller and Swanson, 1979; Hickin, 1984; Hey and
Thorne 1986; Thorne, 1990). Field evidence consistently identified sucessional growth
in over story species with trees further away from the channel banks being more mature,
which may suggest that bank accretion and channel narrowing is actually occurring on a
time scale greater than that of the current study and also in response to channel in-filling

following the largest flood observed in the systematic record (Hurricane Hazel in 1954).

2.3.2 Hydrology

Allowing for the inherent geological complexity and varying relief in watersheds,
effective catchment area is the axiomatic scale for bankfull discharge (Wolman and
Miller, 1960; Ashmore and Day, 1988). There is a bivariate relationship between
bankfull discharge and the effective catchment area for both the urban and rural sites in
this study that has also been detected in various other study reaches across the world
(Figure 2.7). The rural or wilderness data used in Figure 2.7 utilized bankfull discharge
wherever available; however in some instances, only maximum annual discharge data
were available. The 2-year return period calculated by Gingras et al. (1994) for the same
hydrophysiographic region of southern Ontario (Region 7) shows a trend parallel to the
field-observed and calibrated bankfull discharges of the urban and rural studies here,
demonstrating consistency in the regional climatic responses. The variability in bankfull
discharge for a given effective catchment area in Figure 2.7 reflects influences of the
drainage area, drainage basin topography and geology, spatial and temporal trends of

precipitation, and nature of the sediment load (Ashmore and Day, 1988).
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Figure 2.7. Bankfull discharge (Qyy) versus effective catchment area (Ac).

The rural and urban data sets were found to be coincident (p = 0.18) with the
other data sets from around the world, shown in Figure 2.7. The only exception is a data
set by Doll ef al. (2002) for urban or urbanizing streams in North Carolina. It is not found
to be coincident with the observations in southern Ontario and elsewhere (p = 0.00). Doll
et al. (2002) reported that “cross sections were surveyed at a representative stable riffle
or run that was not suffering from severe active erosion” but the survey limits were
significantly shorter than those of the current study. The field protocol used by Doll et al.
(2002) may suggest that their study reaches were not entirely in a state of quasi-

equilibrium; the reaches may have been in an incised condition where bankfull estimation
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methods are problematic or not applicable (U. S. Department of Agriculture, Forest
Service (USDAFS), 2003) and, therefore, overestimated.

The annual number of observed events equal to or exceeding bankfull discharge
(Ne) versus percent urban land use of each effective catchment area are evaluated for the
water years 1969 to 2008 (Figure 2.8). Each box-and-whisker plot in Figure 2.8
represents the maximum, 75th-percentile, average, 25th-percentile, and minimum bankfull
events observed in any given year. Consistent with findings in other rural or wilderness
watershed studies, the one frequency of rural bankfull discharge was typically less than
one event per year and so places in the lower left region of the plot. The frequency of
bankfull discharge in the urban streams was consistently equal to or greater than once per
year but varied greatly between years. In many cases, bankfull frequency ranged
between four to eight events per year. Sites 4 and 10 are the least-developed watersheds
(13% and 9% urban land use, respectively) and their hydrologic response is similar to the
rural watersheds. Site 6 is downstream of two seasonally-operated on-line reservoirs,
which attenuate flows in the summer convective storm months, leading to a reduction in
flood events. The increased frequency of shorter return periods in the urban watersheds
is consistent with observations by Leopold (1968), Hammer (1972), and Booth (1990).
These results demonstrate that the return frequency of bankfull discharge in increasingly-
urbanized watersheds is highly variable; however, no predictive trend based upon either
effective catchment area or urban land use was apparent. Increasing watershed
complexity with increasing stream order, spatial placement of storm-water management

facilities on lower order stream channels, outfall locations of combined sewers and/or
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storm sewers, and the relative location of hydrometric monitoring stations create too

much complexity for statistically-significant bivariate relationships to emerge.
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Figure 2.8. Annual frequency of bankfull discharge events (N.) versus percent urban
land use.

The annual return frequency of bankfull discharge at the rural sites is typically
greater than 1.0 (Figure 2.9a). Return frequency outliers below 1.0 occur in a series of
rural watersheds principally comprised of over-consolidated clay tills, where antecedent
moisture conditions are quickly achieved causing increased rates of overland runoff,
which can increase the frequency of smaller flood events. On average, there is a 1.6-year
bankfull return period in the rural watersheds in the region (Annable, 1996b), which is
consistent with the findings in other rural or wilderness watersheds (e.g., Leopold et al.
(1964) and Hicks and Mason (1991)). When the Log-Pearson III method is employed to
estimate bankfull discharge, similar rural return frequencies are obtained, exceeding a 1-

year return (Figure 2.9b). Conversely, the majority of the urban streams have
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significantly lower annual return periods based upon the observed cumulative annual
events (Figure 2.9a). There is a contradiction in the prediction of urban bankfull return
frequencies when employing the annual series Log-Pearson III method (Figure 2.9b); it
consistently over-predicts the discharge frequency by virtue of a solution method using
yearly instantaneous peak discharges (USGS, 1982; Sweet and Geratz, 2003). Thus from
the predictive standpoint, employing any method which uses peak annual time-series data
to predict bankfull discharge return frequencies in urban watershed cases will lead to

over-prediction of the channel-forming flow if consistent with bankfull discharge.
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Figure 2.9. Annual return period of bankfull discharge using: a) annual frequency of
bankfull discharge events (1/N.), and b) maximum annual instantaneous discharge data.
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The maximum annual intensity of events versus effective catchment area are
evaluated in Figure 2.10a. Statistical analysis of the urban and rural event intensities
identified a nominally coincident state (p = 0.05). However, when Sites 4 and 10 were
removed from the urban analysis (the least urbanized sites, responding hydrologically
quite like the rural study sites), the urban and rural data sets were not found to be
coincident (p = 0.00). These results are consistent with observations by Packman (1979)
and Henshaw and Booth (2000). Detailed inspection of the time-series data identified a
pattern of very short duration urban watershed events (compared to the rural streams)
followed by extended durations at lower or base-flow conditions. Conversely, rural
streams exhibited extended duration on the falling limbs of the hydrographs with

significantly longer durations between base flow and bankfull discharge.
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Figure 2.10. a) flood intensity and b) flashiness index versus effective catchment
area (Acfr).



Applying the flashiness index versus effective catchment area, the urban and rural
reaches (Figure 2.10b) were found not to be coincident (p = 0.00). The more urbanized
watersheds plot higher on the ordinate axis compared to the rural streams or the urban
streams with lower urban land use (Sites 4, 6, and 10). Results observed here are
consistent with several other studies (Hollis and Luckett, 1976; Packman, 1979; Urbonas
and Roesner, 1993). The flashiness index decreases in both the urban and rural sites with
increasing effective catchment area because the increases of source storage and routing
complexity lead to decreased flashiness. The more dramatic decrease in flashiness index
with increasing effective catchment area in the urban-stream sites, which tends towards
the slope of the rural sites, further expresses the hydrologic complexity and cumulative
hydraulic controls arising from increasing watershed scale that results in attenuated
hydrographic peaks and extended flood durations.

Annual cumulative volume of flow (Vi) for each watershed versus effective
catchment area shows no distinguishable differences between the rural and urban
watersheds studied (Figure 2.11); the data sets are coincident (p = 0.43). Similar findings
have been described by Leopold (1968), the American Society of Civil Engineers (ASCE,
1975), and Konrad and Booth (2002) throughout the United States. These results also
support the assertion of Gingras ef al. (1994) that this region of southern Ontario exhibits

uniform hydrophysiographic conditions.
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Figure 2.11. Annual flow volume (Vi) versus effective catchment area (Acsr).

Figure 2.12a shows the annual cumulative volume of events where bankfull
discharge was exceeded (V,), based upon the event criteria of Figure 2.3, versus
effective catchment area. There was no significant difference between V, derived from
the shorter duration, multiple events of the urban watersheds and the less frequent but
longer duration events of the rural sites; rural and urban study sites were found to be
coincident (p = 0.46). A general increase in the percent annual fraction duration of
discharge events where bankfull discharge was exceeded (T.) was identified as a
function of increasing effective catchment area (Figure 2.12b). However, the variance in
(Tae) within both the urban and rural data sets was too large to discriminate statistically-
significant trends between the urban and rural watersheds. Detailed inspection of annual

hydrographs determined that the duration and related volume of flows between
Q<Q<Q,, of the rural study sites were significantly longer and larger compared to the

urban settings, as indicated by the flashiness index of Figure 2.10b. The banks of urban

channels are exposed to more frequent wetting and drying cycles than those in the rural
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settings whereas there is a larger, often single, annual bank inundation period in rural
watersheds. An annual increase in the frequency of wetting and drying cycles may
contribute to increased rates of bank erosion observed in many settings where channel
incision has occurred. MacRae and Rowney (1992), studying several lower order
regulated urban-stream channels in the same region of Ontario, found that if storm-water
facilities were designed in a manner that increased the duration of flows at or near
bankfull discharge, there would be longer duration of excess shear, leading to increased
rates of channel erosion. Therefore, the flashy responses of the urban-stream channels
studied here, together with ready access to adjoining floodplains of low hydraulic radii,

are a complementary combination leading to minimizing channel erosion.
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Figure 2.12. Annual cumulative a) volume (V,¢) and b) duration (T,.) of events where
bankfull discharge has been equaled or exceeded; and, annual cumulative c¢) volume
(Vabr) and d) duration (T.ps) of discharge exclusively exceeding bankfull discharge versus
effective catchment area (Acsr).
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The annual cumulative flow volume exclusively exceeding bankfull discharge
(Vabr) 1s compared to the effective catchment area in Figure 2.12c, again employing the
criteria of Figure 2.3. Regression analysis shows the urban and rural data sets behaving
parallel, with a greater volume of flow exclusively exceeding bankfull discharge in the
urban settings. The two data sets were not coincident (p = 0.02) and, therefore,
statistically different between the rural and urban watersheds. These findings demonstrate
that the urban streams cumulatively inundate their floodplains more frequently and with
larger volumes of water compared to the rural study reaches. As with results of Figure
2.12b, there are no statistically-significant relationships between the annual flow-duration
fraction that exclusively exceeded bankfull discharge (T,s) and the effective catchment
area (Figure 2.12d). However, Figure 2.12d does show that there is an approximate order
of magnitude decrease in the average duration of flow exceeding bankfull discharge

compared to the entire annual event volume durations (Figure 2.12b).

2.3.3 Bed-material Characteristics

The annual bed-material transport characteristics were evaluated using the at-a-
station hydraulic geometry. Two different methods were evaluated: 1) field observations
from gauge stations (Equation (2.3)), and 2) those from representative channel
morphology sections from calibrated HEC-RAS models (Equation (2.4)), both using the
same systematic 15-minute discharge interval data. The analysis did not detect any
discernible relationships between the bed-material transport equations employed and
either the effective catchment area or percent urban land use in the urban and rural study
sites. The bed-material yield using the Meyer-Peter Miiller (Wong and Parker, 2006),

Einstein-Brown (Brown, 1950), and Wilcock and Kenworthy (2002) equations versus
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effective catchment area were found to be coincident in each case (p =0.85, p=10.84, p =
0.13, respectively). Figure 2.13 illustrates the average annual yield results for gravel-bed
urban and rural streams using the Einstein-Brown equation. Bed-material yield was
commonly one order of magnitude larger when the modified Meyer-Peter Miiller
equation was employed, whereas the Wilcock and Kenworthy equation typically

predicted a lesser yield (commonly between 1 and 2 orders of magnitude).
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Figure 2.13. Annual bed-load transport yield capacity versus effective catchment area
(Aefr) using Einstein-Brown equation (Brown, 1950). Note: Whisker extents represent
the maximum and minimum yield for the period of record.

A complementary evaluation of the suspended-sediment data that was available
and/or collected over the study period was undertaken with an annual framework similar
to that outlined in Equation (2.11). Although channel evolution in gravel-bed streams is
not largely influenced by suspended-sediment concentrations (Schumm et al., 1984), the

analysis was undertaken to determine if there were any particular differences between the

urban and rural study reaches. In this case, power-function coefficients and exponents
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were best fit to instantaneous suspended-sediment discharge observations versus
instantaneous discharge. The results of this analysis (not shown) identified a
monotonically increasing relationship of suspended sediment with increasing effective
catchment area and that the rural and urban data sets were coincident. Visual inspection
of the results indicated that the average annual yield from the urban watersheds was
usually larger than the rural watersheds, which is a consistent observation with the
findings of Wolman (1967), Wolman and Schick (1967), Lee et al. (2002), and Lawler et

al. (2006); however, the data sets were identified as coincident.

2.3.4 Channel Bed-material Transport Capacity

Bed-load sampling took place over a 15-year period, lengthy enough for data to
be captured during large flood events. Figure 2.14 illustrates the bed-material transport
relationships established for the twelve urban study sites. Bed-load sampling was not
included in the 1996 study of rural streams in the same region (Annable, 1996a) and it
was also beyond the scope of the current research to include it. Power-function
regression analyses of the measured instantaneous bed-load discharge rates versus
observed discharge are illustrated in Figure 2.14 and their coefficients of determination
listed in Table 2.3; the bed-load transport relationships are organized in decreasing order
of urbanization (left to right and top to bottom) in the figure. The coefficients of
determination of power-fit regression analysis ranged between 0.58 < r* < 0.91. During
the bed-load sampling program, it was commonly observed that sizeable quantities of

anthropogenic material (asphalt, glass, metal, road sand, etc.) were also present.
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The power regression exponents of the best-fit analysis of Figure 2.14 and Table
2.3, which describe the bed-material transport rate as a function of instantaneous
discharge, are compared with percent urban land use in Figure 2.15a. There is a
monotonically decreasing material transport rate as the percent urban land use increases;
r* = 0.42. In addition, it can be observed that with increasing urbanization (Figure 2.12,
Table 2.3), the r* values of the bed-load rating curves commonly increased from 0.68 to
0.91 in discord with the downward trend observed in Figure 2.15a. It is acknowledged
that there can be significant spatial and temporal variability in bed-load sampling that is
related to the limitations of the sampling procedures (Emmett, 1980; Edwards and
Glysson, 1988; Emmett and Wolman, 2001) and hysteresis (Nanson and Young, 1981).
Nevertheless, in increasingly urbanized watersheds, there is often an increase in in-stream
channel works, storm-water ponds, works to mitigate site-specific erosion, and protect
bridges and sewers, which may alter the longitudinal spatial distribution of bed-material
supply to a given stream. Possibly, the anthropogenic erosion management of river
channel lengths in urban watercourses leads to a more longitudinally evenly-distributed
bed-material supply and thus a higher coefficient of determination rather than the often
site-specific discontinuous spatial pattern of supply (a subset of bends for example) found
in rural watercourses (Wolman,1967; Leopold, 1973; Graf, 1975). The increased
hydrologic efficiency of overland runoff and transport in urban watersheds may also
contribute to more consistent (but smaller quantity) bed-material transport.

Bed-material transport yield was evaluated using Equation (2.14) and the average
annual transport yield was compared with the effective catchment area (Figure 2.15b).

The results show a weak monotonically increasing bed-material yield with increasing
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effective catchment area. Figure 2.15b also shows that the effective catchment areas with
lower percent urban land use (represented by smaller circles circumscribing the average
annual bed-material yields) have larger bed-material yields and more effective urbanized

catchment areas.
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Figure 2.15. Urban reach a) bed-load rating curve exponents ( S, ) versus percent urban

land use, and b) annual bed-load yields versus effective catchment area (Aegr). Note:
Whisker extents represent the maximum and minimum yield for the period of record.
Increasing circle diameters represents increasing percent urban land use.
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The cumulative annual duration fraction of flow events where bankfull discharge
has been exceeded (1% to 9% of the year; Figure 2.12b) is similar to the annual duration
of flows where critical shear stress is exceeded (0.2% to 7% of the year; Figure 2.6).
Correspondingly, the cumulative annual duration fraction of flows exclusively exceeding
bankfull discharge (0.1% to 1.28% of the year; Figure 2.12d) is similar in annual duration
fraction to flows exceeding the critical shear stress of the average 84"-percentile bed
material (0.08% to 1.97% of the year): which is approximately half of the annual amount
of time where flows exceed the critical shear stress of the median bed-material particle
size (0.21% to 3.93%). The similarity in annual percent fraction of flows exceeding
bankfull discharge and critical shear stress of both bed and bank materials also supports
the proposition that, in cases of riffle-pool dominated channels, the bankfull discharge
and effective discharge are both representative of the morphology-forming flow (Emmett
and Wolman, 2001). A comparison between effective discharge and bankfull discharge
(Figure 2.16) shows a very strong correspondence (r* = 0.97) between these two
geomorphological metrics, further supporting the field observations that the urban study
reaches are in a state of quasi-equilibrium between hydraulic geometry, geotechnical

stability, and sediment-supply continuity.
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Figure 2.16. Effective discharge (Q.s) versus bankfull discharge (Quy).

2.4 DISCUSSION

In general, the observations from this study have shown that the annual frequency
of bankfull discharge occurrences in the urban-stream channels is significantly higher
than in the rural less-developed watersheds in the same physiographic region. The
cumulative annual volume of water derived from urban and rural watersheds as a
function of effective catchment area are very similar in addition to the cumulative annual
discharge of all flood events and duration of events exceeding bankfull discharge. Larger
annual volumes of water were observed to inundate the floodplains of the urban-stream
channels compared to the rural watersheds studied. Bed-material transport was observed
to decrease with increasing urban land use in each urban site that was imposing limits
(artificial works) on the supply of new bed material; however, channel degradation was

not observed. Finally, the cross-sectional geometry of bankfull width and depth of the
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urban channels was statistically identical as a function of bankfull discharge to the rural
streams studied by Annable (1996a), which were also found to be in a state of quasi-
equilibrium.

The results of this study can be summarized using the constitutive relationships
offered by Schumm (1969), who studied the morphological changes to alluvial channels
in the mid-western United States and Australia related to human activities such as
reservoirs, water taking, and in-stream gravel mining. He proposed the following

relationships that generalized the morphological responses due to single-state variable

changes of increased discharge (Q"), increased bed-material load (Qj ), and decreased

bed-material load ( Qg ):

WLS,
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where the + or - signs represent increases or decreases of various parameters,
respectively, A is the meander wave length, Q is the channel sinuosity, and ® is the
width/depth ratio of the bankfull channel. Schumm (1969) also offered two additional
relationships where increases in discharge and either increases or decreases in the percent
of bed-material load (Qr) occur:

W o D O*

Q'Q; sziDi, QQr~g— WL (2.18 a-b)

[

A common observation in urban-stream channels correlates an increase in
discharge with increasing channel width and depth, and an accompanying decrease in

channel slope by lateral migration extension if unimpeded from anthropogenic
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influences. When the effects of increased discharge and increased bed-material supply
during the early stages of urbanization occur, a similar trend is observed but is further
altered by decreased sinuosity with increased bed-material supply and increased
width/depth ratio, which is consistent with many other studies (Wolman, 1967; Hammer,
1972; Booth, 1990) and is reflective of Equation (2.18a). The results of the present study
showed that there was an increased average annual cumulative volume of flow
exclusively exceeding bankfull discharge but that the average annual bed-material supply
in the increasingly urbanized watersheds decreased. The channel responses to both
increased discharge and decreased bed-material supply observed are consistent with
Equation (2.18b).

A similar downstream reduction in channel width and width/depth ratio was
observed by Nanson and Young (1981) downstream of urbanized portions of watersheds
in southeastern Australia. They found that the reduced bed-material supply with increased
urbanization resulted in decrease in channel width. The trend was similar to reaches
downstream and distal to reservoirs beyond the dis-equilibrium reach associated with
channel scour, where decreases in channel width and width/depth ratio have commonly
been observed (Schumm, 1969).

The combined effects of decreased bed-load supply and larger volumes of water
per annum accessing the floodplain in this study result in a cross-sectional profile that is
similar to the channel widths and depths found in surrounding rural river studies. The
effect of increasing the frequency of bankfull events and increased frequency and volume
of floodplain inundation tend to offset the influence of a reduced sediment rating curve

exponent (Wolman and Miller, 1960; Andrews, 1980). It is possible that the urban
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reaches studied were not entirely in a state of quasi-equilibrium, and if the reductions in
bed-material supply continued over time, it may be expected that there will be further
reductions in the channel width and width/depth ratio, an expectation that is consistent
with the successional vegetation patterns observed in the field. It is the intent of future
research to re-survey each urban research site on a decadal basis at the permanent cross

section to continue to study its evolution.

2.5 SUMMARY

This study investigating the quasi-equilibrium characteristics of urban gravel-bed
stream channels in southern Ontario, Canada, has been conducted over the past 15 years
and its findings compared to rural gravel-bed stream channels of the same
hydrophysiographic region. Urban channel morphology studied here did not respond in
the commonly observed fashion of increases in channel width and depth with increasing
urbanization. Results show no statistically-significant differences of bankfull width or
depth and bankfull discharge between the urban and rural study sites. The field
observations were also compared with a larger international data base of gravel-bed
streams, finding consistency in the population observations of hydraulic geometry versus
dimensionless discharge.

The frequency of bankfull and larger discharge events increased with increasing
urbanization within the study watersheds, with corresponding increases in flashiness
index and the number of shorter duration events, as has been seen in several other studies.
The interactions between storm sewers, combined sewers, storm-water quantity ponds

and other infrastructure resulted in complex watershed responses that made detection of
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predictive trends between urban land use and bankfull frequency return periods elusive.
Analyses comparing partial duration series data and annual series data found a
discrepancy in the prediction of bankfull return period that results in significant over-
prediction of the morphological forming flow where peak annual return methods are
employed to predict bankfull return periods. Using peak annual series data to estimate
bankfull discharge in stream restoration projects then may also lead to significant over-
estimates of channel-forming flows resulting in the production of incised channels rather
than floodplain-dominated channel morphologies.

Annual discharge volumes derived from each effective catchment area identified
no statistical difference in total flow. Similarly, the annual volume summations of all
bankfull or larger events in urban streams were indistinguishable from the less frequent
but longer duration events recorded in the rural study sites. However, the annual volume
summation exclusively exceeding bankfull discharge was larger in the urban-stream
channels whereas a larger volume of flow occurred between the low flow and bankfull
stages in the rural study reaches. The annual duration of flows onto the floodplains in the
urban study sites was similar to the annual duration of flows exceeding either the critical
bank shear or critical bed shear of the median bed-material particle sizes.

Volumes of bed material transported were found to decrease with increasing per
cent urban land use, indicating a reduction in supply with increasing urbanization.
Downcutting was not observed in any of the urban study reaches; however, which
suggests that the reduction in bed-material supply is offset by ease of access to
floodplains during flood events, thus maintaining low hydraulic radii and the reduced

channel width contrary to most urbanizing stream responses. In each urban study reach,
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the median (Dsg) bed particle size was found to be mobile between 0.14% and 6.8% of
the year but the 84™-percentile particles were only mobile under the largest flood events,
indicating a mobile but armoured bed.

The ready spill onto floodplains and the reduced velocities there appear to
function as a strong buffer against any channel degradation due to the increase in flood
intensities and volumes but reduced flood durations in urban settings. The combined
urban and rural findings in this study are consistent with the anthropogenic responses
identified by Schumm (1969), namely that reductions in the percent bed-material supply
and increased discharge result in smaller rather than larger bankfull geometry
proportions, with the proviso that adequate adjacent floodplain access be maintained.
This study is one of a very small suite of studies attempting to identify the quasi-
equilibrium conditions of urban-stream channels rather than investigating the
degradational responses. The implications of this study for urban-stream rehabilitation
are that smaller bankfull channel geometries may be the design end-point rather than
larger channel geometries, to balance the reduction in bed-material supply. The increase
in the magnitude and frequency of flood discharges is offset by allowing overspill greater
access to continuous floodplains in order to maintain low hydraulic radii and thus shear

stress to enhance the channel stability.
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CHAPTER 3

PLANFORM AND BED MORPHOLOGY

CHARACTERISTICS

3.1 INTRODUCTION

Chapter 2 determined that the annual frequency of bankfull discharge was greater
in the urban streams, commonly averaging between four to eight times per year compared
to an average rural frequency of 0.6. Multi-year bed-load sampling established a trend of
decreasing bed-material supply with increasing percent urbanization. There were no
statistical differences in bankfull width nor depth between the urban and rural study
reaches as a function of effective catchment area.

During the course of the study, it was observed that there were changes in bed
morphology that were unlike those in the local rural watercourses and elsewhere
(Annable, 1996a; Leopold and Wolman, 1960; Williams, 1986). Many reaches
developed multiple pools and riffles along the cross-overs between bends rather than the
commonly observed single riffle between bends and pools on the outsides of bends in
single-thread channels (Leopold and Wolman, 1960). Further, frequent field sediment
sampling under high-flow conditions found patterns of standing waves at the majority of

sites (Figure 3.1), which may be surface expressions of bedform development as a means

61



of both grain and bedform energy dissipation, similar to that reported by Simons and
Richardson (1963) in sand-bed channels. Alternatively, the changes in bed morphology
may be the result of larger clasts pulsing through the river systems due to the more
frequent but brief discharge events creating more frequent keystone and armouring

points.

Approximate floodplain limit

Figure 3.1. Standing wave pattern in Little Etobicoke Creek at York Mills (Site 7) at
32.4 m’/s. Bankfull discharge is 23.8 m’/s.

Here, the results of a study of both the urban gravel-bed channel planforms and
their bed morphologies is presented. Where applicable, results are compared to rural
gravel-bed channels in the same hydrophysiographic region (Annable, 1996a).
Techniques in large clast particle tracking are employed to investigate the pulsing of

particles and the development of keystone and armour layers throughout each reach.
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Calibrated one-dimensional models are also developed for each site to examine the flow

regimes under a range in discharge conditions to relate energy dissipation to bedforms.

3.2 BACKGROUND

The characteristic planforms of alluvial and bedrock rivers have been well studied
for many decades finding striking similarities between channel pattern and bankfull width
and axiomatically discharge (Horton, 1945; Leliavsky, 1955; Leopold and Wolman,
1960; Brice, 1984; Williams, 1986). Many have attempted to stratify channels into
statistically-distinct taxonomies in order to address the specific channel forms and
processes unique to certain channel morphologies (Simons and Richardson, 1963;
Kellerhals et al., 1972; Rosgen, 1996; Montgomery and Buffington, 1997; Wohl and
Merritt, 2008). Common metrics used to stratify channels into various morphologies
include: valley form, cross-sectional relief, bed-material size and supply, flow regime,
sediment-transport relationships, fluid-mechanics parameters, and channel slope.

Similarity in river-meander patterns has been expressed quantitatively through
empirical relationships relating the geometric properties of meanders to one another such

as:

)‘OCbeaFOCbeaAPOCbe,RCOCbe (Sla—d)

where A is the meander wave length, I' is the meander belt width, Ap is the meander
amplitude, and Rc is the radii of curvature as measured along the centre line of the
bankfull channel. Belt width and meander amplitude are measured normal to the valley

trend (Brice, 1973; Annable, 1996b) whereas meander wave length is measured parallel
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to the valley trend. The majority of studies have related the proportionalities in Equation
(3.1) to power-function forms by regression analysis. Summaries of planform-meander
geometry relationships from several sources can be found in FISRWG (1998) and

Biedenharn et al. (2008).

3.2.1 Bed Morphology

Bed-material supply in step-pool channels is principally derived from colluvial
sources (keystones) plus alluvial material from bed and bank erosion. The entrainment,
transport, and deposition of the larger keystones has been observed to occur only in larger
magnitude flood events, typically exceeding a 30-year return period (Grant et al., 1990;
Chin, 1999; D’Agostino and Lenzi, 1997; Curran and Wilcock, 2005). Energy
dissipation in these environments is due to a combination of grain roughness, bedform
roughness, turbulence, and frequent hydraulic jumps. Several studies have related the
step height (Hgrp) and length (Lgp) from step crest to downstream pool invert to channel
bed slope and have suggested that the flow regime is deterministic in the frequency of
step-pool formations (Abrahams et al., 1995; D’Agostino and Lenzi, 1998; Grant and
Mizuyama, 1991; Kennedy, 1963).

Channels with lower slope transitions to run-pool dominated morphologies derive
the majority of their bed material from bend and bank erosion and throughput. Run-pool
morphology as defined here is consistent with the plane-bed definition of Montgomery
and Buffington (1997) but it has been labeled differently to avoid confusion with the kind
of plane-bed form associated with a particular flow regime in sand-bed channels (Simons

and Richardson, 1963). Although there can be large erratics within the run-pool
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dominated morphologies, most of the bed material is entrained at notably lower return
periods than the keystone grains associated with step-pool channels (Montgomery and
Buffington, 1997). Energy dissipation per unit length occurs from grain roughness,
turbulence, and secondary flow in bends (Rozovskii, 1957; Wohl and Merritt, 2008).

Lower gradient single-thread streams derive the majority of their sediment from
throughput, bank erosion, and bed erosion, with the majority of bed-load transport
occurring at flows exceeding effective discharge. One caveat is that if the channel beds
are significantly coarsened by armoring, larger return periods are required to mobilize
their material. Madej (2001) noted that in addition to bed armouring, imbrication, and
packing, the magnitude and duration of flows able to mobilize bed material can have a
significant impact on channel stability and form. Madej (2001) further suggests that
bedforms can be buried during such discharges and sediment pulses but later re-form
through scour and deposition returning to self-organized heterogeneous channels with
regularly-spaced bedforms. Energy dissipation per unit length occurs from grain
roughness, turbulence, secondary flow in bends, and floodplain form roughness during
flood flow conditions.

Rhythmic spacing and origin of pools and riffles are characteristic of many low-
gradient single-thread alluvial channels (Leopold and Wolman, 1960; Keller, 1971;
Montgomery and Buffington, 1997) with pool-pool spacing (Lip) by bankfull width
typically ranging between 3 < Lp/Wpr < 9 and averaging Lip/Wye = 5.5 (Keller and
Melhorn, 1978). There are many theories to explain the formation of pool-riffle
sequences, relating them to the: time rate of energy expenditure (Yang, 1971), velocity

and shear reversals from low- to high-discharge events (Keller, 1971; Hey, 1976), and
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macro-turbulent eddies generated at the boundaries of straight uniform channels that
produce alternating regions of acceleration and deceleration of flow leading to pool-riftle
formations (Yalin, 1971). Hey (1976), based upon field evidence, suggested that the
spacing of riffles should typically be observed as a function of channel width spaced by

27‘5be.

3.3 METHODS

Chapter 2 provides details of the land-use conditions and effective catchment
delineations for both the urban and rural watercourses studied here. Effective catchment
areas rather than topographic boundaries are used to allow for changes in the limits of
contributing basin areas due to alterations in storm-sewer networks, basin capture, etc.
(Leopold, 1968; Booth et al., 2004; Jordan et al., 2009). Table 2.1 listed general reach
characteristics, channel morphology, and adjacent land use. Figure 3.2 illustrates typical
reach characteristics at each site.

Longitudinal profiles and series of cross sections at the upper third of riffles and
runs were surveyed along each reach, using a total station and geo-referenced with a 1%-
order differential GPS. Bankfull stage was placed at the top of the convex (inside) bend
on point bars for riffle-pool dominated channel morphologies (Wolman and Leopold,
1957) and at the stage of the minimum-width depth ratio in the case of the run-pool
channel (Wolman, 1955). Bankfull discharge (Qy) was field-verified during flood events
at each reach and the timing reconciled with the instantaneous discharge (Q;) at each
gauge station. Further details of bankfull calibration in urban environments can be found

in Chapter 4.
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Figure 3.2. Study reach images. Note: Numbers denote the site reference numbers
listed in Table 2.1.

Channel features mapped included crests and bottoms of riffles and runs, pool
inverts, and any other notable changes in channel bed slope or geomorphic features
(Figure 3.3). Cross sections detailed the bankfull channel limits, terraces, and floodplain
features meeting the parameterization requirements of HEC-RAS 4b (USACE, 2004) for
developing one-dimensional hydraulic models. Parameters at each cross-section and
longitudinal profile included: bankfull width, bankfull depth (Dys), and bank-slope angles

(@), pool depth (Dp) relative to bankfull stage, change in elevation (Hg) along each riffle
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length (Lr), net elevation change (Hgp) and distance (Lgp) between the crest of a riffle
and the immediate downstream pool invert, and the inter-pool length between two
adjacent pools (Lip). Streamwise distances were measured relative to the bankfull
channel centre line. The metrics identified in Figure 3.3 are consistent with those used by
Grant et al. (1990), Chin (1999), D’ Agostino and Lenzi (1997), and Curran and Wilcock

(2005), which have been used to interpret morphological spacings in step-pool channels.
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Figure 3.3. Typical measurements of longitudinal profile.

3.3.1 Bed Material

To investigate the effects of discharge pulsing on bed-material movement, particle
tracking of large clasts was undertaken. Particles larger than the D75 of the bed material
were commonly selected as they form along the crests of riffles, providing grade control
and keystone positioning. Particles were pressure washed in-situ if imbedded at low-flow
conditions, allowed to dry and then painted: poor water quality often created algae layers

that required cleaning prior to painting. Particle tracking was not attempted at Site 12
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because the largest particle sizes were too small to be effectively painted. Different paint
colours were used on different riffles to increase tracking capabilities. Travel distances
were measured using either a total station or GPS. Particles were repeatedly painted over
a 5-year period to track clast-transport distances. Radio frequency identification (RFID)
tags were in their infancy of application at the time of the study and beyond the financial
limits of the study.

Bed-material (pavement) samples were also obtained on series of riffles and runs
at each study reach following the methods of Klingeman and Emmett (1982), Church et
al. (1987), Annable (1996b), and Bunte and Abt (2001). Four to six samples were
obtained on each morphological feature resulting in eighteen to twenty-four bed-material
samples per site. Samples were subject to grain-size analysis using dry sieving methods
at 0.5-phi intervals (Friedman and Sanders, 1978).

The discharge (Qc), annual frequency of events (N¢), and cumulative annual
duration (T¢) exceeding critical shear of reach for averaged Dsy and Dgs4 bed-material

grain sizes at each site were determined employing the dimensionless Shields parameter

(1) to investigate the effects of discharge pulsing on bedforms. 1. for a given grain size
D; is defined as T, = pul/(ys —y)D,, where p is the fluid density, y, is the specific weight
of the solid, and y is the specific weight of the fluid. Shear velocity (u+) is defined by
u, = \/’Cb—/p where bed shear (tp) is defined as t, =YR,S,where So is the channel bed
slope and Ry, is the hydraulic radius for a given discharge (Q;). The dimensionless critical
Shields parameter r;Ci was determined using a modified form of Brownlie’s (1981)

curve as outlined by Parker et al. (2007) of the form:
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* 1 ~0.6 (_7'7 pi )
Ty = 5| 0-22Re;+0.06x10 (3.2)

The dimensionless particle Reynolds number (Rep;) used in Equation (3.2) is defined as

(Parker et al., 2007):

Re A (G — l)ng Di (33)

AY

pi

where g is gravitational acceleration and v is the kinematic viscosity. Equation (3.2) was
used rather than that offered by Brownlie (1981) as Parker et al. (2007) identified that
Equation (3.2), based upon the analysis of incipient-motion data by Montgomery and
Buffington (1997), represents the lower range in critical Shields number rather than the
average value of critical Shields number offered by Brownlie (1981).

At-a-station hydraulic geometry developed from the historical field records at
each gauge station could be used to calculate the hydraulic radius (Ry) needed in the
shear-stress calculations above. However, Chapter 4 identifies shortcomings in the
representativeness of these data as the hydraulic geometry reflected conditions of the
gauge site (commonly occurring at bridges) rather than the natural channel morphology.
Rather, one-dimensional HEC-RAS (USACE, 2004) models were developed and
calibrated for each site to produce at-a-station hydraulic geometry of the channels and

floodplain relief at each surveyed cross section on riffles or runs of the form:

W =1n(Q;), D=m(Q,), \_/an(Qi), Ve :fn(Qi)’ R, =(Q,) (34a-e)
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where W is the flow top width, D is the average flow depth, V is the average channel
velocity, Vi is the main channel velocity, and Ry, is the hydraulic radius. Relationships
were developed for Equation (3.4) for flows ranging from 0 < Q < Qjg9, where Qo is the
100-year return period based on a Log Pearson III analysis (USGS Bulletin 17B, 1982).
Each calibrated model simulated one-hundred discrete discharge events evenly
distributed between Qmin < Q < Qg to produce geometry discharge relationships.
Reach-based channel roughness, used in the calibration of the one-dimensional
models, was estimated employing the Wolman (1954) pebble-count method at a series of
riffles, pools, and runs appropriate to each study site. Grain-size distribution results from

each riffle were used to estimate the Manning’s roughness coefficient (n), employing
Chow’s (1959) form of the Strickler (1923) equation as defined by n=0.0417D.,, where

Dsop is defined as the log-normal median grain size of the pebble-count grain-size
distribution.

The continuous instantaneous discharge records (Q;) from each site were then
entered into Equation (3.4) developed for each site to calculate the various parameters of
interest. It is noted that all discharge values used throughout the analysis utilized
systematic 15-minute interval discharge data for the period 1969 to 2008 unless a shorter

period of record was available.

3.4 RESULTS

Bivariate meander geometry relationships were derived for reach belt width (I),

average meander wave length (A ), and average radius of curvature (R ) versus bankfull

width (W,;) for both the urban and rural reaches (Figure 3.4). The urban and rural data
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sets were found to be coincident for T', but not coincident for eitherl , or R. as a
function of W,, (p = 0.08, p = 0.03, p = 0, respectively). The urban and rural data sets
were also compared to other data sets across North America (Leopold and Wolman,
1960; Williams, 1986) for I, A, and ﬁc as a function of be (Figure 3.5) which were
not found to be coincident for " (p = 0.008), and coincident for 2 and R, (p=0.11,p=

0.68, respectively). The variability in planform geometry has previously been attributed
to valley confinement, variability and heterogeneity in geology, and controls in riparian
vegetation (Zimmerman et al., 1967; Schumm, 1969; Schumm et al., 1984; Hickin, 1984;

Thorne, 1990).
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parameters measured.
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Figure 3.5. Belt width, meander wave length, and radius of curvature (R¢) versus
average bankfull width for urban and rural Ontario streams (Leopold and Wolman, 1960;
Williams, 1986).

Power-fit regression analysis of each metric against average bankfull channel
width shows that there is a modest decrease in belt width (although statistically not
significant), increase in average meander wave length, and increase in average radius of
curvature as a function of average bankfull width (Figure 3.4). These responses are
common to underfit valleys where lateral channel migration is limited by the valley walls
or in the case of urban areas by surrounding development and infrastructure. The
increased meander wave length is also in accordance with constituent relationships
offered by Schumm (1969) where meander wave length may increase with increases in
discharge and decreases in bed-material load as is observed in these study reaches

(Equation (2.18)).
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Changes in the urban channel meander geometry may also be related to the
changes in effective flows in the urban settings. Carlston (1965) suggested that flows
responsible for the transport of sediment, processes related to point-bar deposition, and
outer bank erosion, shape and form the dimensions of unconstrained meanders leading to
stream-wise migration. Chapter 2 observed significant increases in the annual
frequencies of bankfull discharge (a 1:1 correspondence (r* = 0.97) between bankfull
discharge and effective discharge was also observed) as the percent urban land use

increased. The effects of discharge pulsing are discussed below in further detail.

3.4.1 Bed Morphology

Inter-pool spacing was evaluated by comparing reach A /be versus L, /be

(Figure 3.6a). The urban and rural data sets were found to be weakly coincident (p =
0.13), but both parallel trend and intercept tests were not significant (p = 0.05; p = 0.05,
respectively). The rural reaches of Annable (1996a) closely follow a 2:1 trend where the
invert of pools are found on the outside of bends (Leopold et al., 1964; Hey, 1976).
Conversely, in the urban reaches, meander wave lengths increased, relative to bankfull
width and pools were found to occur on a similar frequency commonly ranging between
5 < Wpr<8. The urban pool spacing shows a trend independent of meander wave length,
which closely relates to distance between successive pools (2rWyy) as suggested by Hey
(1976) and Thorne (1997) who assumed that the maximum flow-structure eddies occupy
half of the channel width. Observations here also corroborate Wolman and Leopold

(1957; Leopold and Wolman, 1960) who proposed that the flow structure is responsible
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for complementary matching waveforms in bed topography and planform of meandering

channels.
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Figure 3.6. a) inter-pool length (L, ) by bankfull width (W, ) versus meander wave
length (1 ) by W,, and b) riffle slope (S, ) by bed slope (So) versus riffle length (L, ) by
bankfull width (W,,). Note: Increasing circle sizes represent increasing percentage of

urban land use in each watershed.
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Average reach riffle slopes (S, ) normalized by channel bed slopes (So) were
compared against average riffle length (L, ) normalized by bankfull width (W,;) (Figure

3.6b). The urban and rural data sets were found to be coincident (p = 0.80) with the rural
data set from Annable (1996a). Inspection of Figure 3.6b shows that in the majority of
reaches where larger percentages of urban land use occur (larger circumscribed circles)
riffle slopes were often steeper than in lower percentages of urban land use (smaller
circumscribed circles). Steeper riffles reflect limited bed-load supply (Chapter 2) and
ongoing armouring resulting from anthropogenic inputs of coarser material — such as
riprap and debris from failed channel works.

The characteristics of pool depths measured between inverts and bankfull stage

(D,) normalized by average bankfull depth measured at riffles and runs (D,,) versus

R, /be were inventoried (Figure 3.7). For pool depths on bends (Figure 3.7a), results

produce an envelope that is similar to lateral channel mobility envelopes reported by

Hickin and Nanson (1975), Chang (1988), and Julien (2002). These studies indicate that
the maximum likelihood of lateral mobility occurs when R./Wr ~ 2.0, which is related

to the greatest intensity in secondary flow (Rozovskii, 1957) resulting from centripetal
forces (helical flow). Bagnold (1960) suggested that a meander bend with 2 < R¢/W <3

is associated with minimization of energy losses due to asymmetry in the flow
distribution. Values of RC/be >10.0 relate to the run-pool morphology of Site 10,
where the radii of curvature are relatively large compared to the bankfull width. As
RC/WM — 2.0, the intensity of the secondary flow increases in flood stage, relative to

sharper or more subtle bends. A common field observation correlated deeper pools on
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bends with significant bank vegetation, which was inhibiting lateral erosion resulting in

deeper pools.
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Figure 3.7. Pool depths (Dp) at bankfull stage by average reach bankfull depth (D, )
versus radius of curvature (Rc) by average reach bankfull width (W,,) for a) bend pools
and b) box-and-whisker plot for in-line pools.

Pools between bends, hereinafter referred to as in-line pools, were found to be
much shallower. Figure 3.7b consolidates all of the measured in-line pools from all study
sites into a single box-and-whisker plot. The 25™ and 75™ in-line pool depths were found

to range between 1.17 < D,/D,, <1.73 and averaged 1.58D,/D,;.

Average spacing of pools in the urban sites closely approximates 2nWys, which
was the assertion of Wolman and Leopold (1957; Leopold and Wolman, 1960) for the

flow structure responsible for complementary wave forms producing bed and planform
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structure. Standing waves during flood events (Figure 3.1) merited investigation into the
possible manifestation of pool (and riffle) frequencies as a bedform resistance response
that dissipates additional energy in the urban watercourses (similar to Simons and
Richardson (1963) and Van Rijn (1984) in sand-bed streams). The riffle-crest to pool-
depth height (Hgp) versus inter-pool distance (Lip) were compared to the relationships
developed by Van Rijn (1984) for the wave length and amplitude of dunes and ripples in
the sub-critical flow regime where he found that Lip = 7.3 Hgp: this relationship was also
close to the theoretical value offered by Yalin (1964) of Lip = 2 Hgrp. A regression
analysis between the riffle-crest height to pool invert (Hgrp) versus inter-pool distance
(Lip) was developed (not shown) which found that Lip = 73Hgp, which is significantly
larger than the ratio obtained by either Van Rijn (1984) or Yalin (1964).

Wohl and Merritt (2008), analyzing an international data base of 335 step-pool,
run-pool, and riffle-pool channel reaches in gravel and courser-grained material,
identified a continuum of transformations between steep to gentle slopes in a manner that
minimizes variance in hydraulic roughness, maximizes flow resistance, minimizes
downstream variability in energy expenditure and, where bedforms are present, renders
hydraulic radius and bedform amplitude (Hir) interdependent. Assuming that energy is
proportional to both Q; and So, they also found that bedform frequency evolves to
maximize flow resistance. The ratio of Hir/Lrp versus Sp are compared for the urban
sites and steeper channels in Figure 3.8. The continuum of bedform dimensions as a
function of slope (and thus energy) supports the contention of Wohl and Merritt (2008)
that the frequency and spacing of bedforms maximize resistance to discharge. Chapter 2

found increased annual volumes of flow exceeding bankfull discharge that spilled onto
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the adjacent floodplains. The increased volume and frequency of flood flows (and thus
of energy) and the observed increase in frequency of pools in the urban sites supports the
assertion that manifestations in the channel beds are reach responses to maximize flow
resistance. Analysis of calibrated one-dimensional site modelled flows between 0 < Q; <
Q1o found maximum Froude numbers (F;) within the bankfull channel limits to range
between 0.62 < F, < 0.84, but never approach the critical flow regime where a plane-bed
channel develops standing wave patterns. The sub-critical flow regime coupled with
field observations of standing waves are consistent with the presence of dune forms

similar to those observed in sand-bed streams (Simons and Richardson, 1963).
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Figure 3.8. Riffle crest to pool invert height (Hrp) by length of crest of riffle to pool
invert (Lyp). Note: Whisker extents represent the maximum to minimum range in ratios
of each study reach. Grey envelope represents the predicted 95™-percentile confidence

limits.
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3.4.2 Discharge Pulsing

The graph of average annual discharge events where tcso and tcgs of the bed
material were exceeded is shown in Figure 3.9. On average, discharges in rural streams
where Ds particles were mobilized commonly occurred less than one to three times and
for Dg4 particles less than once per year. In a few cases, the average annual number of
discharge events mobilizing both Dsy and Dg4 grain sizes was greater than 1.0 but only in
medium gravel and smaller substrates where the standard deviation between the Ds, and

Dg4 grain sizes was small.

100 —
2] 3 O Rural
c 1 4 Urban
<5} ]
> % 1@3
<
S 10 = %
(@4 3 10e
s 05,
1

S A 3
= | O‘gozé
S - P °
@ ]
g 3
> i géo
<

0.1 T T TTTI T T T T T TTTT

0.1 1 10 100
Average annual Qcg, events

Figure 3.9. Average annual number of observed discharge events where critical shear of
Ds particle grain sizes (Qcso) versus Dgy particle grain sizes (Qcss) are exceeded.
Discharge event frequencies where both tcsp and tcgs of the bed material were
exceeded were much greater for the urban streams (Figure 3.9). Commonly there were
twenty to thirty events per year that mobilized the Dsy grain sizes and one to fifteen

events for the Dg4 grain sizes, resulting in active mobile armour layers. There was less
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frequent mobilization of Dsy and Dg4 grain sizes at Site 3, which has the largest grain

sizes and also very angular clast shapes (Table 3.1 — Magalhaes and Chau (1983)).

Table 3.1. Reach geometry and bed-material characteristics.

Bankfull Channel Characteristics Bed Material
Site
Reference  Bed Average Average

No. Slope Discharge Width Depth Dis Dys Dsg Dss Dg4
(m/m)  (m%s) (m) (m) (mm) (Mmm) (@Mmm) (mm) (mm)
1 2.1E-03 8.8 14.9 0.93 7.4 20.3 30.4 36.8 39.5
2 4.4E-03 14.2 13.0 0.43 5.9 17.8 30.4 474 60.6
3 5.1E-03 47.8 19.1 0.83 42.2 51.8 92.5 195.7 276.7
4 5.0E-03 11.1 11.7 0.47 21.1 26.7 36.8 50.3 56.4
5 2.6E-03 12.5 9.7 0.77 4.2 5.5 19.0 28.8 333
6 1.7E-03 12.8 10.2 0.81 20.4 27.3 36.3 51.4 63.9
7 2.1E-03 238 14.1 1.10 4.7 6.3 25.1 40.2 454
8 5.5E-03 18.4 11.7 1.15 18.2 29.2 473 1609  244.1
9 2.7E-03 13.8 13.1 0.57 20.5 25.6 349 66.1 83.9
10 1.0E-02 12.4 10.8 0.71 334 40.0 51.8 91.1 118.2
11 1.0E-02 32 8.7 0.76 4.5 5.4 18.7 33.8 39.9
12 5.1E-03 2.1 3.8 0.82 4.5 5.4 18.7 33.8 39.9

Changes in the urban hydrology regimes have resulted in annual increases in
average cumulative duration of flows exceeding both t¢so and tcgs, compared to the rural
watersheds (Figure 3.10). Commonly, the cumulative annual duration of flows exceeding
Tcso was greater than 2% (7.3 days), while the cumulative annual duration of flows
exceeding tcgs was less than 2% for the urban sites studied. The rural sites were below
these ranges. Implicit within a decreased duration of annual flows exceeding critical
shear values in the rural streams is a decreased frequency of channel-forming flows and
even less frequent longer duration flows that are able to move the larger grain sizes

(Leopold et al., 1964; Chang, 1988; Parker et al., 2007).
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Figure 3.10. Average annual duration of time exceeding thresholds of txg4 versus tcso.

In the urban sites, the increased cumulative annual duration of flows exceeding
both 1csp and tcgs and the increased frequency of discharge events exceeding critical
thresholds results in many brief events mobilizing the bed material and producing
sediment pulses. Typically, events exceeding critical shear conditions for Dgs values
lasted between 1 to 5 hours each and events exceeding the Ds, threshold averaged 4 to 8
hours each. There were longer duration events exceeding either tcso or Tcss during the
spring freshet when the stream beds were commonly mobile between 2 to 5 days,
including common diurnal fluctuations across the critical shear thresholds. In the rural
stream channels, typically only zero to two events mobilized the Dsy, bed material,

dominated by spring freshets of 5- to 9-day durations.
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Over a 5-year period, the pulsing of the bed material was evaluated by field
particle tracking in all but the smallest urban-stream channel (Site 12). As is common to
particle tracking using the methods described above, losses were between 63% and 78%
of the initial complement. Losses were attributed to burial, abrasion, transport to
distances beyond the inventoried limits, and in this study, some deliberate removals to
build artistic piles on the adjacent floodplains. Particle travel distances (L) were
normalized relative to the bankfull channel width and classed into 2L, /W, categories.

The results show that the majority of the particles travelled less than two bankfull
channel widths downstream in any given one event (Figure 3.11). The primary exception
to this observation occurred on bends where particles were either transported through the
bends or were deposited on the point bars. Clast-transport distances dramatically
decreased after twelve bankfull widths downstream of the original source location. The
short travel distances of the larger clasts in each study reach further demonstrate that
short pulses of sediment are occurring for given events. Inventories of clast-transport
distances showed that travel distances increased with increased duration above critical

flow conditions.
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Figure 3.11. Number of observed clast particles versus clast-travel distance (L)) by
average bankfull width.

3.5 SUMMARY

Manifestations in channel planform and bedform are responses in a river system
to maximizing the flow resistance, while minimizing variability in energy expenditure in
a downstream direction. Increases in meander wave length and radii of curvature of
urban-stream channels, compared to rural watercourses in the same hydrophysiographic
region, are surface expressions of increased flood frequency (pulsing) and volume but
decreased bed-load supply.

Increased frequency of pools (and riffles) between adjoining bends in the urban

channels is caused by both sediment pulsing of larger clasts and the creation of ‘dune-
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like’ bedforms to maximize flow resistance. The short travel distances of larger clasts
within each reach result from the flashy convective storm events observed in the region
combined with changes in land-use and overland routing characteristics. The short travel
distances allow keystones to be placed (commonly they are coarse anthropogenic
material) that serve as frequent grade-control positions along each watercourse resulting
in riffles as the hydrographs recede with shallower pools (compared to bends) between
the riffle crests.

The frequency of riffle crests (and pools), field observations of standing waves
during flood flows, and observed increase in flood flows above bankfull stage (thus
energy) also support previous observations that bedforms may be developing as an
alternative means of dissipating the increased stream energy external to the reaches by
maximizing flow resistance. Distances between pool depths is much greater (Lip =
73Hgp) than those observed in sand-bed streams (Lip = (21 to 7.3) Hgp) and in other
gravel-bed dune formations observed by the author. Here, the likelihood is that both
bedform development and sediment pulsing are synergistically complementary in the

development of the urban channel bedforms.
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CHAPTER 4

ESTIMATING CHANNEL-FORMING DISCHARGE

IN URBAN WATERCOURSES

4.1 INTRODUCTION

The concept that there is a channel morphology-forming discharge; which
determines the quasi-equilibrium shape and size of a channel for a given slope, valley
form, bed-material supply, and grain-size distribution, while maintaining sediment
continuity; has been studied for over two centuries (Hutton, 1788; Lindley, 1919; Lacey,
1930; Inglis, 1949; Lane, 1955; Leopold et al., 1964; Andrews, 1980; Emmett and
Wolman, 2001). Given the global variety in hydrophysiographic regions, vegetational
communities, and geologic properties, a standard definition or means of identifying this
channel-forming (or ‘dominant’) flow is rare. Instead, a range in potential measures may
be proposed (Andrews, 1980; Williams, 1978; Parker et al., 2007). Identifying or
defining the channel-forming discharge in ephemeral rivers or in degrading reaches is
further complicated by the frequent absence of consistent field indicators and by issues
related to the transient nature of a channel in disequilibrium (Stevens et al., 1975; Baker,
1977; Schumm et al., 1984; USDAFS, 2003). Urban-stream channels have problems

akin to all of the above conditions plus further complications caused by anthropogenic
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modifications of the basin morphology, insertion of infrastructure that alter valley and
channel form, and the non-stationarity that may be introduced into any long-term flow
records.

Channel-forming flow has frequently been defined as that at bankfull discharge
(Wolman and Leopold, 1957). Methods of field identification of the bankfull stage and
the associated discharge in natural channels have been well documented and summarized
(Wolman and Leopold, 1957; Leopold et al., 1964; Williams, 1978; Johnson and Heil,
1996; USDAFS videos 1995, 2003). The methods identify geomorphic features that may
be commensurate with bankfull stage include: sedimentary surfaces of floodplains, the
stage when water just begins to encroach upon the floodplain, or evidently relict benches
above flood level, plus waterline boundary features such as the lower limit of perennial
vegetation, and cross-sectional geometric positions such as the elevation where the
width/depth ratio is a minimum (the stage corresponding to the first maximum of the
Riley (1972) bench), and to the changes in the relationship between channel cross-
sectional area and discharge top width. Other research has sought to relate bankfull
discharge to watershed-based parameters such as effective catchment area (Carter, 1961,
Leopold, 1968; Anderson, 1970; Packman, 1979; Kibler et al., 1981; Sauer et al., 1982),
mean annual discharge (Carter, 1961; Anderson, 1970; Packman, 1979), and mean annual
flood (Carter, 1961; Anderson, 1970; Packman, 1979) amongst other metrics. Statistical
frequencies have also been correlated with bankfull discharge in various
hydrophysiographic regions (Leopold et al., 1964; Woodyer, 1968; McGilchrist and
Woodyer, 1968; Kellerhals et al., 1972; Hicks and Mason, 1991; Annable, 1996b). In the

majority of cases involving such statistical estimates, the authors stress that published
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values represent the ensemble mean averages of frequency return periods and that there
can be significant spatial variation due to specific watershed characteristics.

An alternative approach in estimating channel-forming flow is based upon the
analytical calculation of effective discharge (Wolman and Miller, 1960), which cannot be
validated in the field. This method employs systematic flow records and sediment-
transport equations (Wolman and Miller, 1960; Andrews, 1980; Biedenharn et al., 2000)
or field-measured sediment rating curves (Emmett and Wolman, 2001), and seeks to
determine which discharge class (volume of flow) transports the largest amount of
sediment over a long period of time. However, as identified by Emmett and Wolman
(2001), the majority of these studies have utilized suspended-sediment equations or rating
curves rather than bed-load data as the latter are seldom available. The use of suspended-
sediment rating curves in effective discharge estimates can lead to significant estimation
bias since, in the case of coarser-bed channels, suspended sediment does not define the
channel morphology.

Many of these methods are ineffective or inappropriate where the natural channel
has been modified by urban works. Sanitary and storm sewers are frequently constructed
within river valleys, often resulting in channel crossings or realignments and floodplain
re-grading that may alter the channel form and destabilize its quasi-equilibrium condition.
The introduction of maintenance roads or levees adjacent to river corridors further alters
cross-section profiles and thus may change the relationship of different terrace elevations
to the bankfull stage. Changes in hydrology often lead to vegetation migration inside the
bankfull channel limits, changing the significance of vegetational waterline features.

Changes in urban hydrology commonly alter the frequency of lower magnitude flood
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returns (Chapter 2; Leopold, 1968; Packman, 1979; USGS, 1982; Sweet and Geratz,
2003) resulting in a situation where there is no means of estimating bankfull discharge
that is statistically consistent. Moreover, the introduction of storm-water management
facilities that extend the duration of flow above critical shear conditions (MacRae and
Rowney, 1992) begin to alter depositional benches in urban channels also leading to the
improper field identification of bankfull stage.

The placement of gauge stations in urban environments is often adjacent to
bridges for ease of access and to facilitate discharge measurement and sediment
sampling. A consequence of such selection is that the at-a-station hydraulic geometry
reflects the bridge structure rather than that of the channel morphology (Williams, 1978).
Estimating bankfull discharge is then biased by the hydraulics of the constricted flow
conditions at the bridge structure. Effective discharge estimates may also be prone to
similar errors based upon imposed hydraulic geometry inconsistent with the channel
morphology.

For the past 15 years, an intensive field program has been undertaken on twelve
quasi-equilibrium (Langbein and Leopold, 1964) urban-stream channels in southern
Ontario, Canada. Eleven of the channels studied have pool-riffle dominated morphologies
and the remaining channel has a steeper run-pool, semi-confined form (Table 4.1). A
variety of the methods outlined above were tested to estimate the channel-forming flows
in these settings. Many of them had to be abandoned due to anthropogenic modifications
to the floodplain regions or existing infrastructure, while others had to be adapted for

conditions specific to each study reach. This chapter describes many of the limitations
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Table 4.1. General urban site characteristics and channel-forming flow metrics.

Field Average Log-
Site Cross- Effective ~ Urban  Observed Annual Pearson
Reference Station Period of Mor- sectional ~ Catchment Land Bankfull  Effective Return 111 Return
Number ID Station Name Record phology Relief Area Use Discharge Discharge  Period Period
(km?) (%) (ms) __ (ms) (yrs) (yrs)
1 02HCO005 Don River at York Mills 1945 -2009  Riffle-pool Semi-confined 95.5 72 8.8 10.0 0.16 1.0306
2 02HCO17 Etobicoke Creek at Brampton 1957 -2009  Riffle-pool Unconfined 67.7 24 14.2 15.3 0.24 1.0095
3 02HCO030 Etobicoke Creek below QEW 1966 - 2009  Riffle-pool  Unconfined 215.4 62 47.8 42.7 0.28 1.0734
4 O2HBO012 Grindstone Creek near Aldershot 1965 -2009  Riffle-pool  Unconfined 83.9 13 11.05 6.2 1.00 1.3491
5 02HDO013 Harmony Creek at Oshawa 1980 - 2009  Riffle-pool Unconfined 43.0 44 12.5 11.3 0.21 1.0079
6 02GA024 Laurel Creek at Waterloo 1959 -2009  Riffle-pool Unconfined 57.5 34 12.8 10.5 0.76 1.5183
7 02HC029 Little Don River at Don Mills 1964 - 1966  Riffle-pool Unconfined 135.1 70 23.8 17.6 0.21 1.0609
8 02HC033 Mimico Creek at Islington 1965 -2009  Riffle-pool Unconfined 73.8 87 18.4 21.0 0.23 1.0475
9 02HAO014 Redhill Creek at Hamilton 1977 -2004  Riffle-pool  Unconfined 56.3 66 13.8 18.6 0.13 1.0001
10 O2HBO007 Spencer Creek at Dundas 1959-2009  Run-pool Semi-confined 156.0 9 12.4 11.2 0.59 1.2274
11 02HA022 Stoney Creek at Stoney Creek 1989 -2009  Riffle-pool Unconfined 19.2 15 32 4.1 0.25 1.0448
12 02HA027 Walker Creek at St. Catherines 1991 - 1994  Riffle-pool  Unconfined 5.9 99 2.1 0.8 0.38 1.1612




identified during the field program that can result in poor estimates of channel-forming

flow, and offers alternatives found to be successful in the urban conditions.

4.2 FIELD METHODS

Longitudinal profiles and a series of cross sections were surveyed at each site
using a total station and geo-referenced using a 1*-order differential GPS. The study
reaches ranged between 52 < Wy < 77 in length, where Wy is defined as the average
bankfull-channel width: this typically translated to five to seven meander wave lengths
per survey. Attributes acquired included the thalweg (at approximately every bankfull-
width spacing), maximum invert of pools, and any other notable changes in channel bed
slope. Cross sections were surveyed perpendicular to the channel and located at the
upper third of a series of riffles or runs. Each cross section included discrete survey
points demarcating the top and bottom of channel banks, thalweg, floodplain attributes,
and any notable changes in slope. Typically, fifty to sixty discrete points were surveyed
at each irregular cross section. Additional cross sections were taken where there was
infrastructure. All data obtained were consistent with the data parameter population
requirements of HEC-RAS 4b (USACE, 2004).

Bankfull stage was identified on all of the riffle-pool dominated stream
morphologies as the maximum stage occurring on the convex bank (top of point bar),
when water just begins to encroach upon the floodplain (Wolman and Leopold, 1957);
this was, for the most part, commensurate with the existing valley flat (Woodyer, 1968;
Kellerhals et al., 1972). Bankfull stage was also identified at each riffle cross section

using linear (quasi-horizontal) boundary features such as the valley flat, vegetation, or
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benches where applicable. Bankfull stage on the steeper run-pool morphology was
identified as the stage where the lowest width/depth ratio was observed (Wolman, 1955)
or at the upper limit of point bars (USDAFS, 2003). Most ‘waterline’ boundary features
at gauge stations were ineffective estimators of bankfull stage because cross sections and
benches had frequently been re-graded to conform to bridge configurations rather than to
the channel morphology. Moreover, heavy pedestrian traffic along channel banks further
altered any terracette detail and vegetation boundaries, causing additional challenges in
estimating bankfull stage. Typically, bankfull stage at gauge stations was demarcated by
identifying any remnant bench, vegetation, or rock-staining indicators, and by
extrapolation of the other surveyed locations within the study reach by a best-fit
regression analysis projected to the gauge station (Leopold er al., 1964; Sweet and
Geratz, 2003; USDAFS, 2003) as illustrated in Figure 4.1. The rating curve at each gauge

station was then used to relate the identified bankfull stage to the associated rating

discharge.
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Figure 4.1. Longitudinal thalweg profile bankfull stage regression. Note: Inset

illustrates the differences in stage estimation from regression analysis and field
observation at a gauge station.
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During the several years of bed-load and suspended-sediment sampling
undertaken at each study site, each site was walked and its bankfull stage observed during
high-flow conditions. The instantaneous bankfull discharge was then reconciled with the
15-minute stage-discharge observations at each gauge station to corroborate bankfull
discharge. The field-observed discharges were then considered the correct values to
represent bankfull discharge. Discrepancies were noted between the field-identified
bankfull stage at the gauge station and those stages identified and corroborated in the
field during high-flow conditions, as illustrated in Figure 4.2. Linear regression analysis
of the data in Figure 4.2 identified a deviation from unity of 0.882 = 0.92). The
majority of discrepancies occurred where gauge stations were either located on the
downstream side of bridges or culverts, where closed footing culverts or bridges were
present, or where weir control structures were installed to enhance accuracy in flow
measurements. The presence of any of these structural conditions created channel
constrictions in various forms, leading to an M2 profile (Henderson, 1966) at the
structure openings and at the gauge stations (as illustrated in Figure 4.1a). The change in
water-surface profile then leads to discrepancies between bankfull discharge observed in
the field and the stage associated with bankfull discharge at the gauge station where
waterline boundary features are used at the latter. Figure 4.1a illustrates the best-fit
correlation of bankfull stage along a reach to that at a gauge station, plus the difference
between that stage as defined by regression analysis and the field-identified bankfull
stage using waterline boundary features, and the field-observed bankfull discharge
(Figure 4.1a). These discrepancies were common for all of the urban-stream channels

studied with the exception of Site 10, where the bridge span and gauge station cross
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section conformed to the channel morphology. The use of waterline boundary features or
longitudinal regression analysis in estimating bankfull stage where gauge stations are in

close proximity to bridges should be carefully scrutinized when assessing this stage.
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Figure 4.2. Discharge from bankfull stage estimate at gauge station versus observed
bankfull discharge at top of point bars during flood event.

4.3 INDEPENDENT CALIBRATION

The 15-year duration of the study presented opportunities to further examine the
various methods of estimating channel-forming flow, to investigate the variability in
estimation made by different individuals, and to minimize bias. Eleven experienced
practitioners participated in field investigations over the study period, in particular to
corroborate the quasi-equilibrium characteristics of each reach and to identify channel-

forming flow by whatever methods each participant deemed appropriate. Contributions
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were disregarded if they explicitly related bankfull discharge to the putative 1.5-year
return period, as will be discussed below.

The participants came from seven different countries on three different continents,
often with experience in significantly-different geologic and hydrophysiographic regions.
The participants had between 10 and 43 years of experience. Whenever possible, no two
individuals had trained at the same institution or with the same instructor, so minimizing
bias. Only six of the participants were able to visit all twelve study sites, the others
visiting a sub-set of the reaches based upon availability and time.

At a study reach, each participant was given an aerial photograph of the area and
walked (or, preferably, waded) the reach to become acquainted with the channel
morphology. During the return walk, the participant then identified bankfull stage
wherever he/she chose, and was also asked to identify bankfull stage at the gauge station.
A consistent choice among all of the participants was the upper limit of the point bar on
the convex (inside) curve of river bends. At riffles, many of the participants used either
vegetation or small terrace indicators because the valley flat was not always
commensurate with bankfull stage. The discharge stages identified by each practitioner
were then tied to geodetically-referenced benchmarks located along each of the study
sites.

To relate field-estimated stages from each participant to discharges, one pressure
transducer was installed on the inside of a bend where all of the participants had
identified bankfull stage, and a second on a riffle or run where all had also identified it.
The bankfull stages of the participants were then related to the geodetic elevations of the

pressure transducers. The role of the pressure transducers was not to relate stage and
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discharge at a given location but, rather, to reconcile time at a given location where a
participant had identified a bankfull stage marker with the observation time at the gauge
station. The instantaneous discharge (to the closest 15-minute observation interval) at the
gauge station was then considered to be the same as at the identified bankfull stage
location. Continuity of discharge was valid in all cases between the gauge station and the
field location where bankfull stage was identified. The pressure transducers were left in
place for sufficient time for a flow event of large magnitude to inundate the floodplain,
giving data which could be related to all participants’ observations. The pressure
transducers were then moved to other streams and the calibration process repeated.

The results of this independent field calibration are presented in Figure 4.3.
Where bankfull stage was identified at the top of the point bars on the convex curve of
bends, there was very little discrepancy between observers and bankfull discharge during
flood conditions identified in the initial surveys of this project (Figure 4.3a). A power-
function fit (r* = 0.99) of the mean estimated discharge from each observer produced a
coefficient and exponent of 0.99 and 0.98, respectively. Box-and-whiskers in Figure 4.3
represent the maximum, 75"-quartile, 25"-quartile, and minimum values and symbols
represent average values of all observers. When participants attempted to identify
bankfull stage at the riffles, many used the height of the valley flat (Woodyer, 1968;
Kellerhals et al., 1972), and others relied upon boundary features such as vegetation
markers (Schumm, 1960; USDAFS, 2003) because they speculated that a small amount
of incision might have occurred along these sections. Figure 4.3b illustrates the
discharge results where pressure transducers were installed on riffles where all

participants had identified bankfull positions. A power-function fit (* = 0.94) of the
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mean estimated discharge from each observer produced a coefficient and an exponent of
1.06 and 0.97, respectively. There was a greater degree of variation between the
practitioners, which is consistent with the more subjective methods of estimation using
vegetation boundary features and the potential discrepancies where individuals believed
that a minor amount of channel incision had occurred. In this particular study, the

vegetation indicators typically under-predicted bankfull stage, whereas those participants

using the height of the valley flat as the marker typically over-predicted it and the related

discharge compared the results of Figure 4.3a.
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Figure 4.3. Independent evaluation of bankfull stage versus field observed bankfull
discharge during flood events at a) upper-limits of point bars on the convex arc of bends,
b) riffles, and c) gauge station. Note: Grey envelope represents the 95"-percentile limits.

In most cases, participants acknowledged that identifying bankfull stage at gauge
stations was the most difficult location due to: 1) cross-section modifications by
infrastructure, 2) use of materials such as concrete, gabion baskets, etc., 3) constructed
benches for maintenance access, and 4) erosion of benches or vegetation indicators by
pedestrian traffic. Of the three methods used to identify bankfull stage and the

corresponding discharge, those undertaken at the gauge stations showed the largest

variability, as illustrated in Figure 4.3c. A power-function fit (r* = 0.79) of the mean
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estimated discharge from each observer produced a coefficient and an exponent of 1.70
and 0.84, respectively. Due to the absence of valley-flat stages or benches at most gauge
stations, the majority of participants used supposed waterline features or rock staining in
attempts to estimate bankfull stage. The two exceptions where most participants
consistently identified the same bankfull stage at gauge stations were Sites 4 and 10, the
only sites where the gauge is located away from bridges (Site 4) or on the run-pool semi-
confined channel morphology where the bridge conformed to the cross-sectional profile
of the channel (Site 10). There was one boundary feature that did provide a consistent
means of identifying bankfull stage: in the winter season with sufficient snowfall, if a
discharge event occurred that was relatively recent to bankfull discharge, the upper limit
of the melted snow on the convex arc of bends at the top of point bars and the same
snowfall boundary limit at a gauge station provided a consistent linear field identifier of
bankfull stage (Figure 4.4). It is noted, however, that this method of identification should
only be used if the duration between the discharge event and the field observation is
relatively short to ensure that no other events could have generated the waterline feature.
The results of this independent field calibration experiment further emphasize that
great care should be taken in identifying bankfull stage in the field. In particular,
bankfull-stage estimates at gauge stations where significant alterations to the cross-
sectional geometry or boundary materials have been made should be -carefully
scrutinized. The most consistent method of identifying bankfull stage and the associated
discharge is during a flood event when flow begins to encroach upon the floodplain (for

floodplain-dominated channel morphologies) and then reconciling the instantaneous
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discharge from the rating curve at the gauge station with the stage in the quasi-

equilibrium channel section.

Figure 4.4. Field-identified bankfull stage using snow-melt limit where Qyy is the stage
associated with bankfull discharge (Redhill Creek at Hamilton).

4.4 EFFECTIVE DISCHARGE

Employing the effective-discharge method to estimate channel-forming flow
requires systematic discharge records over a sufficient time span, and a means of
estimating the sediment transport (Wolman and Miller, 1960; Andrews, 1980;
Biedenharn et al., 2000; Emmett and Wolman, 2001). This study determined that
significant errors in effective-discharge estimates can occur if the hydraulic geometry at
the gauge station is significantly different from that of most of the channel, for the

reasons identified above. Figure 4.5a illustrates the differences in discharge versus
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channel top width and main-channel depth by comparing power-function relationships
developed from field observations at one of the southern Ontario urban gauge stations
with those from a representative surveyed cross section (representative channel
morphology location) based upon a calibrated one-dimensional HEC-RAS hydraulic
model of the same reach. The corresponding wetted perimeter (P) and hydraulic radius
(Rp) for a given discharge, which are used to calculate shear stress (t,) used in the
majority of bed-load transport equations, will also vary significantly based upon the

differences in channel cross-sectional geometry.
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Figure 4.5. Flow conditions used in effective-discharge estimate from the Little Don
River and Don Mills sites for a) hydraulic geometry observed at gauge station and
representative cross section versus discharge and b) discharge versus time for different
systematic time observation intervals.

The selection of the appropriate stage-discharge observation interval can also lead
to errors in effective-discharge estimates, as identified by Biedenharn et al. (2000).
Although the daily mean stream flow is a satisfactory observation interval for many

stream channels in rural and wilderness settings, the change in overland flow-routing

characteristics in urban watersheds results in flashier discharge responses, which are not

100



adequately captured in daily mean stream-flow observations (Figure 4.5b). The
resolution in stage-discharge observation intervals can then alter the partial and
cumulative discharge-distribution functions over the period of record, which can result in
different discharge magnitude classes being associated with the effective discharge.
At-a-station power-function relationships were developed at each of the twelve

gauge stations in the form:

W=¢Q" , D=¢,Q* , A=c,Q% ,V:C4Q64 4.1a-d)

where Q, W, D, A, and V are the field-measured discharge, channel top width, main-
channel depth, cross-sectional area, and discharge velocity (Q/A as opposed to the main
channel velocity), respectively; and the coefficients ¢; — ¢4 and exponents e; — e4 result
from the best-fit power-function regression analysis of each relationship, respectively.
The coefficient of determination (1*) for all twelve urban streams exceeded r* > 0.84, and
in nine of the twelve streams exceeded r* > 0.92. The wetted perimeter (P) and hydraulic
radius (Ry) as a function of discharge were developed from Equations (4.1) through

using a stepwise function (organized in ascending discharge order) of the form:

P=c.Q% , R, =c, Q% (4.2a-D)

where the coefficients c¢s - ¢ and exponents es - e¢ result from best-fit power-function
regression analysis of each relationship.

One-dimensional models using HEC-RAS 4b (USACE, 2004) were developed for
each of the twelve study sites using the field survey data and calibrated to the stage-

discharge rating curves at each gauge station. Reach-based channel roughness (n) was
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estimated using the Strickler equation in the form n=0.0417 D, (Chow, 1959), where

Dsg is the median particle diameter of a log-normal distribution based upon a Wolman
(1954) pebble count of each reach. Each calibrated model simulated one-hundred
discrete discharge events that were evenly distributed between Quin < Q < Qjg0, Where
Qmin and Qoo are the minimum observed discharge and the 100-year return period (based
upon USGS (1982) methods), respectively. Hydraulic-geometry relationships were then

developed for representative cross sections of each reach of the form:

W=mQ) , D=fm(@Q) , V=m(Q) , A=m(Q) , R, =m(Q) (4.3a-¢)

Effective-discharge calculations were made using the two-fraction bed-material
model offered by Wilcock and Kenworthy (2002) for hydraulic geometry at each gauge
station (Equation (4.1)), and at representative cross sections (Equation (4.2)) of each
reach, using the 15-minute interval discharge data. Effective-discharge calculations were
also conducted for each representative cross section using hourly data to compare it with
the 15-minute observation results. Daily mean flow data were not considered in the
analysis because the majority of events were not adequately captured using an interval of
such low resolution.

A suite of analyses were conducted on the number of discharge classes needed to
adequately evaluate the cumulative- and partial-distribution functions for different
observation intervals. Biedenharn et al. (2000) showed that there is no absolute selection
criterion for the number of discharge classes to be designated. It is largely the user’s
choice to achieve a relatively continuous distribution of the sediment-load histogram. A

series of analyses were conducted on the urban-stream channels using between twenty
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and one-hundred discharge classes. Higher resolution analyses produced a number of
discharge classes with only one observation in them: these were associated with
flashiness and peak discharges over a series of flood events, leading to discontinuous
discharge frequency distributions. The majority of streams in this study were dominated
by base-flow discharge classes and displayed very short duration, high-intensity, flashy
events, which were not adequately captured when few discharge classes, typically less
than thirty, were assigned (Chapter 2). The analysis determined that a selection of
between thirty-five and fifty-five discharge classes were best suited for adequately
representing the frequency distribution of flows.

The results from three of the urban study reaches are presented in Figure 4.6 to
show the typical differences identified in effective-discharge estimates for all twelve of
the study reaches. Given the typically prismatic cross section at gauge stations, too high
shear values were calculated for the lower discharge classes there. The result was
consistent under-prediction of the discharge class, which transported the greatest volume
of bed load over time, when compared to the irregular channel cross sections that were
more accordant with the channel morphodynamics. Selection of either hourly or 15-
minute discharge observation intervals did not have a significant impact on the discharge
class associated with effective discharge. In most cases, differences in effective-
discharge estimates using hourly flow data typically varied by one to two discharge
classes compared to the 15-minute observation intervals. However, no specific bias
towards underestimation or overestimation was identified in the hourly discharge class;

the estimates varied with each site studied.
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Figure 4.6. Effective-discharge analysis using Wilcock and Kenworthy (2002). Bed-
load discharge versus discharge for 15-minute flow observation data at gauge station
cross section (15), representative cross section (15), and hourly data (60) at representative
cross sections for a) Little Don River at Don Mills (Site 7), b) Mimico Creek at Islington
(Site 8), and c¢) Spencer Creek at Dundas (Site 10).

45 HYDRO-GEOMORPHIC METHODS

The development of calibrated, one-dimensional hydraulic models afforded the
opportunity to evaluate many of the cross-sectional hydraulic conditions that may be used
to estimate channel-forming flow. Figure 4.7 illustrates the results of one-hundred
discrete simulations evenly distributed between Qumin < Q < Q¢ for a representative cross
section for one of the urban streams, using a series of hydraulic metrics. The discharge
associated with the first local minimum of the width/depth ratio has often been used to

identify bankfull discharge in floodplain-dominated channel morphologies (Wolman,

1955). The specific stream power ( P ) as defined by:

YQS;
w

p (4.4)

where y is the specific weight of water and Sy is the channel bed slope, is used in

sediment-transport equations (Yang, 1979, 1984), and the maximum specific stream
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power value over a wide range of flows in floodplain-dominated channel morphologies
can also be associated with bankfull discharge, which is often commensurate with the
valley flat. Correspondingly, the first local maximum of total channel shear (t, = YR,S¢),
where the entire wetted perimeter is considered, can also correspond to the discharge
associated with channel-forming flow at the stage of inundation of the valley flat. The
maxima associated with discharge velocity (Q/A) can also represent the discharge
consistent with the stage of the valley flat because at flows that exceed bankfull stage the
discharge velocity decreases due to floodplain roughness and increase in the wetted

perimeter.
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Figure 4.7. Total channel shear, specific stream power, width/depth ratio, and discharge
velocity versus discharge for a representative cross section. One-hundred discrete
evenly-distributed discharge simulation events between Quin < Q < Qqo0. Note: Shaded
areas represent the locations of the first local maximum or minimum for the various
relationships identified for floodplain-dominated channel morphologies in quasi-
equilibrium.

Each of the hydraulic metrics illustrated in Figure 4.7 can be further condensed

into a single box-and-whisker plot to represent a given cross section for the one-hundred
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discrete simulations between Qmin < Q < Q0. The analysis of a series of cross sections
can then be evaluated longitudinally along a reach to calculate these metrics, as illustrated
in Figure 4.8a and Figure 4.8b for discharge velocity and width/depth ratio, respectively.
Each box-and-whisker in Figure 4.8 represents one-hundred discrete evenly-distributed
discharge simulations between Quin < Q < Qj¢0, Where the maximum and minimum
values at each cross section are represented by the extents of each line, boxes the standard
deviations of each metric, and symbols the average metric values. The bankfull velocity
and width/depth ratio associated with bankfull discharge is represented by the dashed
line. It is seen in Figure 4.8a that bankfull discharge is often correlated with the
maximum discharge velocity observed at a series of cross sections along a river reach of
interest. There are also a series of cross sections where the maximum discharge velocity
does not occur at bankfull discharge; these are sections associated with bridge structures
or where the river passes between higher banks associated with artificial fill or with
terraces. Plots similar to Figure 4.8a can be produced for specific stream power and total
channel shear.

Figure 4.8b illustrates the range in width/depth ratios. It is the inverse of Figure
4.8a, wherein the width/depth ratio at bankfull stage is typically the lowest value of the
metric. In the cases of semi-confined, run-pool dominated channel morphologies, the
local minima of width/depth ratios can be used to determine discharge that may be
associated with bankfull discharge. However, the metrics where local maxima were used
in floodplain-dominated riffle-pool morphologies were not applicable in the semi-

confined channel morphologies. In these cases, breaks in slope observable by eye

106



(particular when the ordinate axis in Figure 4.8 is log-transformed) were often consistent

with bankfull discharge.
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Figure 4.8. a) discharge velocity, and b) width/depth ratio versus longitudinal distance.
Note: The maximum and minimum values at each cross section are represented by the
extents of each line, boxes the standard deviations of each metric, and symbols the
average metric values.

The results of the maxima observations of each study reach with respect to
discharge velocity, total channel shear, and specific stream power extracted from each
modeled cross section (similar to Figure 4.8) are illustrated in Figures 4.9a through 9c,
respectively. The corresponding observations for the minima in width/depth ratios are

illustrated in Figure 4.9d. In Figure 4.9, whiskers represent the maximum and minimum

metric values. It should be noted that cross sections associated with bridges or other
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infrastructure were removed from the analysis. The results show that there is a relatively
strong relationship between field-observed bankfull discharge and the average of each
hydraulic metric. There is notably significant variability within each study reach,
however, represented by the maximum and minimum limits of each whisker that were
determined using the defining conditions identified above. Based upon power-function
regression analysis the relationships of total average channel velocity, total channel shear,
specific stream power, and minimum width/depth ratio differ from unity by 1.251 (1* =
0.96), 0.977 (* = 0.97), 1.05 (r* = 0.96), and 1.035 (r* = 0.96), respectively.
Notwithstanding, the hydraulic methods evaluated here can be seen to provide an
additional tool for determining the range of discharges that are associated with channel-

forming flow.
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The technique discussed here should not be employed where topographic maps or
DEMs are used to establish the cross sections. In this study, one-dimensional hydraulic
models were also developed using the available 1.0-m or 5.0-m DEM data, the cross
sections were extracted and the hydraulic metrics outlined above were re-evaluated with
them. In all cases, there were significant differences in the discharges predicted for
channel-forming flow when compared to those of field-surveyed cross sections. In many
cases, the model average discharge values associated with the various metrics differed by
two to eight times from those that used the detailed cross sections.

A corollary to applications of Figure 4.8 lies in the evaluation of proposed river-
rehabilitation projects. I have also found over many years of evaluating rehabilitation
projects that the production of plots like Figure 4.8, and similar plots of specific stream
power and total channel shear, provide a very effective means of evaluating the hydraulic
characteristics of a channel and floodplain function. If a proposed project intends to
produce a single-thread channel within a floodplain-dominated channel morphology,
plots similar to Figure 4.8 should arise from the design. If the bankfull discharge is not
quite closely consistent with either the maxima or minima of the applicable metrics, the
proposed channel morphology will be inconsistent with the hydraulics and the validity of

the project should be re-evaluated.

4.6 FLOW-FREQUENCY METHODS

Many investigations such as those by Carter (1961), Espey et al. (1966), Leopold
(1968), Stankowski (1974), and Sauer et al. (1982) have related various return periods

(Qx), where X represents the probabilistic return period of years of interest, to bankfull
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discharge. As identified by USGS (1982), National Research Council (NRC, 1999), and
Sweet and Geratz (2003), the use of peak annual series flow records to predict smaller
floods can generate considerable bias because the multiple peaks in one given year in a
basin may be larger than the single peak in some other year. The USGS (1982), NRC
(1999), and Sweet and Geratz (2003) identify divergence in frequency-return periods
based upon annual peak series data versus those using partial duration series analysis of
continuous time-series data (Figure 4.10), for frequency returns typically less than 5-year
return periods. Further, land-use changes in urban watersheds invalidates the assumption
of stationarity in the land-use signal used in the calculation of frequency-return periods
with peak annual series data. Although attempts have been made to adjust the land-use
signal to account for the drift attributable to urbanization (Beighley and Moglen, 2003),
the spatial variability of precipitation within any given watershed is sufficiently great that

a reliable, method of land-use signal correction has not yet been attained.
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Figure 4.10. Recurrence interval versus discharge (Red Hill Creek at Hamilton (Site 9)).
Note: The grey envelopes represent the predicted 95" -percentile confidence limits.
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In the twelve streams studied, urban land use ranged from 9% to 99% of the
catchment area. Effective catchment areas (A.g) (Leopold, 1968; Booth et al., 2004)
were defined by combining the topographic limits of each watershed defined by 1.0-m
DEMSs with storm-sewer networks and combined-sewer networks, in GIS. Bankfull
discharge was observed to occur at least once and, in most instances, several times in any
given year, commonly ranging between four and eight events per year (and in one
extreme case seventeen times in a single year). The commonly used frequency return of
1.5 years was evaluated for each gauge station with the Weibull plotting position method
and Log-Pearson III analysis consistent with Bulletin 17B (USGS, 1982), using the
annual instantaneous peak-discharge observations for each gauge station’s period of
record. Based upon a linear regression analysis, the results show (Figure 4.11) that there
are significant differences in most study reaches between the field-observed bankfull
discharge and that predicted by either the Weibull method (Figure 4.11a) or the Log-
Pearson III analysis (Figure 4.11b), as they vary from unity by 1.620 (r* = 0.97) and
1.635 (r2 =0.95), respectively. Results, as outlined in Table 4.1, are consistent with those
identified by Leopold (1994) for urban streams where he noted that the bankfull-
discharge return period in urban settings was commonly much lower than the 1.5-year
return period and was frequently around 1.05 years or lower. Return frequencies are also
similar to those observed by Sweet and Geratz (2003) studying urbanizing watersheds in
the eastern United States. It should be noted that the period of record for Site 12 is
insufficient for an annual frequency analysis; given the small watershed size and amount
of urbanization within the effective catchment area, annual frequency return periods were

calculated for the sake of completeness, but should be considered qualitative only.
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Figure 4.11. Predicted bankfull discharge for the 1.5-year return interval versus field-
observed bankfull discharge for a) for Weibull analysis, and b) Log Pearson III analysis.
Notwithstanding these limitations, a series of return periods were used to evaluate
trends in bankfull discharge as they relate to various return periods. For a comparison
between urban and rural watersheds in the same hydrophysiographic region, a rural data
set from Annable (1996a) was included in the analysis, in which bankfull discharge was
also identified in the field. The results of dimensionless discharge (defined as Qy/Qys,
Qs/Qubs, and Q;0/Qpr versus effective drainage area (Aeg)) are illustrated in Figure 4.12.
Based upon partial duration and annual series analysis of each urban gauge station, the
10-year return period showed consistent results in frequency return periods between the
two methods of analysis, and was considered beyond the limits of divergence where an
annual return period may be biased by the distribution in peak events as discussed above.
The results show that the dimensionless discharges are consistently higher for the urban-
stream channels than the rural rivers studied by Annable (1996a). Regardless of the
return period used, no distinguishable trends were identified for the urban streams studied

or when compared to rural streams of the same hydrophysiographic province.
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Figure 4.12. Discharge return period a) Q,, b) Qs, and ¢) Qy by bankfull discharge (Qypr)
versus effective catchment area (Acgr) for urban streams and rural streams in the same
hydrophysiographic region.

Dimensionless discharge was also evaluated by defining it as the ratio Qu/Qefr
versus Qx/Qma , Where X are the annual return periods as identified above and Qy, is the
mean annual discharge. Like the results of Figure 4.12, Figure 4.13 shows that the urban
streams have higher dimensionless ratios along the abscissa at the various return periods
when compared to the rural streams of Annable (1996a). If the Site 12 outlier is removed
from the analysis, an apparent linear trend is evident in the urban-stream channels.
Further, Sites 4 and 10 are the least urbanized watersheds studied (Table 4.1), and have
frequency responses similar to the sample rural stream. However, recognizing that the
majority of the urban streams studied were floodplain-dominated channel morphologies
where bankfull and effective discharge are similar in value, Quf/Qesr = 1 (Emmett and
Wolman, 2001), this trend is considered to be spurious, relating to the particular channel
morphologies rather than to the urban hydrologic responses. No other correlations were
identified using either annual series discharge return frequencies or mean annual

discharge. A similar analysis was conducted with the mean annual flood discharge
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(Carter, 1961; Espey et al., 1966; Anderson, 1970; Packman, 1979) for both the rural and

urban watersheds; the analysis did not yield any significant relationships.
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Figure 4.13. Bankfull discharge (Qu) by effective discharge (Q.¢) versus discharge
return period a) Qy, b) Qs, and ¢) Q; (Qx) by the annual average median discharge (Qma)
for urban streams and rural streams in the same hydrophysiographic region.

An evaluation of the bankfull-flow frequency based upon partial duration series
analysis using systematic 15-minute stage-discharge data for the period of record, 1969 to
2005, was compared to watershed urban land use for both the urban streams and the rural
streams studied by Annable (1996a). Figure 4.14 demonstrates the increasing frequency-
return period with increasing watershed urban land use. Although an increasing return
frequency trend is observed, the correlation is very poor as evidenced by the 95
percentile of the predicted regression limits. Conversely, with lower percentage urban
land use, the discharge frequency-return period tends towards the average bankfull
discharge frequency return value of 1.6 years observed by Annable (1996a) for rural
streams in the same hydrophysiographic region: this is also consistent with average
bankfull-frequency returns identified in other studies (Williams, 1978). Given the
complexity of storm-sewer networks, their variability in size and location of outfalls, and

the highly varied types of flow controls used in storm-water management facilities in
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different watersheds, a predictable bankfull-frequency return for any given urban-channel

reach with respect to urban land use should be considered only a qualitative metric.
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Figure 4.14. Bankfull discharge return period (Tyf) versus watershed urban land use for
urban streams and rural streams in the same hydrophysiographic region. Note: The grey
envelope represents the 95"-percentile confidence limits of the predicted tend line.

4.7 CATCHMENT RELATIONSHIPS

Relationships of bankfull discharge to watershed-based metrics were investigated
to identify common or contrasting trends in the urban and rural streams in the southern
Ontario hydrophysiographic region. The topographic catchment areas used in defining
the effective catchment areas for the rural study sites (Annable, 1996a) were delineated
with 5.0-m DEMs rather than 1.0-m DEMs. As illustrated in Figure 4.15a, a relationship
between bankfull discharge and effective catchment area exists, as in many other studies
(Leopold et al., 1964; Bray, 1972; Andrews, 1984; Hicks and Mason, 1991). No
distinguishable difference was identified in bankfull discharge versus effective catchment

area for the urban and rural streams from the same region. However, as indicated by the
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95™_percentile confidence limits, estimation of bankfull discharge using the effective

catchment area should be considered only a 1*-order approximation.
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Figure 4.15. Bankfull discharge (Qus) versus a) effective discharge, and b) stream-
network length for urban streams and rural streams in the same hydrophysiographic
region. Note: The grey envelopes represent the 95" -percentile confidence limits.

A comparison of total stream-network length to bankfull discharge yielded similar

trends when compared to the effective catchment area, as illustrated in Figure 4.15b.

Hydrology applications in GIS were utilized to identify each sub-catchment and its

associated stream lengths, based upon the resolution of the available DEMs used in the

rural and urban watersheds. As with the effective catchment area, no distinguishable

trend was identified when contrasting the urban with the rural watershed settings. It is

further noted that the use of GIS hydrology applications to identify stream channels, and

thereby network lengths, were of limited use for identifying the smaller tributaries such

as the 1°- and 2"-order streams of Horton (1945). In urban settings, the definition of the
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drainage swales and road-side ditches to be included in a drainage-network inventory can

also be subjective and limited in extent.

4.8 SUMMARY

Over the course of a multi-year study, a number of different methods were applied
to estimate the channel-forming discharge in a selection of urban-stream channels.
Results of independent evaluations by eleven different practitioners established that the
most consistent estimation of channel-forming discharge was based upon stage at the
upper limit of point bars along the convex arc (inside) of channel bends. The poorest
field estimates of bankfull discharge by all of the independent evaluators were at gauge
stations where the channel morphology had been modified to conform to the hydraulic
geometry of bridge structures rather than the needs of stable channels. Further changes in
cross-sectional profiles at gauges and changes in local roughness due to the construction
materials in bridges, aprons, or weirs further constricted or altered the flow regime
relative to quasi-equilibrium study reaches, typically leading to overestimates of bankfull
stage and the corresponding discharge. Similar errors occurred when attempting to
regress a water-surface slope at bankfull stage to the location of a gauge station. For
these reasons, great care should be taken when identifying bankfull stage and the
associated discharge in urban settings.

The changes in channel cross-section geometry at urban gauge stations further
biased effective discharge-based predictions of channel-forming flow. Typically,
effective discharge was underestimated where channel geometry conformed to the bridge

or culvert span openings, when compared to a representative irregular cross section along
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a quasi-equilibrium reach. Therefore, great care should be taken when estimating
effective discharge to ensure that the cross-sectional geometry at a given gauge station is
consistent with the channel morphology. Where there is significant divergence at a gauge
station, it is recommended that a one-dimensional model be developed of the reach,
calibrated to the stage-discharge rating curve and channel roughness, and effective
discharge determined based upon the hydraulic geometry extracted from one or more
representative cross sections within an adjoining study reach. It is further noted that as
long as effective discharge is evaluated using either hourly or 15-minute stage-discharge
observation intervals, there is not a significant difference in the final estimates of
effective discharge. However, daily average discharge observations should be avoided in
urban-stream channels because this interval does not adequately capture the resolution
and response of the high-intensity short-duration events.

The use of calibrated one-dimensional models to estimate channel-forming flow
based upon hydro-geomorphic metrics can provide a reasonable estimate of channel-
forming discharge. Given the large variability in geometric irregularity amongst cross
sections, to apply this method, several cross sections should be considered in the analysis
and those related to urban infrastructure omitted. The use of DEMs or topographic maps
to extrapolate cross sections for one-dimensional models typically will not provide
sufficient definition or resolution of the hydraulic geometry of a given cross section for
this method to be accurate.

The application of flow frequency-return periods based either on annual series
peak maximum or continuous time-series data did not identify any quantifiable

relationships between frequency-return periods and bankfull discharge. A general trend
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of increasing frequency of bankfull return period was identified with the increasing
imperviousness of urban surfaces; however, given the variability of storm-sewer
networks and the complexity of different storm-water control facilities, a reliable method
of prediction could not be identified. The results do show that the frequency return in all
of the urban streams studied was less than a 1-year return period and often ranged
between four to eight bankfull discharge events per year. The application of frequency-
return analysis in estimating channel-forming discharge using annual series data should
be seriously questioned in any urban setting.

Although the methods evaluated and presented here can be used at any
hydrometric monitoring station to scrutinize the site conditions in estimating channel-
forming discharge, they are particularly relevant to the urban-stream condition. It is
further noted that the methods were applied to quasi-equilibrium urban-stream channels
that were either riffle-pool or run-pool dominated morphologies. Several of the methods
of estimating bankfull discharge may not be applicable when investigating incised river
reaches. Finally, based upon all of the methods evaluated, there still remains no better
means of identifying channel-forming discharge than field recognition of bankfull stage
during a flood event that can then be related to the instantaneous discharge at the nearest

gauge station.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

One-hundred-and-sixty-eight gauged river reaches in southern Ontario, Canada,
were assessed by land-use classifications, morphometric analysis, and field
reconnaissance to identify if river reaches in a state of quasi-equilibrium existed in urban
land-use settings. Twelve quasi-equilibrium reaches were identified ranging in length
between fifty-two and seventy-seven bankfull channel widths and occurred within
effective catchment areas ranging between 5.9 km” and 215.4 km? and where urban land-
use assemblages varied between 9% and 99% of the total effective catchment areas. The
reaches were studied over a 15-year period commencing in 1994 to characterize the
hydraulic, hydrologic, sedimentological, and geomorphic conditions of quasi-
equilibrium. These activities complete the first two of three objectives identified in this
research program.

The third objective of the research program was to compare the characteristics of
urban and rural streams identified to be in a state of quasi-equilibrium of the same
hydrophysiographic region and identify their principal similarities and differences and
conditions distinct to urban-stream stability. = The following observations and

comparisons were identified:
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Urban channels studied here did not respond in the commonly-observed
fashion of increases in channel width and depth with increasing urbanization.
Results show no statistically-significant differences of bankfull width or depth
and bankfull discharge between the urban and rural study sites. The field
observations were also compared with a larger international data base of
gravel-bed streams, finding consistency in the population observations of
hydraulic geometry versus dimensionless discharge.

Manifestations in channel planform and bedform are responses in a river
system to maximizing the flow resistance, while minimizing variability in
energy expenditure in a downstream direction. Increases in meander wave
length and radii of curvature of urban-stream channels, compared to rural
watercourses in the same hydrophysiographic region, are surface expressions
of increased flood frequency (pulsing) and volume but decreased bed-load
supply.

The frequency of bankfull and larger discharge events increased with
increasing urbanization within the study watersheds, with corresponding
increases in flashiness index and the number of shorter duration events, as has
been seen in several other studies. The interactions between storm sewers,
combined sewers, storm-water quantity ponds, and other infrastructure
resulted in complex watershed responses that made detection of predictive
trends between urban land use and bankfull frequency-return periods elusive.
Annual discharge volumes derived from each effective catchment area

identified no statistical difference in total flow. Similarly, the annual volume
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summations of all bankfull or larger events in urban streams were
indistinguishable from the less frequent but longer duration events recorded in
the rural study sites. However, the annual volume summation exclusively
exceeding bankfull discharge was larger in the urban-stream channels,
whereas a larger volume of flow occurred between the low-flow and bankfull
stages in the rural study reaches. The annual duration of flows onto the
floodplains in the urban study sites was similar to the annual duration of flows
exceeding either the critical bank shear or critical bed shear of the median
bed-material particle sizes.

Volumes of bed material transported were found to decrease with increasing
percent urban land use, indicating a reduction in supply with increasing
urbanization. Downcutting was not observed in any of the urban study
reaches; however, which suggests that the reduction in bed-material supply is
offset by ease of access to floodplains during flood events, thus maintaining
low hydraulic radii and the reduced channel width contrary to most urbanizing
stream responses.

Increased frequency of pools (and riffles) between adjoining bends in the
urban channels is caused by both sediment pulsing of larger clasts and the
creation of ‘dune-/ike’ bedforms to maximize flow resistance. The short
travel distances of larger clasts within each reach result from the flashy
convective storm events observed in the region combined with changes in
land-use and overland routing characteristics. The short travel distances allow

keystones to be placed (commonly they are coarse anthropogenic material)
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that serve as frequent grade-control positions along each watercourse resulting
in riffles as the hydrographs recede with shallower pools (compared to bends)
between the riffle crests.

The frequency of riffle crests (and pools), field observations of standing
waves during flood flows, and observed increase in flood flows above
bankfull stage (thus energy) also support previous observations that bedforms
may be developing as an alternative means of dissipating the increased stream
energy external to the reaches by maximizing flow resistance. Distances
between pool depths is much greater (Lip = 73Hgp) than those observed in
sand-bed streams (Lip = (2n to 7.3) Hgp) and in other gravel-bed dune
formations observed by the author. Here, the likelihood is that both bedform
development and sediment pulsing are synergistically complementary in the
development of the urban channel bedforms.

The application of flow frequency-return periods based either on annual series
peak maximum or continuous time-series data did not identify any
quantifiable relationships between frequency-return periods and bankfull
discharge. A general trend of increasing frequency of bankfull return period
was identified with the increasing imperviousness of urban surfaces; however,
given the variability of storm-sewer networks and the complexity of different
storm-water control facilities, a reliable method of prediction could not be
identified. The results do show that the frequency return in all of the urban
streams studied was less than a 1-year return period and often ranged between

four to eight bankfull discharge events per year. The application of
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frequency-return analysis in estimating channel-forming discharge using
annual series data should be seriously questioned in any urban setting.

The use of calibrated one-dimensional models to estimate channel-forming
flow based upon hydro-geomorphic metrics can provide a reasonable estimate
of channel-forming discharge. Given the large variability in geometric
irregularity amongst cross sections, to apply this method, several cross
sections should be considered in the analysis and those related to urban
infrastructure omitted.

Results of independent evaluations by eleven different practitioners
established that the most consistent estimation of channel-forming discharge
was based upon stage at the upper limit of point bars along the convex arc
(inside) of channel bends. The poorest field estimates of bankfull discharge
by all of the independent evaluators were at gauge stations where the channel
morphology had been modified to conform to the hydraulic geometry of
bridge structures rather than the needs of stable channels. Further changes in
cross-sectional profiles at gauges and changes in local roughness due to the
construction materials in bridges, aprons, or weirs further constricted or
altered the flow regime relative to quasi-equilibrium study reaches, typically
leading to overestimates of bankfull stage and the corresponding discharge.
Similar errors occurred when attempting to regress a water-surface slope at
bankfull stage to the location of a gauge station. For these reasons, great care
should be taken when identifying bankfull stage and the associated discharge

in urban settings.
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The ready spill onto floodplains and the reduced velocities there appear to function as a
strong buffer against any channel degradation due to the increase in flood intensities and
volumes but reduced flood durations in urban settings. The combined urban and rural
findings in this study are consistent with the anthropogenic responses identified by
Schumm (1969), namely that reductions in the percent bed-material supply and increased
discharge result in smaller rather than larger bankfull geometry proportions, with the
proviso that adequate adjacent floodplain access be maintained. This study is one of a
very small suite of studies attempting to identify the quasi-equilibrium conditions of
urban-stream channels rather than investigating the degradational responses. The
implications of this study for urban-stream rehabilitation are that smaller bankfull
channel geometries may be the design end-point rather than larger channel geometries, to
balance the reduction in bed-material supply. The increase in the magnitude and
frequency of flood discharges is offset by allowing overspill greater access to continuous
floodplains in order to maintain low hydraulic radii and thus shear stress to enhance the

channel stability.

5.1 RECOMMENDATIONS

Based upon the 15-year study of twelve urban-stream channels in southern
Ontario, Canada, many additional research questions, project extensions, and adaptations
were made. However, for the sake of brevity, only the major recommendations are
enumerated here:

1. The most compelling observation made over the course of this study was the

decrease in bed-material supply with increasing urbanization (particularly
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towards build-out). This has been a very rare observation as most gauging
stations across North America do not collect bed-load material (particularly
gravel and larger grain sizes). Even a smaller subset of gauge stations or
individuals collected bed-material load in urban watersheds. Although
Wolman (1967) identified the potential for decreased suspended-sediment
yield within a maturing urban watershed where a new watershed equilibrium
condition would be achieved, suspended sediment does not have primacy over
the formation of gravel and coarser-grained channels. If the observations
made here are consistent for other urban-stream channels, significant value
should be placed on the collection and transport characteristics of the bed-
material load of urban and urbanizing stream channels to better understand the
end-point state variable. Considering the significant financial investment
allocated to urban restoration and rehabilitation projects, better establishing
the bed-material supply and transport characteristics will reinforce and
quantify the processes controlling the stability of many urban-river channels.
Without this state parameter of Lane’s (1955) proportionality adequately
quantified, many rehabilitation efforts of urban stream could possibly suffer
significant engineering and financial consequences over several years post-
design and construction.

This study sought out what are believed to be quasi-equilibrium urban-stream
channels from the best evidence possible. It is recognized that the majority of
urban-stream channels studied here respond in a fashion contrary to most

urban channels studied. @The commonly-observed channel degradation
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response to urbanization may, however, be partially spurious as the
community interested in rivers and/or associated maintenance and/or
recreation afford a great deal of time, effort, and financial resources to
identifying problem reaches and prescriptions for rehabilitation or restoration
rather than identifying stable channel reaches and researching the inherent
characteristics of channel stability. Notwithstanding, many additional urban
rivers should be studied that demonstrate quasi-equilibrium characteristics to
elucidate their characteristics and to see if there is consistency with the results
identified here. Further, streams should also be studied that have radically
adjusted to the urban watershed conditions (without intervention) in new
watershed land-use equilibrium conditions that have achieved a new quasi-
equilibrium condition. Such studies may also identify other or different key
river responses and metrics that further quantify the quasi-equilibrium urban
state.

The field observations of standing waves in the relatively straight sections of
many of the channels, where elongated meander wave lengths exist, alludes to
a provocative analogy of riffle-pool bedforms (similar to dunes) developing in
these regions to dissipate excess stream energy. Although field analysis of
these observations are very challenging and problematic to obtain, laboratory-
scale experiments in re-circulating flumes may garner considerable insight

into the plausibility of such bedforms occurring.
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