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Abstract

Global trends of increasing urbanization have led many researchers to attempt to quantify the
resulting impacts on channel morphology and on the ecological health of urban channels. Overall,
there has been a lack of research on the effectiveness of stormwater management facilities in reducing
the potential for bedload sediment transport within the channel. This study aimed to characterize the
impact of stormwater management facilities on bedload sediment transport potential within a

particular urban stream.

A field study was undertaken along Morningside Creek, a tributary of the Rouge River in Toronto,
Ontario. A tracer study using 300 stones with radio frequency identification tags was undertaken over
a two year period, tracking the positions of the stones after major storm events. A hydrologic model

was then prepared for the catchment area, detailing the stormwater management features.

A critical shear stress of 0.043 was determined for the threshold of particle mobilization, using a
hiding factor to account for the increase in shear stress in the displacement of larger particles. The
travel distances of the tagged particles were shown to follow a non-linear decreasing function with
particle size. A variety of hydrometrics were measured based on the high resolution water level
measurements taken within the creek. The cumulative excess shear stress was used as the basis for
determining bedload sediment potential within the creek. A model of bedload sediment transport was
developed by modifying the excess shear stress relationship first proposed by DeVries (2000). The
hydrologic model was used to compare a variety of stormwater management scenarios to determine
their effectiveness in reducing the potential for sediment transport within the creek. It was determined
that the detention ponds in the Morningside Creek catchment provide a 33% reduction in bedload
sediment transport potential. Analysis of the hydrologic model revealed that increases in
imperviousness lead to a proportionate increase in bedload sediment transport. The hydrologic model
also determined that for storms of a similar return period, longer storm durations generate larger

bedload sediment transport potential.
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Chapter 1

Introduction

Urbanization and land use changes have strong implications for the overall health and function of
natural water courses. The growth of urban centres globally is leading to systematic changes in the
natural environment, particularly impacting urban watercourses in what has been labelled by Meyer et
al. (2005) as the ‘urban stream syndrome’ (Walsh et al., 2005). Symptoms include a flashier
hydrograph, increased flooding and erosion, rapid geomorphic alteration and reduced biotic richness.
Streams are dynamic systems that are subject to unsteady flows and sediment supply and are
continuously changing in time. The relationship between channel flow and sediment transport in
rivers has been a topic of research for many years with researchers seeking to understand the drivers
causing the transport of sediment through fluvial systems (Lane, 1955; Schumm, 1969; Trimble,
1997). Despite growing research efforts to quantify the impacts of urbanization on natural water

courses, the urban stream syndrome remains a prevalent issue.

Urbanization and increases in impervious land cover have been shown to alter the hydrologic regime
and stream response, leading to greater peak flows (Hollis, 1975; MacRae, 1996) and storm runoff
volumes (Bledsoe, 2002; Smith et al., 2013). Urban storm runoff creates flashier stream responses,
resulting in rapid rising and falling water levels after storm events (Baker et al., 2008; Rosberg et al.,
2017). In urban areas, the increase in erosion potential is greatest in small frequent events (MacRae &
Rowney, 1992), with an increase in frequency of channel forming flows (Annable et al., 2010). Many
studies have identified accelerated fluvial processes in urban streams often related to the large
changes in hydrology due to urbanization (Doyle et al., 2000). Bedload transport is a crucial
processes that largely defines the morphology of a stream (Church, 2006). In urban environments, the
rate of stream modification can be of particular importance because of potential impacts to
infrastructure located near streams. Modern stormwater management strategies, specifically detention
and storage type facilities, have developed in response to urbanization in order to protect urban
streams. There have been many difficulties in developing effective best management practices that
protect urban streams against the changes in hydrology due to urban intensification. The highly
variable nature of precipitation events, high variance in temporal solution effectiveness, mixed with
an ever changing climate has made it difficult to find robust solutions. Intrinsic to stormwater
management at the catchment scale is the complexity of the cumulative downstream impacts of
stormwater management (McGuen 1974; Goff & Gentry, 2006).
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Despite the best of intentions, the implementation of detention type facilities can often lead to
increases in downstream erosion potential (MacRae, 1996; Booth & Jackson, 1997; Bledsoe, 2002).
Another problem is the increase in urbanization leads to degradation of vital ecological conditions
necessary for many sensitive species to inhabit these once natural streams (Walsh et al., 2005). The
stream bed, comprised of larger bedload particles in semi-alluvial and alluvial systems, is habitat for
many species, providing breeding and feeding grounds. The rate of bed disturbance is an important
factor in the species richness of a stream environment (Townsend et al., 1997). Despite growing
recognition of the impacts of urbanization, there continues to be a lack of field based assessment
measuring the downstream impacts of stormwater management on erosion and sediment transport in

urbanized water courses.

The aim of this research is to better understand the downstream impacts of stormwater management
ponds on bedload sediment transport. The goal is to link hydrologic response with sediment
movement in an urban stream at the individual storm event scale. Specific objectives include i) use
field sediment tracking data to test available relations that link hydrologic response with sediment
transport, ii) calibrate an event based hydrologic model to observed floods and iii) use the hydrologic
model to assess scenarios with different stormwater management strategies, urbanization level and
storm return period. The hope is that this study will improve the techniques for mitigating negative

impacts of the urban stream system

This study looks at reach scale response to catchment wide alterations in land use and their impact on
event scale hydrology and sediment transport. Whereas the majority of previous research has focused
on larger temporal trends, the hypothesis of the current work is that a focus on the smaller scale will
provide better resolution details of the driving forces behind bedload sediment transport and a better
explanation of the channel instability that can result from urbanization. This work is part of a larger
study seeking to understand urban hydrology and its impacts on bedload sediment transport and

ecological stream health.



Chapter 2

Literature Review

2.1 Urban Rivers

The growth of urban centers is not a new phenomenon. From 1950 to 2014, the number of people
living in urban areas increased by 24% and the urban population is projected to continue increasing
(United Nations, 2015). With this shift toward further urbanization it is vital that we understand the
impacts to streams and rivers caused by urban development. The impacts of urbanization on stream
health has been a focus of research over past decades spanning across a variety of disciplines. The
term “urban stream syndrome” was coined by Meyer et al. (2005) to describe the growing
acknowledgment of the trend of ecological degradation in urban watercourses (Walsh et al., 2005).
Chin (2006) took a global context approach and looked at the impacts that urbanization causes on
river landscapes. The impacts of urbanization on river systems can be seen in four key areas:
hydrology, geomorphology, water quality and stream ecology (Ladson et al., 2006). Figure 1 shows
the complex relationship between these four areas. While motivated by the desire to minimize

impacts on stream ecology, this study focuses specifically on the impacts of hydrology and

geomorphology.
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(C,G,T.V) I
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Figure 1: Conceptual diagram of the relationship between hydrology, geomorphology, and
ecology and their responses to changes in land use (Poff et al., 2006)
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2.1.1 Hydromodification in Urban River Systems

2.1.1.1 Imperviousness

Seemingly the largest focus of all urban river studies is the hydrologic response to increases in
impervious land cover. Total imperviousness is strongly correlated with channel degradation
(Leopold, 1968; Booth & Jackson, 1997). From a hydrologic perspective, an increase in impervious
area results in decreased infiltration, higher runoff and a reduction in the time it takes for runoff to
reach the channel (Galster et al., 2008). Increases in impervious land cover have been linked to
increased runoff (Leopold, 1968; Dunne & Leopold 1978; McCuen & Moglen, 1988), bed and bank
erosion (Wolman, 1967; Booth, 1990), channel incision (Chin, 2006) and loss of biological diversity
(Townsend et al., 1997). It has been reported that even low levels of impervious cover, 5-20%, can
result in degraded stream channels (Bledsoe, 2002; Poff et al., 2006). There are indications that there
may be a threshold level of imperviousness, approximately 15%, beyond which there is a significant
increase in the effects of degradation (Moscrip & Montgomery, 1997). Other factors, such as the
length of time which a watershed has been urbanized, may also influence the geomorphic state of the

channel (Doyle et al., 2000).

2.1.1.2 Storm Event Flows

The impact of urbanization can be seen on the event scale, altering the channel’s response to a storm
event. Urban streams tend to experience flashier peak flows, a faster rise and recession of flow due to
storm runoff, as a result of a reduction in response time and increased total imperviousness (Leopold,
1968; Walsh et al., 2005; Trudeau & Richardson, 2016). Urban streams tend to have greater peak
flow values (Baker et al., 2008; Mcguen & Moglen, 1988; Konrad et al., 2005, Poff et al., 2006) as
well as increased flow exceedance frequencies (Dunne & Leopold, 1978; Booth & Jackson, 1997,
Annable et al., 2012).

It has been shown that urbanization and increasing levels of imperviousness have a greater impact on
the increase in peak flow of small, frequent events than in larger infrequent events (Booth, 1991;
Konrad et al., 2005; Nehrke & Roesner, 2002). In smaller storms, the increase in peak flow is directly
proportional to increased imperviousness (Nehrke & Roesner, 2002). Furthermore, the durations of
frequent high flow events are shorter in higher levels of urbanization, indicating an increase in

potential streambed disturbance (Konrad et al., 2005).



Annable et al. (2012) suggest that urban streams in comparison to rural streams show no increase in
total annual discharge volumes; however, the annual cumulative volume in exceedance of bankfull
stage increases in urban streams (Figure 2). This tends to agree with the concept of exceedance of
mean annual streamflow, Qmean, Where a study by Konrad et al. (2005) showed that urban streams
exceed Qmean ON less days than their rural counterparts. In general, research agrees that urbanization
increases storm runoff volume, resulting in larger peaks, decreased response time, greater volumes
conveyed above bankfull and greater frequency of sediment-transporting flows (Booth & Jackson,

1997).
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Figure 2: Conceptual hydrograph showing the distinction between ‘event volume’ and ‘event
volume only exceeding bankfull’. Although the cumulative V. is the same between urban and
rural streams, the cumulative Vs is larger in urban streams. From Annable et al. (2012).

Many studies have recognized the positive trend between peak flow and erosive potential. However,
analysis of the entire hydrograph provides a more complete understanding of the impacts of
urbanization on streamflow. Recent studies by Trudeau and Richardson (2015, 2016) focus on the
rising limb of the hydrograph and the rate at which flow accelerates toward a peak value. In an urban
environment, the event flow acceleration of the rising limb during a storm event is greater than in
rural systems as shown in Figure 3 (Trudeau & Richardson, 2016). This serves as evidence to the
flashier peak flows seen after urbanization (Mcguen & Moglen, 1988, Leopold 1968). The studies by
Trudeau and Richardson (2015, 2016) do not quantify the level of stormwater management present on
the catchments studied, which could create great variance in how the hydrograph responds to runoff

in an urban setting (McCuen & Moglen 1988).
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Figure 3: A) Increasing trend of mean event acceleration and percent urban land use. B) The
probability distributions of mean event accelerations for varying levels of urban cover
(Trudeau & Richardson, 2016).

Rosburg et al. (2017) use the Richards-Baker (RB) flashiness index (Baker et al., 2004) to describe

the rapid rise and fall of stream discharge over time experienced in urban rivers.

_ Yicg 1gi— qi-al
RB = S (D

The findings suggest an increase in flashiness with urbanization in all four urban watersheds studied
similar to other studies (Annable et al., 2012). The study uses daily flow data, which while providing
a reliable measure of stream flashiness (Baker et al., 2004), does not provide details on the rising and
falling limbs of the storm hydrograph. Rosburg et al. (2017) discuss the likelihood of increased
flashiness being tied to the introduction of stormwater conveyance systems. It is unclear as to what
extent stormwater management techniques had been introduced in the catchments studied.
Stormwater detention facilities can have a large impact on the reduction of flashiness (Booth &
Jackson, 1997). However, the cumulative impacts of multiple detention facilities can actually create
flooding problems, as peak flows can increase downstream (McCuen, 1974). Goff and Gentry (2006)
concluded that a fully developed watershed with detention storage throughout will still experience
greater than pre-development flows at certain points within the main channel. There is a lack of
research that imposes field measurements downstream of detention facilities to measure cumulative

impacts on channel response.

2.1.2 Morphological Adjustment

Lane (1955) first modelled the ability of a river to maintain equilibrium or geomorphic stability with

the introduction of the following equation:



QS x QD5 ()
where Q is discharge, S is channel slope, Qs is the sediment flux, and Ds is the median sediment

diameter of the bed material. The equation qualitatively shows that a perturbation in any of the four
parameters will cause a shift or response in the others (Figure 4), and that an alluvial channel will
stabilize if the streamflow conditions remain consistent for a long time (Lane, 1955; Konrad et al.,

2005). The balance of these conditions is linked to the stability of the channel (Church, 2006).
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Figure 4: Lane’s relationship (1955) presented visually by Rosgen (1996).

In response to increases in urbanization, studies have shown that creeks will undergo a series of
morphological adjustments. Typically, increases in peak flow and storm flow volumes result in wider
and deeper channels (Dunne & Leopold, 1978; Booth, 1990; Galster et al., 2008). A river’s
morphology will also respond to changes in sediment supply. During the development phase of an
urban area, construction can cause large increases in sediment production, as much as 80% of the
basin’s yield (Chin, 2006; Fusillo et al., 1977). After development has ceased, there is a decrease of
sediment supply from the urbanized watershed due to the hardening of surfaces from land use
changes, resulting in an increase of the amount of sediment eroded from the bed and banks of the
channel (Doyle et al., 2000; Nelson & Booth 2002; Trimble, 1997; Poff et al., 2006). Additional
factors, such as detention ponds, can act as sediment sinks in a watershed further reducing the
sediment supply (Poff et al., 2006). A low sediment supply can lead to coarsening of the channel bed,
potentially generating areas of immobile sediment (Yager & Schott, 2013).

Much research has been done in the area of determining the most geomorphologically significant

flow in a river system, also referred to as the effective discharge. The effective discharge can be



defined as the flow rate at which the most work is done in defining the hydraulic geometry of the
channel (Leopold et al., 1964). Thus, the identification of bankfull flow became synonymous with
effective discharge (Leopold et al., 1964). However, Leopold’s work was developed in non-urban
channels. A shift in the effective work curve may come as a result of urbanization as well as an
increase in sediment transport potential for moderate flow events (MacRae & Rowney, 1992) creating
debate as to whether the greatest effective work occurs at bankfull or mid-bank flows (MacRae,
1992). In urban environments, the frequency of midbankfull to bankfull events increases (MacRae,
1997; Annable et al., 2010) and are possibly the most geomorphically significant flows, leading to
even greater rates of erosion (MacRae, 1992). This could be a consequence of the incised nature of
most urban streams (Chuch, 2006) or in the difficulty of identifying what the bankfull stage is for a
channel (Annable et al., 2010). In the development of this conclusion, MacRae (1997) looked at a
stream with cohesive bed materials. The application of this understanding to alluvial channels with

much larger particle sizes has yet to be studied.

2.1.3 Quasi-equilibrium

Leopold et al. (1964) proposed the idea that urban rivers can achieve a state of quasi-equilibrium after
active development in the area has ceased. While studies show that channels can return to a
theoretical state of quasi-equilibrium after urbanization (Leopold et al., 1964; Graf, 1977), the stable
conditions can be difficult to achieve due to the complex nature of the processes (Chin, 2006).
Konrad et al. (2005) suggest even after a period of adjustment urban streams will still undergo an
increase in frequency and magnitude of streambed disturbance due to urban streamflow patterns.
While gravel beds are generally stable under conditions of moderate duration flows, the increased
magnitude of frequent high flow events in urban streams will result in greater streambed disturbance

(Konrad et al., 2005).

The question of whether a stream is in a quasi-equilibrium state is important, with channel stability
often becoming a definition of success in mitigating urban impacts. Grant et al. (2013) underlined the
importance of the notion of equilibrium in regards to geomorphology, stating that while geomorphic
processes and forces are not necessarily in equilibrium, the concept provides a reference point from
which we can assess system behavior. However, Bledsoe (2002) pointed out that the concept of
channel stability is subjective, due to the lack of an accepted definition or standard. The term stability
can span disciplines, from geomorphology and bank stability, to channel hydraulics and the failure of

culverts and bridges, and even ecology and bed stability as a requirement for habitat for aquatic
8



organisms. Additionally, local context down to the channel reach scale can provide a variable
definition of channel stability as certain reaches may have infrastructure concerns or provide habitat
for sensitive species. It becomes increasingly important to define what channel stability looks like

when trying to devise mitigation strategies, such as those in stormwater management.

2.1.4 Urbanization and Ecological Impacts

In response to growing urban centres and increasing development, many natural channels have
experienced the negative effects of the “urban stream syndrome”, resulting in major losses of aquatic
habitat (Walsh et al. 2005). Even a 10% effective impervious area can result in loss of aquatic-system
function (Booth & Jackson, 1997). The physical adjustments that a river undergoes in response to
urbanization impact the survival of many aquatic biota.

Poff et al. (1997) list 5 critical components of the flow regime that influence the aquatic ecosystem in
the channel: magnitude of flow, flow frequency, duration, timing, and rate of change. Native species
have adapted to these natural conditions over time and alterations in any of these components can
impact their ability to survive or give unfair advantage to invasive species (Poff et al., 1997).
Townsend et al. (1997) found similar results when looking at bed-mobilizing events. The greatest
species richness was found with intermediate frequency of bed-mobilizing events, suggesting that
greater disturbances reduce biotic richness. Biota tend to respond better to a single large disturbance
rather than smaller disturbances that occur at a higher frequency (Konrad et al., 2005; MacRae &
Rowney, 1992). Macroinvertebrates have the capacity to respond to channel alterations, and can
recover within a year in typical warm water streams (Whitaker et al., 1979). Flows at and above
bankfull tend to occur more frequently with increasing urbanization, with sediment mobilizing events
occurring multiple times a year (Annable et al., 2012). Therefore, preservation of diverse aquatic
ecosystems is best approached through replicating the frequency of bed mobilization found in natural,
stable channels (Doyle et al., 2000).

There is little research that focuses onthe ecological implications of hydromodification due to
stormwater management controls. Mobley and Culver (2014) looked at optimizing the outlet
configurations of stormwater detention facilities in order to minimize the impact on the ecological
conditions in the channel. Their work focused on dry ponds, but the conclusions are transferrable; the

hydrologic channel response to a storm event plays an important role in ecological stream health.



2.2 Bedload Sediment Transport

River systems are powerful morphological features carving into the landscape, not only conveying
water but transporting sediment as well. The sediment transported by a channel is made up of a
suspended load and a bedload, with the bedload fraction generally thought to range between 5 and 10
percent. The morphology of an alluvial river, in particular gravel-bed rivers, depends largely on the
transport of bed material (Church, 2006). Depending on the frequency of formative flows, the river
morphology can be redefined fairly frequently, including multiple times a year in highly urbanized
watersheds (Annable et al., 2012). There is a critical link to be further explored between how the
bedload fraction is transported and the morphological adjustments of gravel-bed rivers.

Particles resting on the bed of a channel are subject to applied forces from the flow; when these
applied forces exceed the resisting forces, particles become mobile. The concept of tractive forces
doing work on the bed and banks was first conceived by DuBoys (1879). Bedload particles, once set
in motion, will travel by rolling, sliding, or saltation, remaining in contact with the channel bed.
During a single storm event, particle travel distances are composed of multiple steps interspersed with
periods of rest (Nikora et al., 2002). Einstein (1950) proposed that sediment transport was a stochastic
process, and could be determined through statistical analysis. The research of mechanical forces that
are at work on particles on a steam bed has been expanded upon over the years. Shear stress,
turbulence, near bed variations in flow, and other mechanisms have been proposed as theories for

initiation of particle movement.

2.2.1 Particle Mobilization

The stability of an alluvial channel is dependent on the coarse particles which define its geomorphic
form. When these particles are mobilized the stability of the channel is decreased. Doyle et al. (2000)
argues, “the recurrence of bed mobilization, while the most data intensive, is considered the most
robust measure of geomorphic stability of those investigated, as it accounts for eroding forces,
resisting forces, and hydrologic frequency of critical events”. There are not many studies that use the
particle mobility parameter to assess channel stability (Macvicar et al., 2015), which is of much
importance in assessing urban streams.

The initiation of particle motion can be understood through Newton’s first principle, F=ma =
m*dV/dt. Rearranged to Fdt = mdV, where Fdt is the impulse and can be used to develop the tractive
force method (Malcom & Smallwood, 1977). Shields’ theory (1936) has been used to identify the

threshold conditions for the initiation of particle movement. Shields formulated incipient motion of a
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particle as a dimensionless ratio between bed shear stress and the submerged grain weight per unit

arca.
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where 1+ is the dimensionless Shields parameter for entrainment of the clasts of size D, ps is the

density of sediment, p is the density of water (1000 g/m?), and g is the acceleration due to gravity
(9.81 m%/s).

Incipient motion of coarse particles is complicated by factors such as bed armouring (Church &
Hassan, 2002; Yager & Scott, 2013), particle locking, grain sheltering (Church, 2006) and burial in
reach-scale features like bars and riffles. Channel bed armouring, bed surface coarsening and areas of
immobile sediment can be a common occurrence in urban streams as sediment supply is reduced and
the transport capacity remains high (Yager & Scott, 2013). The hiding function proposed by
Egiazaroff in 1965, was the first to provide a reasonable approximation of Shields parameter for
mixed particle size beds, capable of including the effect of decreased mobility due to increasing grain

weight, and increasing mobility due to protrusion of larger particles (Parker, 2008).
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In the equation, Dg is the geometric mean particle size of the distribution. The hiding function
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“

provides a modified critical Shields parameter for particles; however, it has been shown that the
function does not work well for very small particles, D/D, < 0.4 and for the very coarse, rare particles

in a mix (Parker, 2008).

2.2.1.1 Partial Mobility

Bed particles in a gravel bed river can experience partial, selective, and equal mobility. Partial
mobility occurs when the coarse fraction of the bed surface material size distribution is not presented
in the mobile material (Parker, 2008). Selective mobility occurs when all size particles are mobilized,
but the size distribution of the bedload is finer than the bed surface. Equal mobility occurs when all
size fractions of the bed material are present in equal proportion in the mobile material. To determine
differential mobility conditions, Wilcock and McArdell (1993) suggested indexing the ratio of the
boundary shear stress to the shear stress required to move a particular grain size; commonly the 84th
percentile of the bed material because it is associated with the coarse tail of the grain size distribution
(Venditti et al., 2015). Most gravel-bed rivers exhibit partial mobility during flows below bankfull,

but have selective mobility during bankfull flows (Wilcock & McArdell, 1997; Church & Hassan,
11



2002; Macvicar et al., 2015; Phillips & Jerolmack, 2014; Venditti et al., 2015). Research has given
evidence that size-selective mobility holds for gravel-bed rivers (Ashworth & Ferguson, 1989;
Church & Hassan, 2002).

2.2.2 Particle Travel Distance

Important in the measure of channel stability is not only whether a particle has moved but also how
far it travels before it comes to a rest. Particle travel distance is essential to quantifying bulk sediment
transport and erosion rates. Past research has focused on creating relationships between travel
distance and particle size (Church & Hassan, 1992), flow characteristics (Church & Hassan, 2002),
near bed turbulence (Yager & Schott, 2013), and channel morphology (Pryce & Ashmore, 2003;
Lamarre & Roy, 2008).

Church and Hassan (1992) propose assessing travel distance by grouping particles by size class and
comparing mean travel distances to the mean travel distance of particles in the median size class.

They developed the following equation,
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where L, is the mean travel distance for particles in a size class i, D, is the corresponding mean

particle size, and L, is the geometric mean travel distance of particles in the median size class.

It is generally agreed that there is a non-linear relationship between scaled movement distance and
scaled particle size (Church & Hassan; 1992). Macvicar et al. (2015) used the proposed relationship
of Church and Hassan in a study with a large number of stones (n = 443) over a wide range of grain
sizes. However, one of the limitations was the small sample size for each size class of tracer particles.
Vasquez-Tarrio and Menendez-Duarte (2014) found the relationship proposed by Church and Hassan
(1992) was generally a good fit in a study using 1,960 tracers in 3 size classes to develop the
relationship between particle size and travel distance.

Similar to mobility rates, a variety of hydrometrics have been found to scale with particle travel
distance. Studies have correlated particle travel distances with shear stress (Wong et al., 2007
Phillips & Jerolmak, 2014), excess stream power (Schneider et al., 2014; Houbrechts et al., 2015),
cumulative excess stream power (Hassan et al., 1992; Lamarre and Roy, 2008; Schneider et al.,

2014), and dimensionless impulse (Phillips et al., 2013).
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Pryce and Ashmore (2003) state longer travel distances are likely defined in part by the channel
morphology and not solely the hydraulic characteristics of the flow and that the relative influence of
these two factors is based on the magnitude of the flow event. The control of bed morphology on

particle movement has been seen in studies by Haschenburger (2013) in large floods.

2.2.3 Relating hydrometrics with bedload sediment transport

2.2.3.1 Peak Excess Shear

Channel competence is defined as the ability of the stream flow to mobilize a particle of a given size
quantified by the Shields number (Church, 2006). Researchers argue excess shear is better suited for
channels having variable substrate size, which is common for natural gravel-bed channels (Doyle et
al., 2000). Others believe that sediment motion cannot be accurately predicted by exceedance of
critical stress (Yager & Scott, 2013).
Erosion rate was related to excess shear stress as described by Foster et al. (1977) with the following
equation:

€= ky(to —70)° (6)
where, £ = erosion rate (m/s), kq = erodibility coefficient (m*/Nes), a = exponent, typically 1.5, 1, =
applied shear stress on the soil boundary (Pa) and t. = critical shear stress (Pa). Researchers have used
this concept of excess shear stress to generate estimates of erosion potential for urban areas before
and after development (Pomeroy et al., 2008). If erosion rates are a function of excess shear stress, by
extension it would appear that bedload sediment transport could be governed by the same principle.
Pomeroy et al. (2008) looked at the impact of SWM controls on erosion potential. Their study used
hydrologic models to generate measures of the change in erosion potential between pre and post
development. Their estimations of erosion rates were based on Foster’s equation and they used a
critical shear stress from empirical data for colloidal alluvial silts. However, their study did not

include direct field measurements of erosion potential or sediment transport undertaken.

2.2.3.2 Specific Stream Power

Stream power is a measure of the energy used to cause geomorphological changes within a channel

(Bagnold, 1966). The following equation defines specific stream power:

w=1® )

w
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where v = specific weight of water, Q = dominant discharge, S = channel slope and w = channel
width. Researchers have used a measure of maximum specific stream power to predict particle travel
distances (Hassan & Church, 1992; Houbrechts et al., 2015). Similar to peak excess shear, the
concept of maximum specific steam power does not account for the duration of competent flow

capable of transporting sediment.

2.2.3.3 Duration of Competent Flow

The geomorphic effectiveness of a given channel discharge is related to its duration and its magnitude
relative to the cumulative discharge conveyed by the channel (Wolman & Miller, 1960). This relates
to the geomorphically significant flows identified by Leopold et al. (1964), and the understanding that
frequent small magnitude floods transport most of the sediment in a channel because of the
cumulative duration of these flows. Konrad et al. (2005) found that flow duration, instead of
frequency, may be a better index of geomorphically effective flows in gravel bed channels because

over time, sediment transport exhausts the supply of mobile particles from the channel bed and banks.

2.2.3.4 Cumulative Effective Work

The work being done by the flow on the channel bed can be integrated over time using the
hydrometric of cumulative effective work index (CVC, 2012). The cumulative effective work index,
Wi, is measured in units of N/m, and is calculated as:

Wi = Y (t; — t.)VAt (8)
where 7. is the critical shear stress for the Ds size class and V is the mean channel velocity for that

time step, 4¢. The measure of Wi is similar in nature to measures of cumulative excess stream power;
however, some regulatory authorities in Ontario such as the Credit Valley Conservation Authority
(CVC, 2012) state that it is the preferred measure for assessing erosion because the velocity rises with
increasing storm flows making it more sensitive to extreme floods, which researchers have shown is

in agreement with predictions of sediment transport (Garcia, 2008).

2.2.3.5 Impulse

It has been shown that particle entrainment is related to both the magnitude of the mobilizing forces
and the duration of competent flow experienced. Another time integrated metric that has been related
to thresholds of particle entrainment is impulse, defined as the product of shear stress magnitude and
duration (Diplas et al., 2008). In order to quantify the time-integrated fluid momentum in excess of

threshold, Phillips et al. (2013) use a similar concept, defining the dimensionless impulse as:
14
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where U== the shear velocity (m/s) and Usc = the critical shear velocity. The equation is valid under
the assumption of normal flow conditions. Here t, represents the start of a flood, and tr represents the
end of a flood of interest. The integral is only calculated over the record of U= >Uxc, where the shear

velocity is above critical, as sub-threshold flows do not transport sediment (Booth & Jackson, 1997).

2.2.3.6 Excess flow Energy Expenditure

Other research has looked at similar time integrated measures such as total excess flow energy
expenditure (Haschenburger, 2013; Papangelakis & Hassan, 2016). Following the work of

Haschenburger (2013), total excess flow energy is defined as:

Qr = pgS [’ (@~ Q) dt (10)
where Q is the channel discharge and Q. is the critical discharge for particle entrainment.
Haschenburger (2013) found a power function best described the relation between particle travel
distances and excess flow energy expenditure in a study on Carnation Creek, in a bar-riffle-pool

morphology.

2.2.3.7 Cumulative Excess Shear Stress

Another time integrated hydrometric, is cumulative excess shear stress (CESS). DeVries (2000)
defines CESS as:
_ ot (=)
CESS = fts o dt (11)
where 7.; is the critical shear stress for particle size D;, comprising 100p; % of the surface grain size

distribution. Figure 5 shows conceptually the calculation of CESS for a specific storm event.
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Shear Stress

Time

Figure 5. A schematic of the excess shear stress, shown for a period of time, t; to t;, where the
threshold shear stress is exceeded for the particular grain size (DeVries, 2000).

DeVries (2000) hypothesized that particle travel distance was a linear function of cumulative excess
shear stress for particles experiencing full mobility and non-linear for partial mobility. In his field
studies he proposed the following equation, fit to data from two field sites:

Ly = 0.0001CESS; + 34.1(1 — (0.0000333CESS; + 1)7°) (12)

where Ly is the travel distance for a specific particle size and CESS;is the corresponding cumulative
excess shear stress for the specific particle size. Further flume experiments by Devries and others
developed a linear relationship between the time integrated excess shear stress and the mean particle

travel distance, shown in Figure 6.
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Figure 6: Cumulative excess shear stress versus the mean travel distance of tracer particles.
A) Results from a field study. B) Laboratory flume experiment with results for particles in the
16 to 84 percentile of the size distribution. Taken from a poster presented by DeVries et al. at
AGU 2006.

2.2.4 Measuring Bedload Sediment Transport using Tracers

There are numerous methods for measuring bedload sediment transport within a river, both direct and
indirect. Eularian methods, such as Helley-Smith samplers and bedload traps, measure the volumetric
loading at a given location over time. Lagrangian methods such as tracer particles track particle
displacements along the extent of a river. This study uses the method of tracers to measure particle
movement to infer bedload transport. The tracking of individual tracer particles is a non-intrusive
method that does not alter the flow conditions or the transport of sediment, such as a bedload trap.
Additionally, while bedload traps can overfill in large events (Sear et al., 2003), tracer particles
remain a feasible method for tracking any event large enough to initiate particle mobility. The tracer
method has evolved over time, from painted stones, to magnetic stones to active transmitters and
finally to passive integrated transponders (PIT) (Nichols, 2004). The use of Radio frequency
identification (RFID) for tracking stones with PIT tags was outlined in detail in a methods paper by

Lamarre et al. (2005), outlining the advantages and limitations of the technology.

2.2.4.1 Radio Frequency Identification Passive Integrated Transponders

The use of RFID PIT tags to study particle movement in alluvial systems is an attractive method due
to its many advantages. The PIT tag is a small glass tube containing a coil of wire and remains
passive until it is activated by an electromagnetic signal. An alternating electric current is passed

through a second coil of wire, the antenna, creating an alternating magnetic field. Based on the
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number of coils and strength of the current, the strength of this magnetic field can be adjusted, thus
adjusting the distance required to activate the PIT tag (Lamarre et al., 2005). The PIT tag can be
encrypted with a unique number allowing the tracking antenna to identify each individual particle
with its unique code, referred to as RFID. The PIT tag is designed to withstand vibrations and shock
and is insensitive to temperature changes and humidity (Lamarre et al., 2005). The tags are relatively
inexpensive, and come in a variety of sizes, the most common ranging from 8 to 23 mm. The PIT tag
is inactive and does not require a battery, having an estimated life span of approximately 50 years

(Allan et al., 2006).

2.2.4.2 Limitations of RFID technology

Limitations of the RFID technology can be seen where tracer particles experience deep burial and in
channels with very high sediment transport rates. Channels with high scour and a deep active layer
can make it difficult to recover tagged particles (Lamarre et al., 2005). The transmission signal of the
antenna has a limited range, often between 0.5 and 1.0 m depending on the set up and equipment
being used. If a particle is buried deeper than the range of the antenna, the PIT tag will not be
activated and the RFID reader will not locate the particle. The interference of grains on the detection
limits of the antennae is of little concern based on the work of Schneider et al. (2010) who found that
when detecting buried PIT tags, water and sediment have only a minor shielding effect. Other
limitations include channels with high transportation rates where particles can travel great distances
during a single minor storm event. In these conditions, the length of travel can be a limitation if the
particle travels beyond the study limits in a single event (Lamarre et al., 2005). It also limits the time
scale of the monitoring, as the tracer particles do not remain in the study area for very long. Particle

locking or imbrication can drastically vary the results from expected outcomes.

2.2.4.3 Seeding location and Tracer Quantity

An important variable in a tracer study is the determination of location for injection of the tracer
particles. Sear (1996) performed a 2-way ANOVA test to determine the effects of injection position
on travel distance and burial depth. Unsurprisingly, the tests revealed that the injection location of the
tracer particle had a significant effect on both the travel distance and burial depth. Many studies seed
stones loosely on the surface (Houbrechts et al., 2015) and others adopt a method of replacing

existing stones with tagged ones in an effort to have a more natural initial position (Vasquez-Tarrio &
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Menendez-Duarte, 2014). Often the stones are artificially mobile during the first mobilizing event and
so this event is not used in further analysis (Lamarre & Roy, 2008).

Another key factor to be considered in a tracer study is deciding what portion of the grain distribution
will be tracked. Lamarre et al. (2005) tagged stones in the middle of the size distribution, as they were
limited by the ability to insert a PIT tag into smaller stones and the difficulty in transporting larger
stones to the laboratory for drilling. The disadvantage of tagging smaller particles is the increased
probability of travel results in particles travelling beyond the study limits rapidly, limiting the
temporal scale of the study.

The number of particles tagged can have an important outcome on a study. Gravel-bed rivers can
express large variability in bed forms and clast orientation which can effect particle movement,
drastically changing the mechanics of sediment transport at the grain scale. In order to overcome this,
a large number of particles should be tagged to provide opportunity to gather sufficient data from

which meaningful conclusions can be drawn (MacVicar, 2015).

2.2.5 Estimating Bulk Sediment transport

There are various methods for calculating bulk sediment transport. Church (2006) refers to the

process of estimating sediment transport using morphological change as the inverse problem.

2.2.5.1 Spatial Integration Method

Included in these inverse methods of sediment transport calculations is the spatial integration method

(SIM) which utilizes the following equation: (Hassan et al., 1991; Haschenburger & Church, 1998):

Qp = vpdsws (1 — A)py (13)
where @, is the bulk sediment transport (kg/s), vy, is the virtual velocity of particles (m/s), ds is the

active layer thickness (m), wy is the active layer width (m), A is the porosity of sediment and pg is the
density of sediment (kg/m?). The three parameters that need to be measured in the calculation of bulk
sediment transport are virtual velocity, active layer thickness (DeVries, 2002) and active layer width
(Ashiq, 1999). Each of these parameters has been studied individually as well as collectively in an
effort to properly estimate sediment transport.

Virtual velocity of a particle is the particle path length divided by the time of travel. There are varying
opinions and methods of measuring the virtual velocity and numerous studies focusing on solely
particle path length (Pryce & Ashmore, 2003). In some studies, the virtual velocity is determined by
taking the total distance travelled over many events and dividing by the total time, including the

periods of rest (Bradley & Tucker, 2012). In other cases, the virtual velocity is calculated over a
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single event, as the distance travelled from particle entrainment to final deposition, often including
multiple steps and rests, and dividing by the duration of competent flow (Haschenburger & Church,
1998; Milan, 2013; Houbrechts et al., 2015).

Active layer thickness is the depth of the substrate which can become active during an event and is
also variable in its definition and measure. It can be estimated using the burial of tracer clasts (Hassan
& Ergenzinger, 2003) or scour pins (Laronne et al., 1994). Techniques for using the PIT tags to
measure active layer thickness include approximating it with the maximum burial depth (Sear et al.,
2003), or estimating it as twice the Doy (DeVries, 2003). When using PIT tags to estimate bulk
sediment transport it must be assumed that the active layer is well represented by the tracers in the
study (Sear et al., 2003). Laronne et al. (1992) argue that the active layer is consistently
underestimated in particle tracer studies; however, a number of studies have shown that the estimated
active layer depth is comparable between tracer studies and scour chain measurements (Hassan, 1990;
DeVries, 2003). Additionally, error can be introduced if the active layer depth is widely variable
across the study reach (DeVries, 2003). Haschenburger and Church (1998) developed a method to
estimate the uncertainty in using the SIM method to calculate bulk sediment transport, indicating the
percentage of error associated with each of the measured parameters. The method of Haschenburger
and Church (1998) suggests that the largest percentage of error in estimating sediment transport rates
is derived from estimating the virtual velocity.

Sear et al. (2003) used aluminum passive tracers to assess the accuracy of the spatial integration
method in a gravel-bed stream. More recent studies have used PIT tags in place of aluminum tracers;
however, in this particular paper, they compared the SIM method with experimental results of bulk
sediment transport using pit traps. The range of estimates for the sediment transport rate varied by up
to three orders of magnitude depending on the assumptions made in the SIM method (Sear et al.,
2003).

Vasquez-Tarrio and Menendez-Duarte (2014) use a tracer study to evaluate nine bedload equations in
a coarse-bed mountain stream. The results found that the bedload equations reported higher estimates
of transport than those determined by the tracers. Although this study looked at a mountain stream,

the low sediment supply parallels with many urban creek studies.

2.2.6 Particle tracking in urban environments

While the method of particle tracking as a means of measuring bedload sediment transport has been

widely practiced, both in laboratory and field experiments, few studies focus on urban environments.
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Field data gathered in urban environments needs to be fitted to these theoretical models to provide
confidence in applying these models to urban systems. A large enough sample size must be recovered
to have meaningful results when fitting these models (MacVicar et al., 2015). Challenges in particle
tracking through urban environments include flashier urban storm response, higher frequency of
formative flows, and limited sediment supply which can lead to bed armouring.

Urban streams have been said to have more consistent bedload movement (Annable et al., 2012), but
this does not necessarily equate to larger bulk transport volumes over time. In applying the spatial
integration method to an urban setting, the hope is to establish an indicator of stream stability in order
to measure the effectiveness of stormwater management practices in the study. Further particle
tracking studies are required in urban channels to identify whether urban channels exhibit similar
particle transport mechanics as other channels. Additionally, these studies will provide insight into
whether urban channels have the ability to achieve a state of quasi-equilibrium and the time frame
necessary to achieve this. Further, by conducting a field study in a catchment heavily influenced by
stormwater controls, the impact of these controls on bedload sediment transport can be monitored

against theoretical and laboratory conclusions.

2.3 Stormwater Management

The practice of stormwater management has greatly evolved over the past half century. Modern
practices have shifted from a focus on conveyance and flood control to a more holistic approach of
mimicking the natural retention properties of pre-development conditions. Stormwater management is
a constantly evolving set of practices designed to mitigate the negative impacts of urbanization on
natural channels. The Wet Weather Flow Management Master Plan (2006) of the City of Toronto,
states the goal of stormwater management quite clearly: “To reduce, and ultimately eliminate the
adverse effects of wet weather flow on the built and natural environment in a timely and sustainable
manner, and to achieve a measurable improvement in ecosystem health of the watersheds.”

Focusing on Ontario, in March 2003, the Ministry of the Environment implemented the Stormwater
Management and Planning Design Manual, a guideline for stormwater management in the province
(MOE, 2003). Building upon these guidelines, many municipalities have constructed regulations and
approaches defining how developers would implement stormwater management practices within their
jurisdictions. For example, the City of Toronto implemented the Wet Weather Flow Management

Guideline (WWFMG) in 2006 to provide detailed design parameters for stormwater management.
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In general, stormwater management covers three areas of concern, water quantity, water quality and
water balance. In large part it deals with standards for new developments and how the control of
storm runoff will be addressed. The goals of a stormwater management plan could include flood
control, peak flow attenuation, volume control, water quality, and erosion protection of downstream
watercourses. A best management practice (BMP) refers to any practice or facility implemented
based on current best technologies and feasible practices. BMPs may change over time as new

technologies emerge and new practices are developed.

2.3.1 Stormwater Management controls

Common to all urban SWM strategies are the use of storm sewers that convey runoff efficiently out of
the urban centre. In doing so, storm sewers reduce the lag time of the channel response to a storm
event (Hirsch et al., 1990, Paul & Meyer, 2001). The reduction in lag time due to stormwater
conveyance is likely the main factor behind the correlation between imperviousness and channel
degradation (Walsh et al., 2005). In order to combat the increased conveyance efficiency, stormwater
management moved towards the implementation of BMPs that increase lag time and reduce peak
flows.

SWM controls can come in many forms usually broken down into the following categories: lot level,
conveyance controls, and end-of-pipe facilities (MOE, 2003). Lot level controls are designed to target
runoff before it leaves the site. Examples of lot level and conveyance controls include rooftop storage,
reduced lot grading, and grassed swales. The added advantage of these controls over other SWM
controls is the ability to reduce runoff volumes through water reuse or infiltration. Low Impact
Development (LID) typically promotes reversing the increased storm runoff volumes which are a
common impact of urbanization.

End-of-pipe controls are the last BMP in the treatment train approach and will be much larger in
capacity and can receive runoff from large areas. These facilities may be built downstream of other
controls or as a single treatment facility. Examples of end-of-pipe facilities include wet ponds,

wetlands, and infiltration galleries.

2.3.1.1 Detention Facilities

In Ontario, detention facilities, also referred to as SWM ponds, are the most commonly used end-of-
pipe stormwater management facility (MOE, 2003). A SWM detention facility/pond is often designed

to return post-development peak flows to pre-development flow rates, a technique commonly referred
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to as peak shaving (Baker et al., 2008). The storage is provided in the form of either an online
detention facility or an offline facility. An online detention feature creates a backwater effect with a
controlled release providing storage directly in the channel and adjacent floodplains. The downstream
impacts of an online facility can be much more prevalent than an offline facility due to the control
over the entire upstream contribution. The MOE (2003) discourages the use of online facilities due to
concerns for wildlife movement and fish passage. An offline detention facility provides a storage
volume for a given contributing drainage area of the channel. The offline facility provides a storage
volume and outlet control that releases stormwater at a single point into the receiving channel. In
highly urban areas, these offline facilities often take the place of headwater tributaries that have been

replaced with sewer conveyance systems.

2.3.2 Peak shaving

The concept of reducing the peak flow seen in urban hydrographs is referred to as peak shaving
(Baker et al., 2008). This practice reduces peak flow in the receiving channel by providing a detention
feature, such as a wet pond, to store large volumes of runoff before releasing them at a slower rate
over an extended period of time (Figure 7). There are various strategies in designing detention
facilities in order to achieve different objectives. A detention facility that controls post-development
flows to pre-development levels for the two to 100-year return period storms is commonly referred to
as the zero runoff increase (ZRI) approach. Such facilities are ineffective in controlling erosion, due
to discharging erosive flows for a longer duration and at an increased frequency, while the outlet fails
to attenuate smaller, frequent storms (Roesner et. al, 2001). The ZRI facility lacks the ability to
reduce runoff volume and the frequency at which erosion events occur (McRae, 1992). Studies have
shown that stormwater management facilities can actually increase the duration of erosive discharges
in the receiving channel (Baker et al. 2008; Bledsoe, 2002) and more specifically that peak
attenuation of the two-year return period storm can exacerbate downstream erosion (McCuen, 1979;
McCuen & Moglen, 1988; MacRae, 1997). In combination with increased runoff volumes due to
urbanization, even when peak flows match pre-development flows these flows extend over a longer
duration increasing the total impulse (Figure 8), resulting in increased erosion (McCuen & Moglen,

1988).
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Figure 7: Comparison of measured pre-development and post-development hydrographs and
modelled peak control and erosion control SWM hydrographs. From Bledsoe (2002).
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Figure 8: Impulse intensity vs. water depth. Taken from McCuen & Moglen (1988).

2.3.3 Multi Criteria Approach

In Ontario, policies have included an erosion control measure, based on a hydrologic approach of
controlling the runoff volume generated from a 25 mm storm event and releasing it over a period of

24 to 48 hours (Figure 9¢). It provides a greater control than the ZRI method, providing storage
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volume and time of retention up to two times greater (McRae, 1992). This approach does not account
for the boundary material of the receiving channel (MacRae & Rowney, 1992). McRae (1993)
proposes a method of distributed runoff control, with the intention of minimizing channel erosion by
maintaining the erosion potential of the channel boundary materials in the pre-development
conditions (Figure 9d). Distributed runoff control remains largely theoretical, requiring a field

assessment in the pre-development condition to assess the hydraulic stress and erosion potential of

channel boundary materials (Baker et al., 2008).
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Figure 9: Visualization of 2 year return storm hydrographs for various forms of stormwater
management controls. Taken from MacRae & Rowney (1992).

The impact of stormwater detention on the flow characteristics of the channel is directly related to the
stability of the channel and can actually increase the potential for bedload sediment transport
(McCuen & Moglen, 1988). There is a lack of field measured data on the movement of bedload

particles as a result of the increase in impulse due to SWM features.
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2.3.3 The Cumulative effects of multiple SWM detention features

McCuen (1974) was one of the first to recognize the cumulative downstream impacts of multiple
detention facilities in a watershed. Research has shown that while controlling peak flow at the outlet
of detention facilities, peak flow may not be controlled at all points within the downstream channel
due to the cumulative effect of timing and magnitude (McCuen, 1974; Goff & Gentry, 2006). Goff
and Gentry (2006) also found that the effectiveness of detention decreased with an increasing
percentage of development within the watershed. Bell et al. (2016) investigated the overall impact of
stormwater management mitigation on various instream channel response metrics. Their data showed
that metrics which included information about stormwater control measures did not appear as primary
predictors of hydrologic response, suggesting that these stormwater controls were insufficient in their
influence on watershed scale hydrologic response. Recent work has seen the development of
hydrologic models to measure and simulate the channel response of these complex stormwater
management networks (Beck et al., 2017). Overall, field and modelling data on the cumulative
impacts of stormwater detention facilities and their relation to erosion potential in the form of bedload

sediment transport is scarce.

2.4 Summary of Research Gaps

The research presented here highlights the current knowledge and understanding of the dynamics of
bedload sediment transport in urban rivers and the complex nature of hydromodification due to
stormwater management systems. There is a general understanding of channel response in urban
settings, can be complicated by the presence of SWM features (Annable et al., 2012). Based on the

literature reviewed the following gaps have been identified:

1) A lack of field data measuring bedload sediment transport in urban channels with
stormwater management controls, in particular detention facilities

1) A poor understanding of the cumulative effects of a SWM system on the hydrology
and sediment transport in the receiving channel

iii) A general inability to predict the marginal impacts of different SWM best

management practices, in particular end-of-pipe designs such as detention facilities
and volume reduction structures
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A recent review by Hawley et al. (2013) summarized the current research need by stating that,
“...having an improved understanding of the mechanisms by which stormwater management
influences channel structure is imperative, such that policy may be more informed by fluvial process

and may have a greater probability of positively affecting stream integrity.”
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Chapter 3
Methods

3.1 Site Description

3.1.1 Site selection

Morningside Creek was selected as one of three creeks in part of a broad study on sediment transport
in urban rivers. The site was selected based on its similarities to the neighbouring sites in regards to
its longitudinal slope, bed surface particle size distribution, and distance from Lake Ontario.
Morningside Creek is a tributary of the Rouge River, located in the City of Toronto, Ontario, Canada
(Figure 10). The development of the Morningside Creek catchment happened gradually, beginning in
the 1980s. The drainage area of Morningside Creek is 21.1 km? and is approximately 45% impervious
cover, with land use being predominantly suburban housing developments and institutions. The

headwaters begin in Markham, Ontario, just north of Steeles Avenue.
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Figure 10: Location map showing the study catchments included in the broader project scope
(Figure credit: E. Papangelakis)
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Morningside Creek has been geomorphically altered over the years as land areas adjacent to the creek
underwent development (MESP, 1999). A restoration project was undertaken on the middle reach of
Morningside Creek, from the Tapscott Diversion structure to just upstream of the railway crossing
(Figure 11). The restoration consisted of natural channel design and the lowering of the channel invert
(MESP, 1999). The main objectives of the restoration project were to increase channel capacity, in
order to ensure the conveyance of bankfull flows and sediment conveyance rather than deposition,
and to ensure the dissipation of high flow energy onto the floodplain (Schaeffers, 1999). The study
reach selected is downstream of this restored reach.

The ecological health of Morningside Creek has been the focus of recent studies. According to the
Rouge Fisheries Management Plan (2011), surveys during the years of 2007 to 2009 noted a decline
in the abundance of Redside Dace. Redside Dace was added to the Species at Risk in Ontario List in
2009 (MNRF, 2014) and is currently classified as an endangered species with its habitats targeted for
protection. Redside Dace spawn in streams with gravel bars and riffles, with faster flowing water and
larger particles (MNR, 2011). Beavers are common in the watershed and tend to build channel-

spanning dams that impact both water and sediment flows.

3.1.2 Hydrology and Geomorphology

The drainage area of Morningside Creek is part of the Great Lakes Basin, with typical annual
precipitation totaling 793mm?/ 840 mm®, (a-Stat Can, 2006;b-WWFMG, 2006) mostly as rainfall
between the months of May and November. The underlying surficial geology is a predominantly
sandy silt till of the Newmarket Till (Sharpe et al., 1997). The study reach is 200 m in length,
approximately 2 km upstream of the confluence between Morningside Creek and the Rouge River,
with a contributing runoff area of approximately 17.1 km?. A forested undeveloped buffer exists on
both banks of the channel, with the creek running between two steep sloping valley walls at a slope of
roughly 1H:1V. The reach morphology is best described as riffle-pool dominated with a longitudinal
gradient of 1.02%. The bankfull width and depth of a typical section were measured as 6.5 m and 0.6

m respectively. Figure 12 shows the detailed cross-sections that were surveyed.
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Figure 11: Morningside Catchment with SWM features, gauges and study reach
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Figure 12: Cross-sections of A. MCRK HY 048, B. MCRK 20, and C. MCRK 10
The bed surface has a well-mixed grain distribution, dominated by larger gravels and cobbles having

a Dso and Dg4 of 40 mm and 99 mm, respectively. The grain size distribution is plotted in Figure 13.
Within the limits of the study reach, the creek has a good connection to a floodplain, extending out on
both banks. The planform description of the reach is gently meandering with a large range of radii of
curvature. The longitudinal bed slope in the study reach is 0.0102 m/mas measured over a series of

riffle crests (Figure 14).
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Figure 13: Channel bed surface material grain size distribution of Morningside Creek
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Figure 14: Longitudinal profile of Morningside Creek study reach

3.1.3 Stormwater Features of Morningside Creek

A combination of online and offline stormwater management facilities and a flow diversion structure
are located throughout the Morningside catchment and along the creek (Figure 11Error! Reference
source not found.). The headwaters are controlled by SWM detention ponds that outlet directly into
the creek. The Tapscott diversion structure has a strong hydraulic impact on the downstream flows in
Morningside Creek, diverting a large portion of storm flows to the Rouge River (MESP, 1999). The
diversion structure is directly upstream of Seasons Avenue and has a contributing drainage area of

11.5 km?, Table 1 gives the designed flow diversion values for the weir.
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Table 1: Flow diversion values at Tapscott Diversion in m%/s (Valley Design Report, 2002)

Total . To Rouge To L Percent
Incoming . Morningside .
Flow River Creek Diverted
0 0 0 0
1.40 0.7 0.7 50%
3.00 2.00 1.00 67%
5.7 3.1 2.6 54%
13.2 9.6 3.6 73%
18.9 14.3 4.6 76%
25.9 20.1 5.8 78%
31.9 25.4 6.5 80%
38 30.5 7.5 80%
115 95.8 19.2 83%

(1) Theoretical flows determined through model calibration

The confluence of the Nielson tributary with Morningside Creek is downstream of the Tapscott
Diversion. The Morningside Heights development area, (highlighted in Figure 15) is located on the
cast side of Morningside Avenue between the two rail lines and is controlled by four stormwater
management ponds, referred to as Hydro West, Hydro East, Silvercore, and Morningside. Storm
runoff from upstream drainage areas is conveyed to each pond through a storm sewer system
servicing the developments. Each detention pond was designed as an offline facility to capture and
detain a 2 year, 33 mm storm event for the objective of erosion control. All storm runoff from larger
events was designed to pass through the ponds, effectively uncontrolled, using the large overflow
weir structure. The details of each pond are summarized in Table 2. Values for the four ponds in
Morningside Heights were determined from the review of stormwater management design reports

prepared by Schaeffers Consulting Engineers (2001).
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Figufé 15: Morningéide Catchment with Morningside.Heights outlin-ed."Figure from MESP

(1999) prepared by Schaeffers Consulting Engineers.
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Table 2: Summary of detention ponds in the Morningside Creek catchment upstream of the

study reach
Maximum .
. Permanent Active Ou.tlet Controlled | Length of Maximum
. Drainage | Pool Orifice Release
ID | Facility Name Storage . Outlet Overflow
area (ha) | Storage 3 Diameter . Rate
(m) (m°) (mm) Release Weir (m) (m?/s)
Rate (m%/s)
Markham North
1 Pond & 702.5 - 221,000 - - - 32.5
Wetland
o | Markham South | 5, | . 61,000 | - . . 17
Pond
Tapscott
3 Industrial Park o7 i 29,500 i i i 15
4 Hydro West 45.6 8,540 15,280 190 0.084 25 7.09
5 Hydro East 55 9,403 17,775 200 0.086 22 6.25
6 Silvercore 19.2 3,795 6,615 140 0.036 5 1.44
7 Morningside 97.7 19,096 29,885 275 0.18 45 19.59

Upstream of the study reach, located immediately upstream of Morningview Trail, is an online

stormwater pond, referred to as Pond L1. The facility is controlled by a small culvert with a ditch

inlet grate and drop structure for larger flows. The outlet, a large box culvert, can be seen on the

downstream side of Morningview Trail, where energy is dissipated through a wide apron with baffle

blocks.

3.2 Field instrumentation

3.2.1 Precipitation

Precipitation data was obtained from the Toronto Region Conservation Authority (TRCA). The data

from the Milne Dam weather station was selected due to the proximity of the gauge to the catchment,

located at an Easting, Northing of 639672, 4858742, approximately 8 km northwest from the study

site. The 5 min precipitation data received from the TRCA was only available for the period of April
22,2015 to December 7, 2015, April 14, 2016 to December 5, 2016, and April 15, 2017 to June 15,

2017. Supplemental daily precipitation data from Environment Canada’s Buttonville Airport Weather

Station, located at 43°51'39" N, 79°22'07 " W, was used to fill in the yearly record (Table 3).
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Table 3: Annual Precipitation Trends and Values

Number of Number of Ratio of
Year Recorded Period Total Annual D.laln; erit?l Storm Events storms
Rainfall ys With exceeding 25 exceeding 25
Precipitation mm
mm
January 1 to :
2013 December 31 729.2 146 6 4.1%
January 1 to )
2016 | December 31 688.3 144 2 1.4%
2017 January 1 to S07.6 7 5 T
June 15
Expected | January 1 to :
Average | December 31 793/840 - - 5%

The average annual precipitation in the City of Toronto is 793mm? 840 mm® (a-Stat Can, 2006; b-

WWFMG, 2006). The exceptionally low total precipitation in 2016 resulted in very low base flows in

Morningside Creek. The frequency of occurrence of a 25 mm volume storm event or greater is

approximately 5% of annual occurrences in the City of Toronto according to the WWFMG (2006).

During the period of study of 2015 to 2017, the occurrence of larger storm events was less frequent

than expected. Details of the most significant storm events are given in Table 4. The storm intensity

was calculated by dividing the total precipitation volume by the total storm duration. The storms were

plotted versus the theoretical IDF curves for Mormingside Creek and the return period of each storm

was determined through visual comparison to the plotted curves (Figure 16).

Table 4: Characterization of major storm events

Total Total Average Return
Date Volume Duration Intensity Period
(mm) (mm/hr) (1 in X year)

6/22/2015 29.2 4.1 7.2 <2
6/27/2015 36.2 10.8 34 <2
9/19/2015 20.6 1.1 19.0 2
10/28/2015 47.8 16.8 2.8 2
3/31/2016 8.8 5.2 1.7 <2
6/11/2016 13.2 0.8 15.8 <2
7/25/2016 21.4 2.2 9.9 <2
8/13/2016 17.4 2.9 6.0 <2
4/15/2017 7.4 3.2 2.3 <2
4/20/2017 14.6 4.7 3.1 <2
4/30/2017 32.6 19.4 1.7 <2
5/4/2017 50.0 30.2 1.7 2
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Figure 16: Measured storm events during the period of study from January, 2015 to June, 2017
plotted against the intensity duration frequency curves of Morningside Creek produced by the
Ministry of Transportation Ontario IDF Curve Lookup

The largest significant precipitation event recorded during the period of study was approximately a 2
year return period event. The distribution of durations was quite large, with a number of short, high
intensity events like June 11%, 2015, as well as longer, low intensity events like the October 28, 2015

storm (Table 4).

3.2.2 Flow Measures

The site was instrumented with in-stream pressure transducers to measure water level. The gauges
were HOBO 13-Foot Fresh Water Level Data Loggers (model U20-001-04), with a calibrated
accuracy of £3mm and a depth range of 0 — 4m. Two gauges were set up within the study reach:
MCRK 20 located upstream of the first seeded riffle; and MCRK 10 located 200 m downstream. A
third water level gauge, MCRK HY 048, was placed on the upstream side of Old Finch Ave, located
1.35 km upstream of the study reach (Error! Reference source not found.). The TRCA also has a
water level gauge a few metres upstream of the culvert at Old Finch Ave. An additional transducer to
measure atmospheric pressure was placed at the study site. The gauges were set to collect data at
varying intervals, either 1 or 2 min intervals from April through November, and 7 min intervals for

the remaining winter months.
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A rating curve was developed to translate water level to total channel discharge (Figure 17). The
discharge curve was created using Manning’s flow resistance equation with a detailed cross-section
survey and estimation of Manning’s n values based on the bed surface material. Field measurements
of discharge were done using the SonTek FlowTracker, an in-stream acoustic Doppler velocimeter.
The technique measures 1D velocity at width intervals within the channel and uses those
measurements to estimate the total discharge for a given stage. Measurements were taken on three
different days at varying water levels to better define the stage-discharge relationship. The theoretical
discharge rating curve was then adjusted to better fit the field measured data. All flow measurements
were recorded in low flow conditions, and all high flow values remain theoretical. In the calculation
of the theoretical rating curve, Manning’s n values of 0.065 and 0.11 were used for the channel and
floodplains respectively. The selected Manning’s n value within the channel is higher than most
reported values for gravel-bed rivers, but is reflective of the low flow conditions under which it was

measured.
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Figure 17: Rating Curves for MCRK 10, MCRK 20, and MCRK HY 048

3.2.3 Particle Tracking

The particle distribution of the bed was determined using a Wolman (1954) pebble count, with a
sampling size of 200 points. Following recommendations of MacVicar et al. (2015) stones were
collected and sorted into 3 size classes/bins belonging to the half ¢ bins 5-5.5, 6-6.5, and 7-7.5, which
correspond to the surface Dso, D75, and Dy size classes. Each stone was drilled and a passive
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integrated transponder (PIT) tag was inserted with a unique radio frequency identification (RFID)
number. A total of 300 stones were tagged, 150 in the Dsy size class, 32 — 45 mm, 100 in the D7s size
class, 64 — 90.5 mm and 50 in the Doy size class, 128 — 181 mm. For calculation purposes, the median
value was taken from each size class range, giving values for the Dso, D75 and Dy as 38.5 mm, 77.25
mm, and 154.5 mm respectively. In August 2015, two consecutive riffles were seeded with 150 stones
each. The stones were distributed across the riffle in 25 rows, with 6 stones per row about 25 to 50 cm
apart. Each row was seeded with 3 Dso, 2 D75, and 1 Dy size class stones. The particles were seeded
on the bed surface, replacing a stone of similar or slightly larger size, in an effort to match the
imbrication and hiding effects of the existing bed condition.

The tracking period recorded for this study was from August 9, 2015 to May 11, 2017. Efforts were
made to track the position of the tagged particles after major flow events in order to capture
mobilization at the event scale. This was not always possible due to storms in close succession, in
which case the positions were recorded as often as possible. A total of 7 tracking events were
completed over the course of the study. In each tracking event, the PIT tagged stones were located
using a combination of a large loop antenna and a smaller stick antenna manufactured by Oregon
RFID. The recovery range of the large and small antenna was 1.0 m and 0.2 m respectively. The
position of each stone was recorded using a Sokkia SET650RX total station and known benchmarks
previously inserted along the study reach. By confirming all positions with the stick antenna, the
position of the stone was assumed to be accurate to within 0.2 m. The RFID technology allowed for
identification of the stones without removal and minimal disruption to the bed and hence the stones

were left in-situ throughout the duration of the study.
3.3 Field Data Analysis

3.3.1 Hydrologic Analysis

In order to understand the hydrologic response in Morningside Creek and its relative impact on
bedload sediment transport, a number of hydrometrics were calculated. A number of studies have
shown a relationship between the channel flow and the sediment transported through the channel;
however, the best measure of flow for modelling sediment transport in unsteady flow is greatly
debated. A number of measures were therefore calculated to find the best relation in Morningside

Creek.
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3.3.1.1 Runoff Ratio

The runoff ratio was calculated as a way of normalizing the total storm runoff volume by the size of

the storm event, similar to the procedure used by Bell et al (2016). The equation for runoff ratio is:

Total Runof f Volume/Catchment Area

Runoff Ratio = (14)

Total Event Precipitation
The runoff ratio provides an indication of the overall hydrologic response of the catchment across
storm events. It also allows for a normalized comparison across other field sites and other findings
with different size catchments. The limitation of this equation is the inability to account for the spatial

distribution of rainfall across the catchment area, thus assuming a homogenous distribution of rainfall.

3.3.1.2 Time of Exceedance

The calculation of time of exceedance, Tk, is also commonly referred to as the duration of competent
flow. In this study, Terefers to the length of time for which the shear stress is above the critical shear
stress required to initiate movement of the Dso particle size class. For all hydrometrics using time

integrals, the time of exceedance follows this definition.

3.3.1.3 Cumulative Effective Work Index

Cumulative effective work index, Wi, is given in Equation 8. The Wi is an erosion index that is
sensitive to large floods due to its inclusion of the velocity term, which increases with rising flood
stage, making it a strong predictor of sediment transport (Garcia, 2008). The Wi was selected as a

hydrometric based on its merit and its widespread use by SWM practitioners, outlined in the SWM
guidelines of both the TRCA and Credit Valley Conservation (CVC).

3.3.1.4 Dimensionless Impulse

Another time integrated metric used to determine sediment transport is impulse, the product of shear

stress magnitude and duration (Diplas et al., 2008). Dimensionless impulse, I,, was calculated using

Equation 9 (Phillips et al., 2013).

3.3.1.5 Cumulative Excess Shear Stress

The CESS was calculated using Equation 10 for each of the three tracer size classes and was
compared to the field data presented by DeVries (2000). Doyle et al. (2000) argue that the best metric
for gravel-bed rivers with variable substrate size is excess shear stress, which takes into account both

the eroding and resisting forces. The CESS is a measure of the excess bed shear experienced by the
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particles in the channel over the period of competent flow. The equation uses an exponent of 3/2,
which is similar to other sediment transport equations, such as the Meyer-Peter-Muller equation
(1948). DeVries (2000) suggests that there exists a relation between particle travel distances and
CESS, Equation 12. Particle tracking data from Morningside Creek is plotted against DeVries

equation, as well as being used to provide a modified equation.

3.3.2 Sediment Transport Analysis

In order to assess bed particle mobility in the study reach of Morningside Creek, the total fraction of
mobile tracer particles was calculated for each tracking event. The fraction of mobility (Fi) was
calculated as the ratio between the number of tracers that moved (nm) and the total number of tracers

recovered or inferred (ny).

Fpp= ?TT (15)
A tracer was considered moved if its position was at least 0.4 m downstream from its previous
recorded position. A threshold of 0.4 m was selected as it is twice the detection limits of the tracking
antenna and thus provides confidence that the tracer has in fact moved. Tracer positions could be
inferred for tracers, which though not recovered in the tracking event in question, were recovered in
subsequent tracking events and whose position had not changed. Thus, the tracer’s position could be
inferred in the previous tracking period.
The location of each particle was converted from Cartesian coordinates to a stream-wise normal
coordinate system, using a method similar to Legleiter and Kyriakidis (2006). Particle travel distance
was calculated as the downstream distance travelled compared to the channel thalweg. The average
travel distance, L, of the three stone classes was calculated. Following the work of Church and Hassan
(1992) a normalized travel distance was also calculated for each stone size class and was plotted
against Equation 5.
Bulk sediment transport can be measured inversely using the spatial integration method (Hassan et
al., 1991; Haschenburger & Church, 1998) using Equation13. The three parameters that need to be
measured in the calculation of bulk sediment transport are virtual velocity, active layer thickness and
active layer width. Bulk sediment transport volumes were not calculated for Morningside Creek, and
this metric was only used as a means of comparing bulk sediment transport in the modelled scenarios.
In each scenario, the virtual velocity was measured as the total distance travelled by the Dso particle
size class for that single storm event. It was assumed that the active layer width and thickness were

constants among the modeled scenarios. With this assumption, the change in virtual velocity across
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the modelled scenarios is proportional to the change in bulk sediment transport. As such, the impact

of varying SWM strategies could be related to bulk sediment transport for Morningside Creek.
3.4 Hydrologic Model Set-up

3.4.1 Background

A hydrologic model was developed for the Morningside catchment area. A Visual Otthymo model
was received from the TRCA for the Rouge River watershed, last updated and calibrated in 2001. The
model was received as an Otthymo 89 file and was imported into Visual Otthymo Version 2.4 (VO2).
Three scenarios of the model were received: an existing model for pre-2001 land use, a committed
development model, and a complete development model. The chosen scenario was the committed
development, as it seemed best suited for analysis of the current state of the watershed. The existing
scenario was outdated, lacking current information regarding land use and SWM facilities that have
been developed. The complete development scenario was detailed as an ultimate condition where
potential development may occur and did not reflect the current state of the watershed.

Due to some unknown computing artifacts, when the model was imported there were some
unresolved errors. The following updates were made to the model to rectify some of the errors. The
ROUTE CHANNEL routine requires the Manning’s n value for the main channel segment to be input
as a negative value; the values were updated with the magnitudes left unchanged. The STANDHYD
commands were changed to match the TRCA model, which uses the United States Department of
Agriculture Soil Conservation Service (SCS) method. The model was run to compare the results with
the given results from the TRCA (Table 5). Small discrepancies in flow were attributed to updated

flow routing calculations in the newer version of the software.
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Table 5: Comparison of peak flows and time to peak flow (TP) from TRCA reported summary
values and the rectified VO2 model.

5 year storm event 100 year storm event
TRCA Rectified VO2 TRCA Rectified VO2
Node | Description Summary Model Summar Model
Qp TP Qp TP Qp TP Qv TP
(m%/s) | (hr) (m®/s) (hr) (m®/s) (hr) (m®/s) (hr)
843 | Random U/S 16.663 | 725 | 16.663 | 7.25 | 41.283 | 7.00 | 41.283 | 7.00
Test node
894 | Rouge River,
U/S of
Momineside 71.778 | 17.25 | 71.775 17.25 | 163.811 | 1525 | 163.807 | 15.25
g
confluence
900 | Upstream of
Tapscott 9.552 7.50 9.553 7.50 27.064 7.00 27.064 7.00
diversion
901 | Morningside
Creek, D/S of 13.499 5.00 13.499 5.00 25.745 7.00 25.746 7.00
diversion
999 | Rouge River, 72460 | 17.25 | 72.456 | 17.25 | 165.551 | 15.25 | 165.547 | 15.25
D/S of diversion
23| Downstreamof | ¢3¢ | ¢50 | 16363 | 650 | 5136 | 550 | 51360 | 5.50
study reach
903 | Confluence of
Morningside and | 69.541 | 19.75 | 69.539 19.75 | 161.195 | 17.00 | 161.191 | 17.00
Rouge
957 | FinalNode of 1 ¢5 553\ 555 | 85501 | 22.25 | 201718 | 19.75 | 201715 | 19.75
Rouge River

3.4.2 Discretization of Morningside Creek Hydrologic Model

In order to develop a well calibrated hydrologic model, further detail was added to the hydrology

model for the Morningside Creek subcatchment. In order to achieve this goal, revisions and additions

were made, largely based on the Qualhymo model prepared by Schaeffers Consulting Engineers as

part of the Valley Design Report (2002). One revision was the addition of detail to the SWM features.

The TRCA model incorporated lumped ponds into a single reservoir and, while able to account for

storage and discharge, the TRCA model failed to reflect the time shift expected in the flow discharged

from each individual pond.

The four stormwater ponds in the Morningside Heights development and their upstream drainage

areas were discretized to more accurately reflect the time shift of pond outflows (Error! Reference

source not found.). The Hydro West, Hydro East, Silvercore and Morningside SWM ponds, known
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respectively as TRCA ponds 311.0, 311.1, 311.2 and 311.3 were inserted downstream of the DIVERT
HYD command, which represents the Tapscott diversion on the north side of Seasons Drive. The
parameters of the catchment areas were chosen to mimic the existing catchments of the model (Table
6). The rating curves of the ponds were developed using the information provided by the SWM
reports for the design by Schaeffers Consulting Engineers (2001).

Table 6: Uncalibrated parameters of the added subcatchment nodes. TIMP is the total
impervious fraction, SLPP/SLPI is the subcathment slope, CN is the curve number value and Ia
is the initial abstraction for pervious areas.

Hydro West Hydro East Silvercore Morningside
Node Reference 22 21 23 20
Area 45.6 55 19.2 97.7
TIMP 0.631 0.416 0.524 0.524
SLPP/SLPI 0.97 0.42 0.99 0.99
CN 76.7 76.7 62.3 62.3
Ia 5.0 5.0 5.0 5.0

Modifications to the existing catchment and routing commands were necessary to reflect the
discretization. The ROUTE CHANNEL 767, representing the main channel of Morningside Creek,
was originally a length of 4817 m, which is approximately the length of Morningside Creek from the
Tapscott diversion to the confluence. During the discretization, the 767 node was divided into smaller

route channel commands, whose sum equaled the original length of 4817 m.

3.4.3 Model Calibration

The model was calibrated to match existing flow measurements for two storm events, October 28,
2015 and June 11, 2016. In order to determine the accuracy of the model, the Nash-Sutcliffe model
efficiency coefficient (Nash & Sutcliffe, 1970) was calculated.
_ g Za(@h-0t)
4(04-20)°
where Qf,= modelled discharge, Q,= mean of measured discharges and Qf = measured discharge at

(16)

time t. An efficiency of 1 (E=1) would correspond to a perfect match, where the modeled discharge
equals measured values. A result of E<0, would indicate that the observed mean discharge is a better
predictor of instantaneous discharge than the model. Therefore, the closer the efficiency is to a value

of 1, the stronger the model calibration.
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The hydrologic model was calibrated using two storm events, October 28, 2015 and June 11, 2016,
the largest storm during the study period and a typical smaller high intensity event, respectively. The
June 11, 2016 storm event is significant as it is shown later to be a threshold event for bedload
sediment transport in the creek. The model was calibrated to match the discharge measured at two
gauge locations, MCRK 10, the downstream limits of the study reach and TRCA HY048, located on
the upstream side of Old Finch Avenue. The Nash-Sutcliffe model efficiency coefficient was
calculated for each event and at both locations to assess the model’s accuracy in predicting discharge.
The results of the model calibration are presented in Table 7.

Table 7: Calibration Results for VO2 model of Morningside Creek

TRCA HY 048 MCRK 10
Measured Modelled Measured Modelled
Nash-Sutcliffe E 0.914 0.811
Peak Discharge 2.00 2.52
October | (ms) 1.85 (109%) 2.97 (85%)
’ Total Flow 251.048 274,205 333.624 364,123
Volume (m?) ’ (109%) ’ (109%)
Nash-Sutcliffe E 0.762 0.762
Peak Discharge 0.74 0.96
June 1| ) 0.84 (88%) 091 (106%)
Total Flow 74,587 86,162
Volume (m?) 92,926 (80%) 72,602 (119%)

In calibrating the model, it was determined that there was a strong dependency of the hydrograph
response to the online SWM ponds and the Tapscott Diversion structure. The falling limb of the
hydrograph was very sensitive to the configuration of the L1 online pond. This is evident in the
difference in the falling limb seen in the October 28 storm event (Figure 18), where the flow seems to
remain quite high before quickly tapering down to baseflow. Additionally, during the calibration, it
was found to be necessary to account for natural detention features in the section of creek upstream of
the Tapscott Diversion to match the timing and magnitude of the flood wave at downstream locations.
Site reconnaissance confirmed the presence of multiple beaver dams and wood jams upstream of the

diversion, creating small reservoirs along the length of the creek.

The Nash-Sutcliffe coefficients were strong for both the October 28 storm event (E =0.91 and 0.81
for TRCA HY 048 and MCRK 10, respectively) and the June 11 storm event (E = 0.76 for both

locations). The slightly lower result for the June 11 event could be attributed to a number of factors.
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For example, the assumption of catchment wide homogeneous rainfall, especially for the short
summer rainfall event, can be a poor assumption. The hydrograph at MCRK 10 does plot well for the
June 11 storm, seen in Figure 18. There is a very minor time shift in the modeled versus measured
data, which can greatly impact the Nash-Sutcliffe coefficient. However, for the purpose of testing the

scenarios, the hydrographs for both events are quite robust.
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Figure 18: Calibration results for (A) October 28, 2015 and (B) June 11, 2016 storm events.
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3.4.4 Model Validation

The model was validated using two storm events, July 24, 2016 and May 4, 2017. The July 24 storm
event was selected because it represents a short duration high intensity event, typical of summer
storms in the area. The May 4 storm was a large event that exceeded threshold. The validation was

performed using the measured flow values at MCRK 10 and the results are presented in Table 8 and

Figure 19.
Table 8: Model validation results
Measured Modelled
Nash-Sutcliffe E -1.676
June 24, F;?}‘S)D'Smarge 0.839 1.037 (124%)
2016 Total Flow
0,
Volume (m?) 84,557 135,279 (160%)
Nash-Sutcliffe E 0.253
May 4, F;?}‘S)D'Smarge 2.197 2.357 (107%)
2017 Total Flow
3 275,505 386,864 (140%)
Volume (m?)

Model validation resulted in Nash-Sutcliffe efficiency values of -1.676 and 0.253 for the June 24,
2016 and May 4, 2017 event, respectively. The negative efficiency value would provide very little
confidence in the model; however, it is important to consider the other variables as well. The model
overpredicts flow and runoff volume, which suggests that the modeled storm precipitation may have
been overestimated, especially under the assumption of homogeneous rainfall across the catchment
area. Additionally, with the smaller flashier storm, the Nash-Sutcliffe value is very sensitive to the
timing of the spikes in the hydrograph. It should be noted that in the days leading up to May 4, 2016
storm event, there were a few smaller precipitation events totaling 35 mm of precipitation. The event
based model was not capable of accounting for the antecedent conditions for the May 4, 2016 event,
making it difficult for the model to reproduce the measured hydrograph. Similar to the October 28,
2015 storm event, the model overpredicts flow in the May 4, 2016 storm event during the drawdown

phase.
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Chapter 4
Field Results

4.1 Runoff

The hydraulic response in Morningside Creek was recorded using the instream water level gauges.
The shape of the hydrographs for MCRK 10 and 20, the two gauges located within the study reach,
were relatively similar. The channel response recorded at the upstream gauge, MCRK HY 048, is
distinct in its shape in comparison to the response seen at the two gauges of the study reach. Bankfull
elevations were estimated based on visual interpretation and markings along the banks and floodplain
and bankfull discharges were found using the calculated rating curves. Bankfull flows were estimated
as 1.55 m*/s and 1.12 m*/s at cross-sections MCRK 10 and MCRK 20 respectively.

The response for each storm is unique in its magnitude, duration and pattern, which are functions of
the precipitation event, antecedent moisture conditions and the SWM facilities. The following two
storms were chosen to be analyzed in detail, October 28, 2015, and June 11, 2016, as they represent
one of the largest storms during the study period in terms of total precipitation and a typical smaller
high intensity event, respectively. The hydrographs and hyetographs for the two storm events are

shown in Figure 20.
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Figure 20: Hydrographs for Morningside Creek. A) October 28, 2015 measured by the TRCA
at HY 048 B) October 28, 2015 measured at MCRK 10 C) June 11, 2016 measured by the TRCA
at HY048 D) June 11, 2016 measured at MCRK 10.

The hydrographs recorded in high temporal resolution have complex shapes, with multiple peaks and
inflection points. The impact of the online pond, Pond L1, located on the upstream side of
Morningview Trail is quite visible in comparing the hydrograph at HY 048 to MCRK 10. The duration
of the initial peak is extended significantly as a result of the online detention facility. The initial peak
appears not to decrease in magnitude (comparing Figure 20C and D), this can be attributed to
additional flow entering the channel between the two gauges. Common to the MCRK 10 hydrographs
for both storm events is the slow falling limb that is typical of a SWM detention pond. In Figure 20B,

an inflection point is apparent in the falling limb, which is likely attributed to the water level at which
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discharge through the overflow grate ceases and the online pond returns to an orifice controlled
system.

The short-duration high-magnitude pulse at the beginning of the hydrograph of the smaller June 11,
2016 event shows that there is a significant portion of uncontrolled runoff entering the study reach of
Morningside Creek (Figure 20C and D). This flow pattern was also seen in other small measured
events, July 24, 2016 and August 13, 2016. The sharp spike in flow, with a very short duration, seen
at the HY 048 gauge, suggests that there is uncontrolled runoff entering upstream of this gauge. The
second peak seems to occur approximately 9 hours after the initial peak. The 9 hour gap between
peaks seems to be consistent regardless of the storm size or magnitude of the peak flow and can be
seen in the October 28, 2015 event as well. It is hypothesized that the second peak is delayed by the
channel routing and SWM features upstream of the Tapscott diversion. It appears that there are two
response waves, the first being uncontrolled runoff and then a second controlled release of lesser peak
magnitude and longer duration. The second peak also appears to accelerate at a lesser rate, taking
longer to reach its peak value. This could be indicative of a longer time to concentration of a larger
subcatchment area upstream or it could be attributed to the SWM controls in the upstream portion of
the catchment.

The hydrograph of October 28, 2015 (Figure 20A), does not have as flashy of a response as the peak
seen in June 11, 2016. This is most likely attributed to the longer duration, lower intensity storm
event. The hydrograph does have the same double peak, while not as drastic as the June 11 storm. The
double peak in this case could be attributed to the precipitation pattern, which shows a variation in
intensity and two identifiable peaks, or the individual response of the upstream SWM detention
ponds, which were designed for a 33 mm event. Given that the October event exceeded this design
event, it likely created an overflow response from one or more ponds, resulting in the plateau of
higher flow seen at HY048. Additionally, HY 048 is located at a culvert, and the plateau may be

related to backwater effects, creating an artificially consistent high water level.

4.2 Particle Tracking

The particle racking field work was spread throughout the calendar year, with the primary goal to
record the positions of the stones after major storm events in order to determine event scale
displacements. A total of seven tracking periods were recorded (Table 9). The recovery rate, Pr, of

the tagged stones was relatively high, with total recovery rates ranging from 88 to 97 percent. The
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recovery rates did drop slightly over time, as would be expected, however with the inclusion of
inferred positions, the recovery rates remained fairly stable. Recovery rates were generally higher for
the largest size class. The recovery rates and mobile fraction, Fy, for each of the tracking events are
shown in Table 9. The tracer positions are displayed visually in relation to the channel thalweg in
Figure 21. The first tracking period was excluded from further analysis due to artificially high
mobility rates. This is typical of tracer studies, as despite best efforts particles tend to have loose

configurations on the bed that are not representative of true particle to bed interactions (Lamarre &

Roy, 2008).
Table 9: Bedload sediment transport measurements for each of the tracking events
All Size Classes Size Class 1 Size Class 2 Size Class 3
32-45mm 64 -90.5 mm 128 - 181 mm
Tracking Date Pr Fm LDso (150 Stones) (100 Stones) (50 Stones)
PR Fm E PR Fm E PR Fm E

Oct 25, 2015 97% 27% 2.3 | 99% 35% 2.3 | 92% 24% 2.3 |100% 6% 1.3
Nov 11, 2015 92% 57% 14.8 | 93% 64% 139 | 89% 61% 7.7 | 98% 31% 2.6
May 03, 2016 94% 17% 2.1 | 94% 22% 2.2 | 92% 15% 13 | 98% 4% 0.7
June 22, 2016 92% 4% 09 |91% 4% 09 | 90% 2% 1.1 | 98% 4% 0.5
Aug 19, 2016 93% 3% 1.0 | 94% 3% 1.0 |90% 3% 09 | 94% 0% 0.0
Apr 12,2017 95% 10% 1.2 | 95% 11% 1.2 |94% 6% 0.8 | 98% 12% 1.5
May 11, 2017 88% 27% 6.4 | 89% 33% 10.7 | 87% 31% 6.7 | 8% 0% 0.0
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Figure 21: Visual overview of particle locations and movement over time. The blue line
indicates the surveyed thalweg of the study reach.

4.2.1 Mobility and Travel distance with respect to grain size

Based on the tracking results, correlations could be established between the bedload sediment
transport and the particle grain sizes (Figure 22). There is a negative correlation between grain size
and both F,, and L. This suggests that not only do the smaller particles become entrained more easily
but they also travel further once transport is initiated. The low mobility rate and short travel distances
experienced in this tracking period could then allow for the confidence intervals associated with the
data to explain the variation to the trend.

Focusing on the two tracking periods with the greatest movement, October — November 2015 and
April — May 2017, there is a strong trend between grain size and both F,, and L. Both of these
tracking periods were after significant rainfall events, exceeding Q.. In both these events we see
almost equal mobility rates for the Dso and D7s size classes, and partial mobility beyond the D75 size
class as the Doy is significantly less mobile (Wilcock & McArdell, 1993). Interestingly, there was zero
mobility of the largest size class in the April — May 2017 tracking period. This could be a result of the

flow remaining below the threshold for the initiation of motion for these larger particles.
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Figure 22: The mobile fraction and average travel distance plotted against grain size class for
all tracking periods excluding the first (Aug to Oct, 2015). The dashed lines represent the 95%
confidence intervals.
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The relative travel distances and relative particle sizes were plotted in Figure 23 against the curve
proposed by Church and Hassan (Equation 5). For the event scale tracking periods of Oct 26 — Nov
11,2015 and Apr 12 —May 11, 2017, the data fits very well with the proposed relationship. The other
tracking periods are below or very near the calculated threshold for particle entrainment. The

movements in these tracking periods are likely influenced by local bed conditions.
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Figure 23: Relative travel distance for each size class as a function of relative grain size and
their 95th percent confidence intervals. A) All the tracking periods B) Data for the singular

captured event tracking periods, Oct 26 — Nov 11, 2015 and Apr 12 — May 11, 2017. The dashed
line is Equation 5 (Church and Hassan, 1992).
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4.3 Hydrometrics of Bedload Transport

The calculated hydrometrics are based on stage level recorded at MCRK 10 and the discharge rating
curve. The results from MCRK 20 were skewed by the presence of a beaver dam for the first few
months of the study, which created a small reservoir in the gauge location and as such gave
artificially high water level readings. The upstream gauge HY 048 is not representative of the flow

conditions that the study reach would be subject to and so was not used in this analysis.

4.3.1 Field Established Threshold Values

The two tracking periods over the summer of 2016, from May 4 to June 22 and June 23 to Aug 19,
had very minimal bedload sediment transport with particle mobility rates of 4% and 3% and mean
travel distances of 0.9 m and 1.0 m, respectively. Based on the low rate of mobility and small travel
distances, it was assumed that the flow was at its threshold or critical value. The peak flow, Q,,
occurred during the June 11, 2016 storm event. The peak flow depth was measured at both gauges,
MCRK 20 and 10, at the upstream and downstream limits of the study reach respectively, and used to
generate a corresponding shear stress. From the average of the two gauges, a critical shear stress
threshold of 26.5 Pa was calculated for the study reach, below which it was assumed there would be
no mobilization of the Dsg size class or greater. This threshold equates to a dimensionless shear stress
value t*; of 0.043, based on a Dso = 38.5 mm, and a critical flow, Q. = 0.99 m*/s at MCRK 10 (Table
10). The dimensionless shear stress matches closely with typical threshold values for gravel bed rivers
proposed by Buffington and Montgomery (1997) of t*. ~ 0.030 to 0.073 and Church (2006) of 0.045.

Table 10: Threshold values for particle initiation

Gauge Max Depth Hydraulic T (Pa) T*:
Radius
MCRK 20 134.302 0.2530 25.315 0.0406
MCRK 10 135.205 0.2764 27.657 0.0444
AVERAGE - - 26.486 0.0425

Based on the hiding factor developed by Egiazaroff (1965), Equation 4 was used to calculate the

critical shear stress and Shields parameter for the D75 and Dy size classes (Table 11).
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Table 11: Results of hiding factor on critical shear stress

Size Class | Representative | Unadjusted 1. | Adjusted t*. Adjusted 1.
size (mm)

Dso 38.5 26.486 0.0425 26.486

D75 77.25 53.142 0.0278 34.758

Dy 154.5 106.285 0.0196 49.059

The calculated values correspond well with observed mobility rates in the field. Particles in the Dso
and Dys size classes had F,, > 0.1, in the same tracking periods. However, F, <0.1 for the 2016
summer events, thus considered as being at the threshold and can be seen plotting below the critical
threshold limit in Figure 24.Figure 24: Shields Diagram with the Egiazaroff hiding factor calculated
based on a T*cg of 0.043. Field-measured values of peak shear were plotted for each tracking event.
Particles in the Do size class were mobilized in the October to Nov 2015 tracking period, and no
movement in the summer of 2016 and May 2017, tracking periods. This corresponds with those
events plotting below the critical threshold. The winter tracking periods were excluded from the plot,
due to poor accuracy in measuring shear stress. Water level measurements during the winter months

were impacted by the effects of ice and snow cover on the creek, resulting in poor estimates of shear

stress.
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Figure 24: Shields Diagram with the Egiazaroff hiding factor calculated based on a T*cg of
0.043. Field-measured values of peak shear were plotted for each tracking event.

4.3.2 Relationships between hydrometrics and particle movement

The relationships between bedload sediment transport and the hydrometrics were analyzed. Each
hydrometric was compared to both Fy, and L. Tracking periods that included the winter months were
excluded from the plots, as there were multiple flow events and poor estimates of shear stress during
these periods. The hydrometrics were calculated based on the water levels observed at the MCRK 10
gauge and are presented in Table 12.

Table 12: Hydrometrics calculated for each tracking period based on the water level
measurements at MCRK 10 gauge. The winter tracking periods are highlighted.

Tracking Total Qp T. Wi CESS

Period Precipitation (m*/s) (hr) (N/m) (Pa'*-hr/m)
(mm)

g‘cltgzof’zg?;s B 172.6 0.998 2 648 2

1?1222161’ igig B 71.6 3.162 35 665,533 35,696

ﬂ‘;vy })é 22%11%‘ 300.7 1.948 38 417,873 3082

ﬁ-‘é 2‘2‘ ;8}2 B 76.4 0.938 0 0 0

i‘i‘:; 12;’ 2281166 - 49.8 0.898 0 0 0

igrg 1129, ’ 2281176 - 462.7 4.746 251 32,561,512 | 103,224

Q‘;;llzl”zzo(}f{ 134.8 2.609 22 522,849 14,202

4.3.2.1 Cumulative Effective Work Index (Wi)

The Wi was calculated for each tracking period using Equation 8. There was a positive trend between
both F,, and L and the hydrometrics of peak flow and cumulative effective work for the data that was

collected (Figure 25); however, only two periods had values greater than 0 for Wi, making it difficult

to assess the significance of the relationships with either F, or L.
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Figure 25: Wi vs. Mobility Rate and Particle Travel Distance

4.3.2.2 Cumulative Excess Shear Stress (CESS)

Following the work of DeVries (2000), the CESS was calculated for the two major tracking events,
from October to November, 2015 and April to May, 2017. The CESS was calculated for each of the
three tracer size classes, using the adjusted t. value, based on the hiding factor. The data obtained for
Morningside Creek is plotted in Figure 26. The relationship proposed by DeVries (2000) for his field
work at the Raging River and Issaquah Creek is displayed on the chart. The results from Morningside
Creek plot well below DeVries’ relationship, showing shorter travel distances for similar measured
CESS. The mean travel distances were multiplied by Fr, to provide a true mean travel distance
including the non-mobile fraction. It should be noted that the study sites in DeVries” work were
significantly larger, having 2 year flood peak flow rates more than 10 times larger, as well as having
larger surface Dso particle sizes and steeper bed slopes. The relationship for particle travel length and

CESS was modified and fit visually to the Morningside Creek data, with the following result:

Lyi = [0.0001CESS; + 4(1 — (0.00015CESS; + 1)7°)|/F,, (17)
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Figure 26: The relationship between average particle travel length and CESS. Field measured
data is plotted against the function from the work of DeVries (2000). A new approximate
relation was fit visually to the Morningside data.

The modified relationship proposed accounts for the non-mobile fraction by including the Fy, term
reducing the mean travel distances of each size class. As proposed by DeVries (2000) the Fy, term
was included in the equation to account for partial mobility. DeVries also suggested that a linear
relationship would only be evident under fully mobile conditions. The non-linearity of the

relationship is representative of partial mobility.
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Chapter 5
Model Results

5.1 Modeled Scenarios

The calibrated hydrologic model of Morningside Creek was used as the base from which to run a
number of scenarios. A number of scenarios were tested to establish the impacts of SWM features on
the flow characteristics and bedload sediment transport in the study reach. Additional scenarios were

run to determine the extent of impact due to urbanization and variable storm size.

5.1.1 Influence of SWM controls (Tests 1 and 2)

Tests 1 and 2 were run to establish the impact of the stormwater management facilities on the overall
hydrology of the system. The scenarios varied the SWM controls present in the system by turning on
and off the online ponds, offline ponds, natural detention and Tapscott diversion. In Test 1 the
diversion structure is included as is and the following scenarios were tested: 1) the existing SWM
strategy with all controls, 2) no online ponds, 3) no offline detention ponds, 4) no SWM ponds
(offline or online), and 5) no natural detention or SWM ponds. In Test 2 the 5 scenarios were repeated
while removing the diversion structure from the model. Each scenario was run with field measured
precipitation from two unique storm events, October 28, 2015 and June 11, 2016. These two storms
have two very different precipitation patterns, one with a long duration, low intensity storm (October
28) and the second with a short, high intensity event (June 11). The two storm events were used in the
calibration of the hydrologic model and thus there is confidence in the model’s output for these
particular storms. The June 11, 2016 event, was also the threshold setting event, and allows for the
assessment of the SWM features in near threshold events.

The results of the modelled scenarios in Test 1 and 2 are presented in Figure 27, with the dischrage
hydrographs of each SWM scenario. In both storm events, the SWM controls reduce peak flows, as
the elimination of each control results in an increase in peak flow up to as much as 3 to 5 times in the
no detention, fully uncontrolled case. The controls do increase the flow duration, and in the October
event, being the larger precipitation event, the time of exceedance is increased by the addition of the
SWM ponds. From the results of Test 1, it is inconclusive whether the online or offline ponds provide
greater peak flow reduction, as the two storms provide opposing results. In the October storm event
the offline and online ponds reduce the peak flow by 54% and 39% respectively, while in the June

storm event the reductions are 24% and 62%, respectively.
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Figure 27: Modelled hydrograph results from the various SWM strategy scenarios in Test 1,
with the diversion structure and Test 2, without the diversion: A) Test 1: October 28, 2015 B)
Test 2: October 28, 2015 C) Test 1: June 11, 2016 and D) Test 2: June 11, 2016.
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The percent reduction for each hydrometric was determined for all the SWM control cases in Tests 1

and 2 using the following equation:
Result of scenario i
Result of fully uncontrolled scenario

% Reduction =1 —

where the fully uncontrolled scenario was for Test 2 (without the diversion structure) Scenario 5 (no
SWM ponds or natural detention). In all scenarios, the results show the presence of the SWM features
provide a positive reduction in Q,, Wi, I+, and CESS. In general, the presence of the SWM ponds
have a greater impact on Q, than the diversion. The percent reduction from the diversion is greater for
the scenarios with the October storm, which has a larger channel flow compared to the June storm
event. This is a result of the diversion structure diverting a larger percentage of the incoming flow as

the flows in the channel increase. Figure 28 shows the percent reduction of each SWM scenario from

Tests 1 and 2.
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Figure 28: Results of percent reduction for virtual velocity and Wi from the modelled scenarios
in Tests 1 and 2 for the October 28, 2015 storm event.

A closer look at four particular scenarios from Tests 1 and 2 provides a detailed breakdown of the
effectiveness of specific facilities within the larger SWM strategy. Details of the SWM features

present in each of the four scenarios is present in Table 13.
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Table 13: Scenarios comparing the impacts of SWM detention features. The check implies the
presence of the SWM feature in the particular scenario

Scenario 2-5 2-1 1-5 1-1
Presence of the v v
Diversion
Presence of the v v
Detention features

The first comparison of scenarios 2-5 and 2-1, quantifies the reduction from the SWM detention
controls alone, without the influence of the diversion. The second comparison, 2-5 and 1-5, quantifies
the reduction associated with the diversion structure alone, without the presence of any SWM
controls. The third comparison, 2-5 and 1-1, quantifies the reduction from the current SWM strategy

over a completely uncontrolled scenario. The fourth comparison, 2-1 and 1-1, quantifies the reduction

associated with the diversion weir in the existing SWM strategy. In a similar manner, the fifth

comparison, 1-5 and 1-1 quantifies the reduction associated with the SWM ponds in the existing

SWM strategy. The results of the reductions of the different hydrometrics for the comparative

analysis are presented in Table 14 and Figure 29.

Table 14: Comparing the reduction in hydrologic metrics associated with different SWM

scenarios
SWM Ponds Diversion SWM Ponds | Addition of Addition of
only only and the Diversion SWM Ponds
(2-5and 2-1) | (2-5and 1-5) | Diversion when SWM when
(existing controls Diversion
case) present present
(2-5and 1-1) | (2-1and 1-1) | (1-5and 1-1)
October 28, 2015
Qp 67% 40% 80% 13% 40%
Wi 30% 42% 73% 43% 31%
|* -6% 32% 51% 57% 19%
Runoff Ratio -3% 38% 30% 33% -8%
CESS 41% 44% 82% 41% 38%
Virtual Velocity 36% 39% 72% 36% 33%
June 11, 2016
Qp 87% 30% 87% 0% 56%
Wi 100% 46% 100% 0% 54%
|* 100% 38% 100% 0% 62%
Runoff Ratio -15% 35% 7% 22% -28%
CESS 100% 49% 100% 0% 51%
Virtual Velocity 100% 22% 100% 0% 78%
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Figure 29: Relative reductions through the implementation of various SWM strategies for A)
October 28, 2015 and B) June 11, 2016.

The SWM ponds provide a strong reduction in the Q,, which is expected as it is the primary objective
of the SWM pond feature. The addition of a volume reduction measure such as the diversion structure
to a SWM strategy (2-1 and 1-1) had a greater impact on reducing the hydrometrics than did the
addition of the SWM ponds (1-5 and 1-1). When the SWM ponds are present, the addition of the
diversion still provides an additional reduction, in the event there is significant flow. The 0%

reduction associated with the diversion seen in the June 11, 2016 event is due to the fact that the
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short, high intensity storm was sufficiently controlled by the SWM ponds, thus the flow was not
significantly large enough to warrant the diversion structure. Interestingly, the impulse appears to
increase slightly with the addition of the SWM ponds alone. This would be evidence in support of the
findings of McCuen and Moglen (1988), whereby the addition of SWM detention increases the flow
impulse. However, all the other hydrometrics still find a reduction in the strategy with the SWM
ponds only.

5.1.2 Influence of urbanization on SWM effectiveness (Test 3)

Test 3 was designed to assess the robustness of the existing SWM strategy at Morningside Creek to
increasing urbanization. The model mimicked an increase in urbanization by increasing the percent
imperviousness of the currently developed sub-catchments. The NASH-HYD commands were
uniformly adjusted to levels of imperviousness ranging from 20 — 90% for the varying model runs.
The impervious percentages were adjusted simultaneously and homogenously, such that every
subcatchment had the same value in each scenario. All the other features of the existing calibrated
model, including all SWM features were left unaltered. The results of each hydrometric were
normalized based on the modelled results from the existing scenario. The impervious factor was also
a normalization of the scenarios impervious percentage with the existing scenario, which had a total
imperviousness of 45%.

The results of the scenarios in Test 3 are shown in Figure 30. Due to the effects of the variable
imperviousness in the subcatchments of the existing case compared to the homogeneous distribution

in the Test 3 scenarios, the normalized results don’t pass directly through 1 as would be expected.
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Figure 30: Results from the October 28 storm event in Test 3, showing the relationships
between various hydrometrics with respect to increasing percent imperviousness as a factor of
the existing case

In all cases, there is a positive correlation between percent imperviousness and the hydrometrics: Q,,
Wi, I+, and CESS. As in the previous scenarios, virtual velocity was based on the excess shear
equation and was an indicator of overall bulk sediment transport in the channel. The increasing trends
of the hydrometrics above the 1:1 line, support the notion that SWM becomes less effective at higher
levels of urban cover (Goff & Gentry, 2006). The only exception is the impulse hydrometric that plots
below the 1:1 line for increasing levels of imperviousness. It should be noted that the SWM strategy
developed in the Morningside catchment was for the existing level of urban development and so it
should be expected that greater urbanization and hence greater runoff would lead to increases in the

hydrometrics as the SWM features become overwhelmed and under designed.

5.1.3 Influence of Storm magnitude on SWM effectiveness (Test 4)

Test 4 was designed to model the response of the existing SWM system subject to larger storm
events. The scenarios took two real storm events, of varying intensity and duration, and scaled either

the intensity or duration in order to produce a series of rainfall events that would be a 2, 5, 10, and 25
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year return storm (Figure 31). The two storms were selected to test different rainfall patterns; the
October 28 storm is a long duration, low intensity event and the June 11 storm is a typical high
intensity, low duration event. The model results for each created storm in Test 4 are presented in

Table 15 and the hydrographs are plotted in Figure 32.
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Figure 31: Extrapolation of duration and intensity for the October 28, 2015 and June 11, 2015
storm events to create scaled events of return period 2, 5, 10 and 25 years.
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Figure 32: Hydrographs for scenarios in Test 4, for the A) October 28 and B) June 11 storms.
The base model output is given in black, with the results of the extrapolated storms of the 2, 5,
10, 25 return year events with scaled intensities and durations.
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Table 15: Model Results for Test 4

Oct 28, 2015 June 11,2016

Scaled Intensity | Scaled Duration | Scaled Intensity | Scaled Duration
2 year
Storm Intensity (mm/hr) 3.00 2.84 24.54 15.84
Storm Duration (hr) 16.83 18.22 0.83 1.56
Q, (m’/s) 2.72 2.74 1.09 1.17
Wi (N/m) 1,194,853 86,910 11,979 86,910
I+ 27.98 29.16 0.26 2.11
CESS (Pa'~-hr/m) 69,392 73,794 175 1,639
Virtual Velocity (m/event) 10.94 11.38 1.12 6.22
5 year
Storm Intensity (mm/hr) 3.95 2.84 32.26 15.84
Storm Duration (hr) 16.83 26.96 0.83 2.31
Qp (m¥/s) 5.68 6.02 1.21 1.93
Wi (N/m) 2,489,955 3,153,620 167,598 542,614
I 45.42 55.77 4.45 14.18
CESS (Pa'“-hr/m) 177,165 228,814 4,612 23,798
Virtual Velocity (m/event) 21.72 26.88 8.95 12.09
10 year
Storm Intensity (mm/hr) 4.59 2.84 37.49 15.84
Storm Duration (hr) 16.83 33.42 0.83 2.86
Q, (m¥/s) 7.63 6.42 1.30 3.52
Wi (N/m) 3,193,494 4,403,884 328,879 1,040,480
I 52.82 71.49 8.92 23.51
CESS (Pa'“-hr/m) 236,871 331,743 11,531 62,532
Virtual Velocity (m/event) 27.69 37.17 10.44 17.13
25 year
Storm Intensity (mm/hr) 5.38 2.84 43.96 15.84
Storm Duration (hr) 16.83 41.97 0.83 3.59
Q, (m’/s) 9.56 8.601 2.21 6.48
Wi (N/m) 3,934,956 5,983,729 580,658 1,888,652
I+ 59.41 90.32 14.93 34.21
CESS (Pa'~-hr/m) 299,720 461,184 26,909 133,658
Virtual Velocity (m/event) 33.97 50.12 16.76 26.38

The impact of increasing the duration or intensity seems to follow a power relation with CESS,

(Figure 33). The IDF curve creates a power function for the relationship between intensity and

duration, and it is important to note that in these graphs while one variable is being scaled for larger

return periods, the other variable is also scaling as well. What can be derived from these plots is that

the longer duration storms tend to create more effective work within the channel. The CESS increases

with increasing storm duration, and consequently decreases with respect to increasing storm intensity.
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Figure 33: Results of Test 4, relationship of the CESS with storm intensity and storm duration,
respectively.

Comparing the response of peak shear stress and CESS across the varying storm durations and
intensities provides an interesting result (Figure 34). The peak flow for the Oct 28 events does not
differ significantly during the intensity scaling or the duration scaling. The Oct 28 event has a greater
peak shear stress in the scaled intensity storm of 8% and 4% in the 10 and 25 year storms,
respectively. However, the opposite is true for CESS, where the scaled duration, is significantly
greater than the scaled intensity storm, 54% greater in the 25 year event. In the June 11 storms, the
duration causes significantly greater values in both peak and cumulative measures of shear stress.

This is further evidence that the duration is more impactful in a SWM controlled system.
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Figure 34: Results from Test 4, showing peak shear stress and CESS with respect to storm
return period for variable intensities and durations.
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Chapter 6

Discussion

6.1 Particle Dispersion

This study used RFID tracers to track event scale bedload sediment transport for the coarse grain
fraction in Morningside Creek, an urban channel. Field measurements revealed a critical Shield’s
parameter of 0.043 derived from two events associated with minimal to no significant particle
movement. This value fits well with the literature value for mixed sediments of a gravel-bed river of

Buffington and Montgomery (1997) and Church (2006) of 0.045.

The Shields parameters for the larger D7s and Doy size classes were adjusted based on Egiazaroff’s
hiding function, and yielded 0.028 and 0.020, respectively. Whereas Shields’ plot of critical shear
stress yields much higher thresholds for particle movement, the hiding function of Egiazaroff matches

the particle mobility measured in Morningside Creek.

In terms of particle travel distances, the relative travel distances of each of the three size classes
plotted well against the Church and Hassan (1992) relationship for relative particle travel distance and
relative grain size. Due to the low mobility rate, inclusion of the full particle tracer set would cause
the geometric mean of all the particles to drop significantly. For this reason, the geometric mean

travel length was determined based on the mobile particles only.

Studies have shown that the geomorphology of the channel influences particle travel distances (Pryce
& Ashmore, 2003; Rice et al., 2009; Papangelakis & Hassan, 2016). From the results found in
Morningside Creek for the two tracking periods with significant movement, the average geometric
travel distance of the Dsy size class was 14.8 and 6.4 m. The bankfull width of the channel within the
study reach ranged between 4 m and 7 m and the spacing between pool-riffle sequences was roughly
30 m. This equates to a pool-riffle spacing of 4.5 to 7.5 times the channel width. Gregory et al. (1994)
noted spacing between pool-riffle sequences is generally between 5 to 7 times the channel width,
constant in both forested and urban catchments. Morningside Creek fits within this range, as well as
having particle travel distances much smaller than the pool-riffle sequencing. It would appear from
these results that the travel distance was controlled by the flow rather than the geomorphology. This
suggests that travel distances are better defined by the channel geomorphology at larger flows, such
that the geomorphology limits very large travel distances. Due to an absence of larger storm events

during the study period, there is no data available to confirm this hypothesis. The results found here
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would indicate that the mobility rate is a factor of critical shear stress, which is a function of particle
size and bed structure, while the particle travel distance is a function of CESS, with riffle-pool
spacing providing a probabilistic upper threshold on lengths. It should be noted that Morningside
Creek does not fit within the typical riffle-pool categorization of channels, owing to its unusually
shallow pools, no deeper than 1 to 1.5 m at bankfull depth. Additionally, areas of exposed bedrock
were noticed within the channel, likely providing grade control and preventing down cutting or
deepening of pools. These areas of exposed bedrock would likely impact the sediment routing,
providing significantly less resistance to bedload movement; however, these bedrock areas were short
in length (4-8 m) and made up a small fraction of the channel bed in the study reach.

Long term continual monitoring of the tracer stones is suggested to determine if particle travel
distance is limited by bar-to-bar spacing, as seen in flume experiments by Pryce and Ashmore (2003).
Larger flood events, achieving channel-forming flows would provide greater information as to
whether bar spacing is the dominant path length. Particle tracking will continue as part of the broader

project study objectives of the research group.

6.2 Model of Bedload Sediment Transport

One of the main objectives of the study was to find a link between the channel hydrometrics and
bedload sediment transport. It has been shown that SWM impacts the hydrologic response of the
channel and that bedload sediment transport is subject to the flow regime. However, the large variety
of hydrometrics available in the literature show the lack of a strong indicator for predicting bedload

sediment transport.

Many researchers, when developing relationships for travel distance, have looked at peak values such
as maximum shear stress (Phillips & Jerolmack, 2014) and maximum specific stream power
(Houbrechts et al., 2015). Using a singular peak value to characterize very complex flow events, such
as those in Morningside Creek, provides very little understanding of the mechanics of bedload
transport. Time integrated parameters such as impulse (Phillips et al., 2013) and CESS (DeVries,

2000) account for the magnitude and duration of competent flow.

Field measured data from Morningside Creek was used to modify a model of particle travel length
proposed by DeVries (2000), creating the following relationship:
Ly = [0.0001CESS; + 4(1 — (0.00015CESS; + 1)™>)]/E,,
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The particle path length was used in calculating virtual velocity for the median grain size of the
channel bed. Virtual velocity is one of the key parameters used in the spatial integration method for
calculating bulk sediment transport. The above equation was used in determining the impact of SWM
facilities on bedload sediment transport using the generated scenarios in the hydrologic model

developed for Morningside Creek.

In comparison to DeVries (2000) work, the modified equation generates smaller travel distances at
corresponding CESS. It should be noted that DeVries’ work was done in larger channels, with greater
widths and steeper bed slopes. It is possible that by normalizing the results by channel width, the data

from these studies would fit into a single relationship.

The confidence for the developed model may be low due to a very limited amount of field measured
data. One of the primary concerns was the absence of larger storm events in the data set. A much

larger sample size should be incorporated to increase confidence in the empirical relationship.

6.3 Calibration of the Hydrologic Model

The importance of model calibration is made evident when determining hydrometrics based on time
integrals such as impulse and CESS. Common practice, whereby models are calibrated to peak
values, is insufficient and does not provide context for the complex storm response. In Morningside
Creek, the channel response is particularly complex due to the cumulative impacts of the SWM
features within the catchment. Calibrating a model based on the Nash-Sutcliffe efficiency coefficient
also has its limitations. The coefficient is calculated based on the comparison of the modelled and
measured values at each moment in time. However, the high temporal resolution of flow monitoring
at Morningside Creek, coupled with the flashy response of the urbanized catchment, the ability to
perfectly match the timing of response for each unique storm event is nearly impossible, considering
the number of variables. As seen in the validation of the Morningside Creek hydrology model, the
Nash-Sutcliffe coefficient will score very poorly if the timing is off even by just one timestep.
Therefore, in terms of predicting bedload sediment transport from a time integrated metric like CESS,
it is more useful to model the correct hydrograph shape and magnitude than the absolute timing of
peak flow. Best practices would be wise in adopting a standard to ensure that models can match a
hydrometric that correlates well to erosion, such as cumulative effective work or cumulative excess

shear stress.
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The Morningside hydrology model was calibrated to two very distinct storm events. The model is
capable of characterizing the “double peak” unique to Morningside Creek, and simulates the falling
limb very well for the smaller storm event. However, the model was not capable of accurately
representing the falling limb in the larger event, predicting flow values higher than measured, before
dropping off quite suddenly. Much of the difficulty in modelling the storm events was caused by
using real storm data, which carries with it errors in measurement. Furthermore, applying the
assumption of homogeneous precipitation across the entire catchment is likely a misrepresentation of

the system, which in turn yields inaccurate results.

6.4 Impact of SWM features

The hydrologic model provided details on the impact of SWM features on the channel response in
Morningside Creek. Scenarios 1 and 2 were designed to isolate each SWM feature so as to study its
impact on the various hydrometrics. This section of the discussion will focus on findings from the

October 28 storm event, which exceeded the threshold for particle entrainment.

One significant finding for the October 28 storm event was in the calculation of impulse. The results
showed that the detention ponds in isolation actually increase the impulse as compared to an
uncontrolled system. This finding is supported by the work of McCuen and Moglen (1988) who
showed an increase in impulse intensity as a result of adding detention to a development. Based on
the work of Phillips et al. (2013), increases in impulse should correspond to an increase in particle
travel distances, thus providing greater estimates of bedload sediment transport. In contrast, when the

ponds are part of the larger system, the reduction in impulse attributed to the SWM ponds is 19%.

It is interesting to note the ability of the ponds in isolation to provide a positive reduction for the
values of the other hydrometrics. This leads to the opposite conclusion one might draw from the
impulse, in that detention ponds are here seen to reduce the channel’s transport potential, which in
turn highlights the importance of choosing an appropriate metric when modelling bedload sediment

transport.

Similar to findings by Booth and Jackson (1997), the detention ponds proved very effective in
controlling peak flow, providing a reduction of 67% when considered in isolation. On the other hand,
the Tapscott diversion proved more effective than the SWM ponds in reducing the metrics of
cumulative effective work, impulse, and CESS. Based on the existing SWM strategy, the reduction in

virtual velocity associated with the diversion structure was slightly greater than the SWM ponds. This
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provides support in favour of volume reduction over detention features; however, this conclusion
should not be generalized, as it is dependent on the specific SWM strategy of the Morningside Creek
catchment. The SWM offline detention ponds in the Morningside Heights subcatchment are designed
for erosion control, meaning that the ponds are capable of capturing and releasing runoff associated
with a 33 mm storm event over 48 hours. This is equivalent to approximately a 2 year return period.
Since the Tapscott diversion weir is activated in higher flows, the importance of volume reduction
becomes apparent in larger storm events. Pomeroy et al. (2008) note that due to the increase in runoff
volume seen in urbanization, unless volume reduction controls are implemented, the time of
exceedance will increase regardless of the presence or absence of SWM detention features. Looking
at the cumulative effects of the existing SWM strategy shows a reduction in virtual velocity by over
70% compared to the uncontrolled case. Goff and Gentry (2006) found that fully developed
catchments with detention were not able to maintain pre-development flows at all points within the
channel. While it may not be possible to define pre-development flows at Morningside Creek, the
ability of the diversion to reduce the volumetric flow rate with increasing storm runoff makes it

necessary in achieving lower peak flows.
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Chapter 7

Conclusions

A RFID tracer study was performed to track bedload sediment transport at Morningside Creek, in

Toronto, Ontario. The results were incorporated into a Visual Otthymo hydrologic model for the

catchment area, which was calibrated to real storm events in order to replicate the hydrologic

responses measured in the field. The hydrologic model was used to analyze the impacts of the local

SWM features on the channel’s storm response and capacity to transport bedload sediment. The

following observations were made:

Partial transport of the coarse tail of the grain size distribution was observed for the two
major mobility events. The relative travel distances of each of the Dsg, D75 and Do half phi
size classes fit the non-linear relationship proposed by Church and Hassan (1992) indicating

partial mobility.

The field determined Shield’s parameter for the 40 mm Ds stone class was 0.0425 similar to
accepted literature values. Egiazaroff’s hiding function (1965) provided a very strong fit in

determining mobility thresholds for the larger size classes.

Particle path length was fit to a model based on cumulative excess shear stress based on
modifying a model developed in the work of DeVries (2000).

Ly = [0.0001CESS; + 4(1 — (0.00015CESS; + 1)™°)]/E,
The model was generated using a limited data set void of any larger storm events providing
limited confidence in the model. Further validation should be undertaken to increase

confidence in the model.

Detention ponds in the Morningside Creek catchment were shown to produce a 33%
reduction in bedload sediment transport based on the calculation of virtual velocity. The
diversion infrastructure improves the reduction capability of the SWM strategy, with

increasing potential during larger storm events.

For Morningside Creek and the existing SWM system, increasing the impervious percentage
of the contributing subcatchments results in a linear increase in bulk sediment transport based

on the calculation of virtual velocity.
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* In the Morningside Creek catchment, for storm events of fixed return period, longer storm

durations generate greater bulk sediment transport compared to storms of higher intensity.

Future work is recommended in increasing the temporal scale of the study, adding tracking events to
the dataset to refine the model of particle travel distance develop. The findings should be placed in
comparison to other systems with varying levels of SWM control and urban land cover to provide
better understanding of the limitations of SWM infrastructure such as detention ponds. Consideration
should be made to channel size for application of the particle length model based on cumulative
excess shear stress. Due to the complex interactions and cumulative impacts associated with
stormwater management features, further research is needed to fully understand the nature of these

best management practices on bedload sediment transport.
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peeen
Tnput  Filensme: c:\Prag

output  filename:
C:\UsersiRasoTiAppoatalLoca
Sunnary ilename:
cilisers Raso T\ ABROatal Loca
BATE: 07/31/2017

USER:

COMMENTS:

ETAILED OUTERUT
ram Files (x86)\Wisual otthyno 2.4\wol\woin.dat
T\Tenp! 3149 FD1-c837-4Bde-adba-FeBb7E107he FiScenaria ot

1\ Temp! 3Lc99F01-c837-48de-adba- FoBb76397hc FiScenaria . sum

TIME: 01:21:51

O

#¢ STMULATTS

REERARRTSAARUIRR AT AN

| READ STORN ‘ Fil

Protal= 13,20 mn

wn

0N NUMRER: 9 %

eu

ename

isers\RasoThAPRD

ata\Local\Tenp',

1 3‘3;2& EBD Iﬂde adba-Fdb76397hc FOF1FfS 1
1

3
Comments: Junll,

Leng &) 1431.16 143100
-mminus n 0.013 0,250
Max.EFf. m!!ﬂ {nnchr)= 21.60 0.79
er (min) 30.00 2150.00
storage coeff. {min 92,68 (ii) 2146.55 (i1}
URTE Hyd, Tpeak (Hin)= 30.00 2150.00
unie Wyd. peak  (ems)= 0. 0.0
“ToTaLs*
PEAK FLOW (ons)= 1.34 0.01 L35 (111)
TIME T0 FEAK  (hrs)= 1.08 36.42 o
RUNOFF VOLUME  (rm)= 13.10 . 383
TOTAL RAINFALL  (nm)= 13.20 13.20 152
RUNOFF COEFFICTENT = .59 0.06 0.2
(1) N PROCEDYRE. SELECTED FOR PERVIOUS LOSSES:
J6.7  Ia = Dep. Storage (Abave)
(SR rIME STEF (DT} SHOULD BE SMALLER OR EQUAL
THAN THE STORAGE COEFFICIENT.
(i1} PEAX FLOW DOES NOT INCLUDE BASEFLOW IF ANY.
CALIE |
| STaNHD (06003 | Area  (ha)- 822.2¢
o1 57= 5.0 | Total tmpi¥i- 200 Dir. Conn. (¥)- 20.00
TMPERVIOUS PERVIQUS (i)
surface Area Cha)=- 171.85 650,39
Dep. Storage [ 010 5,00
Average 5lape %)= 0.44 0,44
Lengtf (m)= 234128 234100
Manmings n - a.613 0,350
Max £Ff . Inten. (mn/hr)= .60 0.47
30.00 1135.00
Storage Coq 40.01 (i7) 113418 (ii)
unit Hyd, Tpeal )= 30040 113500
Unit Hyd. pl‘ik ons )= 003 0.00
ATGTALSH
i 5)= 5.40 0.03 5.404 (iid)
TIME T0 PEAK hrs)= 100 1.5 1.00
RUSOFF VOLUME )= 13.10 b.a i1
TOTAL RATNFALL )= 13.20 13, ?0
RUNOFF COEFFICIENT = 0.9% 0o

(13 CN PROCEDYRE SELECTED FOR PERVIOVS LOSSES:
5. Dep. Storage (Ahave)
iy TIME STEP <br) suauw sz WLLER OF EQUAL
THAN THE STORAGE COEFFIC
(111) PEAR FLGW DOES NOT TMCLUGE RASEFLOW TF ANY.

TIME  RAIN | TIME  RAIN || TIME  RAIN | TIME  RAIN
hrs  mwhe ' hrs  maghr | |
008 000 S330 240 | 0.58 4800 | 083 960 | ki (0601 | Area haj= 552.24  Curve Number  (dW)= 2.7
0,17 14,40 | 042 24.00 | 0.67 2880 | 0.98 1.0 I1o= 1 01= 5.0 win | 1 5.00  Recession Const.(K)= 1.35
025 9l 50 k0| 0075 14 - U, Tplhr
UM, peak 1209
PLA% FLOW 031 iy
| caLLB TINE T0 FLAK 2.50
| sTanpsvn (07000 Area  (ha)= 307.23 RUNGFF VOLUNE LBd
o= 1 01= 5.0 win Total Imp(¥)= 24.70 wpir. comn. ()= 24.70 TOTAL RAINFALL 13.20
- ——- RUNOFF COEFFICLENT .05
IMPERVIOUS  PERVIOUS (1]
surface Area h 75.89 31.35 (1) PEAK FLOW DOES NOT INCLUDE BASEFLOW IF ANY.
bep. Storage G- 0.18 5.00
Average Slope 3, 0,01 .01 - -
| MESERVOLR (1601} | sTanpwyD (D6L6) | area  (ha)= 101.3%
| IN= 2---> DUT= 1 lte= 1 07= 5.0 win | Total Imp(k)= 44.00 Dir. conn. (R)= 4400
GUTFLOW  STORAGE OUTFLOW  STORMGE -
oms) ons} (ha.m.} IMPERVIOUS PERVIOUS (1}
d. I.2000 1.7880 surface area tha)= 44,61 36.78
3. 480 18760 Dep. sterage (nm)= 0.10 .
“1880 1900 201400 frerage slope %)= 0.62 0.62
03300 | 12.0600 1410 m)= B22.14 522,00
05700 | 1z.D600 21500 Wannings n = 0.013 0,350
1.5000 | 0.ooo0 00000
Wax.EFf . Inten. C/hrde z6.40 0.73
ARED, arFEAK TREAK RV wer (min) 20.00 445 .00
Chay {ems) thrs) ()} L6 17.78 (ii) #44.75 (i1}
INFLOW © ID= 2 (0601} 55Z.245 0.307 .50 064 20.00 445 .00
DUTFLOW: ID= L €601}  552.245 [¥238 35 064 0o 0.00
“ToTaLs®
FLoW  REDUCTION [Qout/ainlCd]- 70.40 2.31 .01 2308 (i1
TIIE SHIFT OF PEAX FLOW injs 45.00 083 £.00 &1
USED Cha.m.)e 00554 1318 0.73 a5
)= 13.20 13.20 1520
RUNOFF COEFFICIENT = 0,39 0.06 047
| caL1m |
| sTamoevD {0613} | area  (ha)= 40.00

3
|10= 1 DT= 5.0 min | Tota

surface Area  (ha)=
bep. Storage
Sverage slope
Lengt
anmings n -

nax.EFF, Tnten, (n-fnr)-

Starage CaaPF. thin=
unit fyd. Tpeak (ninj=
Unit Hyd. peak (omsie

PEAR FLOW oms }=
TIME TD PEAK hrs}=
RUMOFF VOLUME  (mm)=
TOTAL RATHFALL  {mmj=
RUNGFF COEFFICIENT =

(i) N PROCEBURE SEL
o -7

(1) TIvE st T} 5
Than

THE STORAGE
(11) PEAX FLOW DOES N

1 Imp(%)= 4160 Dir. Conn. (A= 41.60

TMPERVIOUS  PERVIOUS {i)
16,54 13,36
0,18 5100
0,42 042
516,40 986,00
0613 0.350
30,40 0.79
15.00 550,00
14029 (i1} S49.51 (i)
15.00 550.00
0,08 0200
ATOTALS®
0,94 0.00 0.878 (i)
0,75 9,75 0.75
13.10 0.79 500
1320 13.20 1300
0.99 0.06 0.45
ECTED FOR PERVIOUS LOSSCS:
Storage  (Ahave)
HOULD BE SHALLER OR EQUAL

COEFFICIENT
0T INCLUDE BASEFLON TF ANY,

CALTR B

MASHYE: (0058} Area
|10="1 BT= 5.0 min fa
i - .

unit Hyd dpeak  (oms)=
on
hrs,
e,
RUNOFF COLFFICIENT =
(1) PEAK FLOW DOES NOT

ha;

o

TpLhirs
4,578

0034 (1)
1.167
0,311

13,200
.024

curve Nurher
# of Linear Res. (N

INCLUDE BASEFLOW IF ANY.

| caLte

(1) o PROCEDURE SELSCTED FOR PERVIOUS LossES:
W 76.7  Ia = Dep. Storage  (Above)
(i) TIME STEP {GT) SHOULD BE SWALLER OR EQUAL

THON THE STORAGE COEFFICIENT.
[11) PEAX FLOW DOES NOT INCLUDE BASEFLOW IF ANY.

CALTE |
| sTanpHvD (D617) | area  (ha)- 39.2%
lto= 1 o= 5.0 win | Tetal mmp(i)- 40.30 pir. conn.(X)= 40.30

TMPERVIGUS  PERVIOUS (i}
surface area fhay 1.8 13,45
Dep. Storage 00
Average slape m- 0.76
ngt (m)= 511 ?s 512,00
Mannings n = 0,350
Hax £FF . Intan. {mn/hr)= 38.40 .79
ver (mi 000 3500
Storage Coaff. (min)= 10.83 (i) 313,18 (ii)
unit Hyd, Tpeak -m;— 10,00 315,00
unit Hyd, peak (ems)= 0.11 0,00
STOTALSS
PEAK FLOW 5cl|s = 1.08 [ 1.076 (391}
TIME T0 PEAK hrs )= 0.67 5,83 0.67
RUNGFF YOLUNE ~(n)= 1310 0,79 574
1320 13.20 13.20
RURGEF COEFFIELENT 0,49 0.06 0.4

e Mocml\: s[u:cTLo :on PERWIOUS Lussl:s‘
o Dep. Storage
(i) TIME 5rtn- (nr) SHELD RE°SWALLER OR EmmL
THAN THE STORAGE COLFFICIENT.
£111) PEAX FLOW DOCS NOT INCLUDE BASEFLOW LF ANY.

| munz. (NN mIﬁA) |

1 routing time step (nin)'= 5.00

- DATA FOR SECTION [ 64.0) ---
pistance a Manning
100,00 160.00 0.1200
104,00 156.27 0.1200
108,00 156.56 0.1200
109,00 156.5  [0.1200 /0.0500 Main channel
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n nsﬂn
500

o osnu 401200
D 1200
0.1200

VELOEITY
(m/s]

Main Channal
Main channel
Main channel

TRAV, TIME
nin

<-pipa / channel-»
AKX DEFTH  MAX VEL
m} (n5}

TMFLOW : D= 2 (0617} . 5.45 0.61
ouTFLOW: 0= L (0764} 3329 [ TIPS .32 0,66

| CALTR

| T 0618 Aren (- U110

|10=107= 5, Total Tmp(Xi= 45,00  pir. conn. ()= 45,00

TMPERVIOUS  PERVIOUS (i)
surface Area Cha)= 50.04 B1.16
Dep. Storage )= o.1a 5.00
avarage §lope ()= 0,43 .49
Lengt| {m}= 860, 49 861,00
ManAings n = 0.013 0250
Hax. EFF. Inten, (nm/hri= 26,40 .79
over (nin 0,00 485,00
Storage Coeff. (min}= 19.62 (i1) 450.74 (ii)
unit Hyd, Tpeak (ninl= 20,00 455,00
unit Wyd, peak (omsi= 0,06 .
FEAK FLOW Ems): 2,47 0.01
TIME T PEAK hrs}= 0.3 [N
RUNOFF VOLUME = 13.19 0.73
TOAL BAINEALL (i 1320 1320
UNOFF COLFFICIENT = 0,99 0.06

1) e8 PROCLOURL sLu.cu_n FOR PERVIOUS LOSSES:
ep, Storage (.umwe)
i) Tom sru» Try SHOLD BE SNALLLA Gk LaUAL
THAN STORAGE COLFEIELINT.
(1) Prax PLW DOES NOT INCLUGE BASEFLOW 1F ANY.

“TOTALS®
2.470 ¢
0,83

| ROUTE CHN {0763}

1] routing time step (mind'= 5.00

7 DATA FOR SECTION (63,00 -

Ele Wanning
150,00 0.1200
156.27 0.1200
156.96 0.1200
156.54  0.1200 /0.0500 Main channe]
156.30 0.0500 Hain channel
6.3 0.0500 Main channe]
56.90  0.0500 /0.1200 Main channel
57.13 0.1200
58.50 0.1200
5000 1200
-~ TRAVEL TINE TASLE ------- -
DEPTH ELEV VOLUME FLOW RATE VELOCITY TRAW. TIIE
i) (m} {euon.} Cemsy n/s} (nin}
017  156.42  .158E+03 0.0 0.3z £2.59
0.28 156,34 . 03 0.57 35,41
0.45 156.75 11 0,35 21551
0I65  156.55 2.4 118 1727
0.85  157.15 43 11z 1820
106 157736 76 112 18108
126 157.56 17 118 1720
146 157.76 168 135 16.27
167 157007 27 13 15044
187 15817 27 138 14071
.07 158037 Fri 145 14206
.28 15858 2606 151 FENT]
2.3 1887 6.7 157 12097
2.68 138,58 ) 160 12068
2.8 159019 s 1061 12063
304 1%al3g 83’7 162 13053
320 1salse 1038 164 12041
350 159080 a7 1066 12.27
3070 160°00 13775 168 1212

2==== hydrograph -==->  e-pipe / channel-s
AREA QPEs ﬂ TPEAK RV MAX DEFTH VEL
{h:% (zms Chrs}  {mn fm) (n/s)
INFLOW ; TD= 2 EOG‘B) 111.1 ?-4? 0.83 6.3 0,66 1.18
OUTFLOW: To= 1 (0763) 111.19 183 6.33 0,56 1,06
| app WYe (0896 |
[N AREA PEAK  TPEAK
() Gy hre) (-n)
mi= 1 Eorﬁig. 1103 1,851
+ Tbd= 2 (D764): 39.23  D.583 ER
I o= 5 COB9E): 150,48 2,349 100 6.17
MOTE:  PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.
| .nm:- |&6mi&i§i5’i
ARCA  GPEAK  TPLAK
. al  {oes)  Ches) [{T0]
wi= 1 mmg 100,33 2,508 0,83 6,20
+ Ib2= Z (D835 180,38 2349 100 6.7
=3 (0B97): 25187 4461 0,92 6.19
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS 1F ANY.

} HOUTE CHY (wes)

routing vime step (win)'= 5.00

- Do
n\slance Eleva ion
100.00 ot

150, 0.1200
10400 158.27 01200
10600 156.96
15650 0. 1zan /u 0500 Main Channel
156.30 wain Channel
156.4 8B Main Channel
600  0.0500 fu 1200 wain Channel
1571
58.00 81200
160.00 0.1200
---- TRAVEL TIME TABLE -- - —mm3
WOLUME  FLOW RATE  VELOCITY  TRAV.TIME
{eu.m.} (ens) (mi's) Cnin}
A17E403 [ 0.45 120.01
1476404 [ 0.73 67,79
I7SELD4 15 131 41,18
GEZEVH 31 163 33,07
L30E405 6.2 154 34085
2196405 1006 158 361
IEOEDS 15.2 163 32,92
43IEH05 1302 133 ETI T
SETEL05 3104 182 76056
EAIELDS 410 1.9l 26016
BL0E+05 520 .00 6,92
998E405 [ 208 75081
L17E+06 781 FJ e 248
153E+06 924 221 439
155E+06 107.0 122 18
1786406 1240 334 23109
204406 1434 226 23,76
233406 1654 239 23050
265E+0G 190.0 2.32 23.21
=== hydrograph ====  <=pipe / channal=x
EA OPEAK TPEAK LR MAX DEPTH MAX VFL
{ha, fgmad  (hrs) énl (nis)
TWFLOW : D= 7 Ens:m 2518 446 0.9 1 73 1.5%
OUTFLOW: TD= L COFESH 251.47 283 1.25 618 1.4%
|
Snmlvb (0614) Area (hag— 450,63 R
0= 1 0T= 5.0 min Total Imp(X)= 40.40 bir. conn.(¥)= 40.40
IMPERVIOUS  PERVIOUS (i)
surface Area haj= 182,06 el B
bep. Storage )= 0,10 5.00
Average S1ope (k= 0,65 [
Lengtl tmd=  1733.27 1730.00
Hannings n = 0.013 0,250
Mar. EFF Inten. (ma/hr)= 21.60 .79
win)~ 30,00 690,00
storage costt,  (niny 29,72 (i1} BR7.59 (i1)
unit Hyd, Tpeak Ol n): 30,00 690.00
unit Wyd. peak  (onsi= 0.04 0.00
“ToTALS*
PEAK FLOW 5 6.80 .03 e slu Ciiiy
TIME TO PEaK  Chrs)s 1.00 12.08
RUNGFF VOLUME  (mm)= 1310 .79 n
TOTAL RAINEALL  (mml= 13,20 13.20 1320
RUNORE COERFICIENT = 0.9 b.06 [

(4] LN PRULED\IRL SH.EKJLII I-UN PERVIOUS LOSSES:
76.7 Dep. Storage  (Abave)

i rmt sTER (OT) :HUuLn BE SMALLER OR EQUAL

THAN THE STORAGE COEFFICIENT.

PEAK ELOW DOES NOT INCLUDE SASEFLOM LE ANY.

(0BISY |
=3 |

I AREA  OPEAK  TPEAK R.Y.
- —— a) {cns) (hrs] Cam)
1ple 1 (D614): 450,63 6,801 100 5.7

+ ID2= 2 (OFG5): 251.B7 2.634 1.25 6.18

Ip = 3 (DB9E): FOZ.50  9.021 1.08 5.91

NOTE: PEAK FLOWS DO NOT INCLUDE SASEFLOWS TF ANY

UTFLOW TFLOW
{ems) {ens)
9.oni 5433
00550 926740
02450 511790
06180 221250
1.1140 386530
123830 2802480
AREA TPEAR R
ha) thrs} nm)
TNFLOW : TD= 2 (0808)  702.303 4.021 1.08 5.91
ouTFLOW: To= 1 (2614)  702.503 4254 4,08 4,55
PEAK  FLOW  REDUCTION [Qaut/om]{‘l}- 2.4
TIME SHIFT OF PEAK FLOW 1=180. 00
MAXTMUM  STORAGE  USED ( T )- 3.4555
I IESE;V’O‘.[R (1614) |
| oT= 5.0 min | WTFL STORAGE | OUTFLOW  STORAGE
cns. (ha.nbs | Cemsy ha.m. )
- 0D o, a0 | 4.8350 48070
@700 06320 | 10.5800 L7180
1.5360 L2640 | 19.3800 5.8560
1.0480 15780 | 2485600 74250
2.5600 19520 | 221700 7.9930
3.4560 26960 | 32.5000 10.1310
20840 3400 | Toloood -0
AREA FEAK TREAK BV,
thay cms) Chrs} (nn)
2 szsu; 702.503 9.254 4,08 4,55
1 {1614 702.503 0213 .17 4.5z
PLAK  FLOW

REDUCTION [muuam]?)— 24,10
TINE SHIFT OF PLAK FLOW 2300
MAXIMUM  STORAGE usep (ha.m. )=

| caL |
| ETANDiYD (O61Z) | area 344.12
l16= 1 p1= 5.0 win | Total Imn(ls)- 47.20  Dir. Conn.(¥)= 47.20

PERVIOUS (1}

IMPERVIOUS
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surface Area Ch 162.43 181.70 109.0 156.55 0.12/0.05  main channel
bep. Storage G, 0.19 5.00 105 156.30 0,05 in channel
Average §lope ; 0.79 112.0 L56.44 0,05 wain channel
Lengrh ) 151464 1515.00 1135 156.90 0.05/0.12  main channel
Mannings n = 0.013 0,250 120.0 157.13 0,12
130.0 136.90 0.1z
M EFT L Inten, (b= 4,00 0.79 150,90 160.00 o1z
ovar [fin} 25.00 o000
storage cosff. Cnind= 24.78 (11} 597.78 (1) ARES GPEAK  TPEAK BV, gBasE
unit Hyd, Tpeak Crind= 25.00 600,00 cha) tns)  thre) ) (ems)
unit Hyd. peak  Cemsde 0.05 .00 INELOW: ID-2  (0829) 10ME.62  2.71 520 0.0
~TOTALS® ouTFLow: Io=1 (0075) 1046.62  1.60 Bt 520 o0
FEAX FLOW (ems)= 6.99 0.03 £.905 (111}
TIME TD FEAK  (Chrs)s D32 10.58 0,52
RUNOFF VOLUME  (mm}= 13.10 0.7 GLED
TOTAL RAINFALL  (mm}= 13.20 13.20 1320
RUNOFF COEFFICIENT = 0.1 .06 050
AREA  QFEAK  TPEAK RV,
Cha} {cns) Chrs) [
€1) ON PROCEDURE, SELECTED FOR PERVIOUS LOSSES: 0l 1 (00sE): 054 1.17 031

9.90 0.
= Dep. Storage  {above) + Ipl= 2 (DO75): 1046.62 1.400 &.42 5.20
i TIR sTEP o) SHDULD BE SMALLER OR EQUAL

HE STORAGE COEFFICLENT.
bl PEM( FLM DOES NOT INCLUDE BASEFLOW TF ANY

ID o= 3 (0900 1106.52  1.600 &.42 4.90

NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.

OUTFLOW 5 | OUTFLOW  STORAGE | ADD WYD_ (0900) |
Censy tham) | (ems) {ha.m.} |3 2-1 AREA  QFEAK  TPEAK
. [X | 4.7400 301500 ) Cms)  Ches) (-m)
1.8400 021500 | 6.6000 178100 10~ 3 (D99Q): 1106.52  1.500
712800 423210 | 819000 511500 4 Ip2= ? (OEI3): 400D 00978 b a0
26400 470 | 13,4000 5 8230
300000 0000 | 17.0000 61000 o= 1 (08001 1146.5% 1,603 .42 4.91
AREA TPEAK RV NOTE: PEAK FLOWS DO NOT TNCLUDE BASEFLOWS TF ANY.
Chay ?m‘:é (hrs) (.
THFLOW : D= 2 (D615} 344121 w92 b.60
OUTFLOW! D= L (16153 344121 i 142 660
| nrsnvom (00?3) I
PEAK  FLON  REDUCTION [Oowt/in) (%)= 39.08
TIME SHIFT OF PEAX .00 | DT— S 0 mn | DUTFLOW STORAGE | QUTFLOW STORAGE
MAXTMUM  STORAGE Ust (h m. jf 9145 éc“%o {ha.nb& | ?cn! {ha.m.}
-0 000 | -5 80009
Q. 2000 0.5000 | 20000 9.0000
0. 6000 15000 | 50000 10. D009
1.0000 2.0000 | 10.0000 10,0059
| DD YD {04950 ‘ 1. 2000 s.0000 | 0.0000 0.0080
| 1+ r-s AREA EAR  TPEAK Ry,
gha) <ns) thrs) o) AREA PEAK TPEAK RV,
= 1 Lﬁldg: 702,50 0,713 £.17 4.52 2 cms) Chrs) (nn)
2 (L615): 344,12 2,659 1.42 .60 INFLOW : Ib= 2 anoo; 1145524 1.503 4,42 4,93
OUTFLON: TD= 1 (0073)  1146.324 0.692 10,00 4,85
0= 3 (0B99): 1046.62 2,706 1.50 5.20
FLOW  REDUCTION [qout/qinl{x)= 43.20
NOTE:  PEAK FLOWS O NOT INCLUDE BASEFLOWS TF ANY. TINE STFT OF PEAN FiOW (nin}= 95.00
MAXIMUM  STORAGE  USED (ha.m.= 1.6159
— wets WARKING © WYDROGEARH WAS CUT. CHECK VOLUME,
(0075}
Gl
- - | BIVERT Hyb {00013
N=1 & ouT= 3
ROUTING TIME STEF = 5.0 min, -
outflom / tnflow Relationships
oaTa PO SECTION (11)
D1sLam:e m} Elevation nenmnqs Hw 1+ Elow 2 = Haw 3+ Elow 4 + Flow 5 = Total
0.0 1ao.un (ems) ) Cems) [ems) Coms)
100 158.27 1 §E R 0.00 0.0 0.00
108.0 156.96 0.1z 0.70 07 .00 000 .00 1.40
z.00 100 0.00 3.00 a.00 140.00 0.1800
310 Z.60 000 5.70 15.00 135.00 0.1800
-60 360 a.00 13.20 20.00 133.00 0.1800
14.30 450 a.00 18.90 25.00 132.00 01800
20.10 5.80 900 25.90 45.00 131.00 0.1800
540 650 a.00 31.90 93.0 132.00 0. 180
30.50 750 al00 114,00 132.00 01800
95,50 1920 N} 113.00 210,00 131,00 01600
238.00 13000 1800
AREA gpeaK TPEAK BV, 233,00 12000 D.1600 /0.0700 Main channel
Cha) fens) Chrs)  ¢nmd 244,00 125.00 0.0700 Main channel
TOTAL YD, (ID= 13:1146.52 0.69 10.00 4.8 262,00 126.00 0,070 Main channel
264,00 L9.00  0.0700 /n 1950 Main channel
m=2 { 2} : 573.26 0.35 w.00 4.8 306,00 ‘oo
m=3 € 2} i §73.26 035 w00 4.8 1
m=4 : oo ' 0.0 000
mes € 23 i 0.00 000 000 0.00
me6 { 2} : 0.00 000 000 0.00

| cALIB |

| STaumavD (0894) | area  Cha)- 1000 RATE | WELACTTY | TRAV.TINE
l10- 1 ot- 5. | Total mma(¥)- 5000 pir. conn. (N)- 35.00 {ew.m.} Cemsy (n/s} (nin)
—emmee 788E405 5.9 0.60  222.28
IMFERVIOUS  PERVIOUS (i) 172EvDE 1935 0.9l 14686
surface Area 5.00 5.00 3T ] 0082 TNt
p. Storage 150 171E 0,95 13380
Jvetage s1ope 2.00 119E+ 0.47 137,01
t 4000 ST8E. 1 133030
Mannings n 0.250 BO7E+ 111 11933
1066+ 1.3 106.75
wax.EFF. Inten. (nm/hri= 48.00 3.51 T31E 13 965
over (nin 00 15,00 1576 151 8825
storage Coeff. (min)= 605 (i1) 13,01 (1) B3+ 163 8151
unit Hyd. Tpeak (min)= 5.00 15000 2098+ 135 750
Unit Hyd. peak (omsi- 0,19 003 236+ 187 7123
*TOTALS* 262+ 148 67014
FEAK FLOW (oms )= .30 0.03 0.305 (i) 2895408 2.09 63063
TIME TO PEAK  Chrsi= 0,58 1.08 0.58 1166408 120 60,51
RUNOFF VOLUME  (mm)= 12,20 1,38 5018 143408 130 5774
TOTAL RAINFALL _ (m)= 13, 1350 1320 170408 340 55,36
RUNOFF COEFFTCTENT = o 010 0.3% J98E+08 2.50 5318
= hydrograph > copipe / channel-s
i) Hoemus FQUATVON SELECTED FOR PFR\'[’NJS IﬂSSFS. AREA ?OFM! TPEAK RV MAX DEPTH MAX VFL
Cmm,hr S S 1/hr; 2,00 (hay (nsg (hrs) () ) <M’6€§
Cmmhr 750 {mm) = 0,00 INFLOW ; ID= 2 EOS?D; 543,26 0.3 0.00 4,89 0,03 .
GGi) Tibe STER (6T) SHGLD BE SNALLER "o EQUAL OUTFLON: T0= 1 (0762) 583.26 SR A1 0,02 .60
THAN THE STORAGE COEFF
(1) PEAX FLoW DOES NOT INCLUDE BASEFLON IF ANY.
e = aan ADD WD (895D |
ADD WYD (0999) ‘ 1+ 2= 3 AREA PEAK  TPEAK LA
1+ 2 3 AREA EAk  TPEAK RV, hat cns) thrsd iy
tha) ms) Lhrs) Gy 1 Eo?ﬁzg: 583,26 0,237 13,75 4,86
1= 1 mlg 573,26 0.346 10 438 7 (16813: 382.24 0.241 335 0.4
T A R £.15
Ib =3 (0B95): 1135.51 0,279 3,25 z.81
=3 (0999): 58326 0.346  10.00 4.2
NOTE:  PEAK FLOWS DO NOT INCLUDE BASCFLOWS IF ANY.
WOTE:  PEAK FLOWS B0 NOT INCLUGE BASLFLOWS IF ANY.

area

| ROUTE CHN {07623
| In= 2 ouT= 1 Toral Imﬂ(%}_

0.00
Routing time step (min)'= 5.00 50.00  pir. conn.(¥)= 3500

<-----— BATA FOR SECTLON { 6Z.0) - IMPERVLIGUS PERVIGUS (1}
bistance Elevation Hanning surface area (ha)= o0 0.00
9.00 e 0.1800

Dep. Sterage ()= 1.00 1.50
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dverage Slope ()= 1.00 2.00
Lengtl {mi= 0,00 40,00
Wantings n 0.013 0,250
ax. Eff. taen. (nm’hr}- 48,00 3.51

Fgnind 5.00 30.00
sStorage r.uerr. nin)= 0,00 (i) 26,93 (i)
unit pyd. Tpeak (nin)= 5.00 000
unit Hyd. peak  (emsi= 0034 .08

~TOTALS®

PEAK FLOW (ens)= 0.04 .00 0.000 (i1}
TIME To peak  Chrs)= 0,00 0.00 0,00
RUNOFF VOLUME (mm)= NaN Nan, an
TOTAL RAINFALL  (mm)= 13.20 13.20 13.20
RUNOFF COEFFICIENT =  NaN 2N an

HAREE WARNING: STORAGE COEFF. IS SMALLER THAN TIME STEF!

i nnmuns EQUATION SELECTED FOR PERVIOUS LOSSES:
mm/hr)= 50,00 K C(L/hr)= 2.00
we/hrde 7.50  Cum.Inf.  (mm)s 0.00
Cii) v ste (51) souLD e SHALLER R EQUAL
THAN THE STORAGE COEFFICIE
PEAK oW DOFE NOT THCLUDE BASEFLON TF ANV

ALTE
| STaNDsvD (0023} Area  (ha)= 13.20
|10= 1 BT= 5.0 nin

otal Imp(%)= 52.40 Dir. Conn. (R)= 52.40
IMPERVIOUS PERVIOUS (i)
10.04 9,14

surface Area  (ha)= . .
bep. Storage  (mmle [t 500
sverage Slope  (4)- 0,84 0,99
Cenath fmim 357,77 35800
wanmings n 0.b13 0.5
wa.££. nten. (um/hry= 38,40 0.4

nin} W00 000
Storage Coef, (nind= 8107 (i) 198017 (i)
unit Hyd, Tpeak (ninj= 10,04 300.00
UNit Hyd. peak  (omsi= 0.13 .00
PEAR FLOW fomsd- 0,77
e To peak  (hrs= 0.67
RUNOFF VOLUME Eml)— 1310
TOTAL RAINFALL  (mi= FES]
RUNOFF COEFFICIENT = (%3]

€1) o FROCEDURE, SELECTED FOR PERVIOUS LOSSES:

Dep. Storage  {(Abovel
{n) TN srsv (rrr) SHOULD BE SHALLER R EQUAL
TiAN THE STO FF: T,

By
Chrsy (1]
INFLOW : ID= 2 (0D23) 0.67 7,05
ouTFLOW: In= 1 (00033 133 .02
PEAK  FLOW  REDUCTION [gout/gin](X)= 2.79
TINE SHIFT DF PEAK FLOW Gaing 40,00
MAXIMUM  STORAGE  USED (ha.m.}= 0.1
| caze |
| STonD g0zl | aree  chaje 2500
lth= 1 67= 5.0 min | Total tmp(¥)= 41260 Dir. conn.(¥)= 4160
IMPERWIOUS PERVIOUS (i}
surface Area (ha)= 22.88 2.1z
Dep. Storage (nn)= 010 500
Average 5lape %)= 0.42 042
Lengt! [ 60553 605,00
Mannings n - 0.013 0,350
Max EFf.Inten. (mn/hr)= 30.40
ouer (min) 15100
Storage Coeff. 93 (i)
unit Ayd. Tpeak 00
unit Hyd. peak
“ToTALS*
PEAX FLOW .01 L.286 (ii1)
TIME T0 FEAK 7.50 0.75
RUNOFF. YOLUNE 079 (T
RAINFALL - .20 1320
RUNGFF COEFFECIENT 039 0. 045
Gy o PEDEFNEF SELECTFD FOR PERWIOUS LOSSESD
76.7  Ia = Dep. Storage (Abawe)
(ii} rmr srrr (DT) SHOULD BE SMALLER OR EQUAL
THE STORAGE COFFFICIENT.
(317) PEAK FLOW DOES NOT TNELUDE BASEFLOM TF ANY.
| RESERVOTR (D018 |
| Th= 2o U= 1|
| oT= 5.0 min | UTFLOW  5TORAG STORAGE
s, tha. tha.m,
- 0D 0.5731
9.0130 1.0047
0.0k 1.2164
0,038 1.3380
0. 0471 1.4845
©.0550 1.6310
00615 1.7775
0.0673 0,000
AREA BV,
thay (nm}
INFLOW ; 55.000 5,91
OUTFLOW 18; 55000 B

LK FLON k[Du(T_mN [QOuLmn] )- 2,44
TIUE culFF oF REAK FLON
MAXIMUM  STORAGE  USED

Ared (ha 45.60
Toral Impik)= &3.10 Dir. Conn. (X)= 63.10

IMPERVIOUS PERVIOUS (1}

surface area tha)= 28.77 16.53
Dep. STorage )= 0,10 5.00
Average §lope (%)= .97
Lengtl {mi= 551,36 551,00
mannings n = 0.013 0.250
Max. E1T. Iaven. (nm/he)= 33 A 0.79
over [nin} 0.09 305.00
storage Coeff. Cnind= B8 o BB an
unit Hyd. Tpeak Cnind= 10.00 305.00
unic Hyd. peak Coms)= 851 .00
PEAK FLOW (ens)= 1.98 .00
TIME TO Peak  (hrsd= 0,67 5.67
RUNOFF VOLUME  [mm)= 1 0.79
TOTAL RAINFALL - 1320 1320
RUNOFF COEFFICIENT = .06

€ :N !RDEEDURE SELECTED FOR PERVIOUS LOSSES:
76.7  Ia = Dep. Storage  {above)
(1) o STep (57) SHOBLD BE SMALLERCGR CAOML
THAN THE STORAGE COEFFICIENT.
(i) PEAK FLOW DOES NOT INCLUDE BASEFLOW IF ANY.

| n QUTFLOW STORAGE | OUTFLOW

(oms) (ham) | (oms)

40000 a.ontd | 0.0704

0.0056 40826 | 0.0747

0.0254 a.1852 | 0.0787

0.0355 02778 0.DB25

Q.0433 @.3705 0.0844

Q. 0504 a.4631 1.4323

0.0558 0.5557 3.B969

a-DELL 4.6483 7.0884

0.0659 . 7408 0.0000

AREA ?nnz TPEAK (%
éhagﬂ (ns; (hrs) (mm}

INFLOW [ TD= ? EUU??) 456l 1.980 .67 B.55
OUTFLOW: ID= L (00133 45, B0 0.043 1.50 B.43

FLoW  REDUCTION [oowtsain ()= &.1%

TR SHIFT'OF PEAX FLoW min)= 500
MANIMUM  STORAGE  USER Cha.m, 3622
DD (0915) ‘

1+ 2= 3 AREA EAK  TPEAK RV,

o fha) <ns) (hrs) o}
Ibl= 1 L\ww;: 33.00  0.031 1.9z 5.36
+ Ib2= 2 (0019): 45.60  0.043 1.50 543
=3 (0015): 100,60 0.074 1.75 7.03

NOTE:  PLAK FLOWS DO MOT INCLUDE BASEFLOWS IF ANY.

Area Chaj= 97.00
Toral Imp(¥)= €3.10 bir. conn.(¥)= &3.10

IMPERVIOUS  PERVIOUS (1)
surface Area [ha)= 61.21 15.79
Dep. Sterage (= o.10

weraﬁe Slape ()= 0.97 0.97
)= Q4. 16 1143,00
-mminqs n = 0.013 0.250
NOTE: RAINFALL WAS TRANSFORMED TO  13.0 MIN. TIME STEP.

---- TRANSFORMED HYETOGRAPH -=--
TIME RATN | TIME RAIN | ' TIME RATN | TIME
bes  wmdhe | hes  omndhe |0 Res  mnghe | Brs

0.250  B.00 | 0.500 10.40 | ©.730  30.40 | 1.00
Max EFf. tnten. (m; )= 30.40 0.82
5 .00 465,00
14.50 (i) 4BL.20 (ii)
1500 465.00
0.00

Storage Casfl. -
Unit Hyd. Tpeak (m 5
unit Hyd. peak fe 0.07

TOTALS™
PEAX FLOW (ens)a 384 0.01 3.842 ¢
TINE TO PEAK  (hrs)e 0.75 8.25 0.75
RUNOFF VOLUME  (mn)s 1330 0,62 553
TOTAL RAINFALL  (nm)= 1340 13040 13240
RUNOFF COEFFICIENT = 0,99 0.06 0.5

THRPT WARNING: STORAGE COEFF. I5 SMALLER THAN TIME STEF!

iy en PRncEnuRE SELEErEn an FERWIOUS LOSSES:
Dep, storage - (ahove)
(i3 T sTER () SHabLB S Swatn

THAN THE STORAGE COEFFICIENT.
(i11) PEAX FLOW DOES NOT INCLUDE BASEFLOM LF ANY.

RATN
/e
4.50

I “ReseRvoTR fus0)
QUTFLOW  STORAGE

|
(cms) tha.m.) | (oms) tha.m.)
.0000 0.0000 | 48880 16104
9.1710 1.2880 | 15.0000 18,5000
AREA PEAK TPEAK RV
shago :msg Chrs} mm)
INFLOW @ ID= 2 EOGI?) 97.01 3,842 0.75 8,63
OUTFLOW: T0= 1 (00503 97, @102 1.7% B.67
LW, REDUCTION [QOuL.me]ﬂ)— 2,66
TENE SulFT oF REAK Lo (nin= 60.00
MAXIMUM  STORAGE  USED tha.m, 32 5 oo
RESERVETR (04563
IN= Z===> OUT= 1
5.0 min OUTFLOW  STORAGE OUTFLOW  STORAGE
s foms) tha.m.)

a
2

w4
&
=

00000 0. 0000 56570 2.7400
2.5000 2.1920 2.9500
ARER QPEAK TRLAK BV,
hay Lm!) (hl"s) )
INFLOW : ID= 2 EUUSD) 97.000 0.102 867
oUTFLOW: Ip= 1 (0056) 97. 000 1.082 5 83 B.67

PLAK  FLON  REDUCTION [muuain]?}
TINE SHIFT OF FLAK FLOW Cnin}
MAXIMUM  STORAGE UsED (ha.m.}=

| “abn wve ll'H'lSl) |




[ 1+ 2= 3 | aRLA  gREAR R 0.167  14.40 | 0.417  24.00 | D.667 2580 | 0.92  2.40
- ha)  lms) (e (nm} 0.250 .60 | 0.300 4,80 | 0.750  14.40 |
10l= 1 [MUJ;: 573.26 00346 10,00 4.38
+ Ip2= 7 (0056):  57.00 0.082 6.83 857 Uit Hyd apeak (ems)=  2.311
1D =3 (M51): 670,26 0.423 9.92 5.43 PR FLOW ons)=  0.023 (1)
TIME T0 FEAK thrs)=  0.833
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLONS IF ANY. RUNDEE VOLUME  (mm)= .31
ToTAL RAINFALL  [mn)=  13.200
RUNOFF COEFFICTENT D.oz4
(1) PEAK FLOW DOES NOT INCLUDE BASEFLOW IF ANY.
®outing time step (min)'= 3.00
~ DATA FOR SECTION { 67.00 -
tance Elevation manning
49.00 152.00 0.1200
104-00 150,00 0.1200 AREA  QFEAK  TPEAK RV,
125 14312 0.1200 Cha}  {cnsd  (hrs) Can
130.00 148,89 0.1200 /0.0500 Main Channe] Il 1 (oosay: 100 0023 0,83 0.31
13100 143.23 0.0500 Main Channel + ID2= 2 (0767): &70.26 0,422  10.08 543
13175 143.12 0.0500 Main Channel
132.50 143,19 0.0500 main channel D=3 (0901): 682,36 0.422  10.08 5.3
13300 142766 ©.0500 0 1300 Main Channel
136.00 149,10 0.1200 NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.
14900 150.00 0.1200
150.00 152.00 0.1200
TRAVEL TIME TABLE - | caLIE |
DEFTH  ELEV WOLLME  FLOW RATE  VELOCITY  TRAV,TIME | NASHYD (0060 | Area  (ha)- 18.10 Curye Numher  (CN)= 55.0
m) ) fems) (m/s) (min} lte- 1 oT- 5.0 min | Ia {mn)-  5.00 ﬂ of Linear Res.(N)- 3.00
0,15 148,30 0.1 0.28 i7.58 -= .. Tpthrs)=  0.20
0036 14829 (8] a5 11z
0154 148 [ 543 &2 unit Hyd gpeak (ems)=  3.457
0,75 14887 11 0,63 7.98
0096 148, bR 0,61 .19 PEAX FLOW cms)= 0,034 (i)
1.17 148 16 0.54 9.32 TIME TO PEAK hrs)= 0.8
1,37 149, S8 0.50 .91 RUNOFF VOLUME fom)= 0311
1.58 149, 2.3 0.50 9.99 OTAL RATNFALL (omy= 13,200
1.79 149, 13.% 0.51 9.80 RUNOFF COEFFICTENT =
2.00 150, 0.4 0.5% G.14
2.0 150, 8B 0.6 &.30 [i) PEAK FLOW DOES WOT INCLUDE RASEFLOW TF ANY.
2.42 150, 8.0 0.64 .60
2.62 150,75 485 0.71 T.02
2.83 150,96 60.1 0.74 6.54
3.04 151,17 2.6 0.82 6.13
L 183 86,0 0,88 5.78 | ADD WYD_ (0002 |
3.46 151,58 100, 3 0,91 5,48 I 1+ 2= 3 | AREA PEAK.
3.67 151,79 115.5 0.9% 5,28 Chay cns) (hrs]
EN TS VN RELE 131.5 1.00 4,58 Ibl= 1 Ebﬂlsg: 100,60 0,074
+ Ibd= 2 [D0H0): 15,10 0,034 U 93
< hydregraph = <-pipe ¢ channel ->
AREA PEAX'  TPEAK R.W.  NAX DEPTH NAX VEL b= 3 (0021 118,70 0,090 0,92
{ha) ons) [hrs) (nl) (m3 (n/s}
INFLOW ; H Eunsu 670,26 0,42 0,45 0,51 NOTE: PEAX FLOWS DO NOT INCLUDE BASEFLOWS TF ANY,
DUTFLOW! L 0767} 67026 B s 5d .46 0,51

| DD WD um?) |
13+ 2 ARCA  GPEAK  TPLAK

.18 corve Wurher  (CN)= 55,0 - tha)  (cmsy  chrs)

) # of Linear kes.iN)= 3.00 g: 118.70 0090 0. 02

W, TRCRSS 6.0 901): 682,36 D.622 10,08

NOTE: RAINFALL WAS TRANSEORNED To 5.0 MIN. TIME STEP, I =1 (D042): 0106 0.480  10.08

NOTE:  PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANV,

SaRANSFORNED, HYETOGRAPH, -

TIME  RAIN | TIME RAIN | TIME  RAIN
hrs  mmfhe hrs Wnr h sm/hr | hrs paghe -
0,083 0.00 | 0.333 2,40 | 0.583 4500 | 0.83 .60 | ROUTE TN (00100 |
33.50 145.1% Main channe]
34.00 145,66 0. nsUU jﬂ 1200 Main channel
35.00 .
50.00
51.00
- 1z 0.1200 - - - =
1.00 14539 0.1200 /0.0500 wain Channel & voL VELOCITY  TRAV.TINE
2.00 145.23 0,050 ain channel [} (m) Ceuom. ) n/s)
2.75 143.12 0.0500 vain channel 0. 148.30 1306+03 0.28
3.50 145,19 0.0500 wain Channel 0. 14549 3396+03 0.5
4.00 14866 0.0500 /0.1200 Main cChannel 0. 148 .66 594E+D3 0.57
4 0.1200 0. 45 87 108+ 0,63
0. 14908 (200e+D4 0EL
1 14929 (398E+Dd 0.54
137 14950 [702eeDd 0,50
T — 158 1e9. (1w 0,50
DEPTH ELEYV OW RATE VELDCITY TRAV. TIME 1. 149.92 LE3E+DS 0.51
(n) (m) fens) (mys) Cnin} 2 150.12 223E405 0.55
01E 148030 0.1 0.28 30,30 2. 150.33 2B5EDS 0050
0.36  148.49 %] 0.45 18.54 2. 150.54 347E405 0,66
054 148 0 0.57 1470 2 150.75 409805 071
0.75  148.87 11 0.63 13.29 2. 15056 471E405 0.76
0296 149.08 20 0,61 13 EX 151017 534EDS 0,82
117 149029 36 0.54 15.53 3 151037 S97E105 0.86
137 149050 5y 0.50 1651 R 181058 BEOELDS 0.1
156 14971 a1 0.50 16.65 EX 15178 (723EMDS 0,56
179 149082 1 0.51 16.33 N 15200 (TB7EMDS 1.00
an - 150012 2004 0,58 15023
221 150013 280 0,60 11,84 < ydrogragh >
Ila7 150054 30 0,66 12067 ARER  gPEAK
267 150078 4815 071 117 piot R vt (-m)
2083 150036 6001 0.76 10,90 INFLOW ; Io- 2 (00DY) 820,26 0.43 10,25
304 151017 i 0.8z 10022 ouTFLON: To= 1 (0D0R) 820,36 043 10.4F
1 151037 6.0 0.86 964
346 15105k 100:1 0.4l 613
3.67 15178 1155 .46 &.69
387 152000 (BSEEHDS 13105 1.00 831 -
| cALTR
c==== hydrograph ----»  <-pipe / channel-» | sTanbivD rwza) Area (ha)e 97.70
AREA  QPEAX TPEAK  R.v.  MAX DEFTH MAX VEL |1B= 1 0T= 5.0 min Tetal Impcid= 52.40  Dir. conn. (X)= 5240
() (em) b (e (m} (n/s - .
TNFLOW : D= 2 Eouon 01,0 0.48 10,0 41 .49 0.53 TMPERVIGNS  PERVIGUS (i)
DUTFLOW! T0= L (00103 #01.06 048 10,25 543 e 0.53 surface area ha)= 51.1% #.51
Dep. Storage )= ﬂ ll}
averaﬁe slope %)= D.‘JQ
engt| o, )' 807.05 807,00
Mannings n 0.013 0,350
| ADD WYD_ (0005 ‘ na:.eff.mten.tn-.fbr = 30,40 0,42
1+ 2= AREA EAK  TPEAK Ry, ay i, 18,00 480,00
gha) <ns) Chrs) (nmy storage coatt in)= 14.48 (ii) 4&8.29 (i)
Ibl= 1 EM 4;: 14, 022 1.33 702 unit Hyd, Tpeak (min, 15,00 450,00
+ Ibd= 2 (0410): #01.06 0.476 10,25 5.4 Uit Hyd, peak (cms 0.08 . omaLs
ATOTALSS
b = 3 CH09): 820,26 0.493 10,25 547 PEAR FLOW Sms 1.99 0.00 2,994 (3i9)
TIME T0 PEAK hrs 0.75 8.75 0.75
NOTE:  PEAK FLOWS BO NOT TNCLUDE BASIFLOMS TF ANY. RUNOFF VOLUKE E 1310 0.47 .06
TOTAL f 1320 13.20 1320
RUNOFF CORFFIETENT .93 0.03 0.53
| BOUTE CHN {0008}
| IN= 2---> uT= 1 routing time step (min)'= 5.00 1) CN PROCEBURE SLLECTED FOR PeRvIos LUSS(S‘}
- - ep, (abave:
<------ DATA FOR SLCTLON ( (1) TIML STEP (BT) SHOULD BE swu. LouaL
Distance tlevation THAN THL STORMGL COLFFICIENT.
.00 152.00 £111) PLAX FLOW DOLS NOT INCLUDL BASLFLOW LF ANY.
1.00 150.00
26.00 149.12
31.00 14539 0. unn ,fu 0500 Main Channel -
32.00 145.23 0500 ain channel | BEserwTR (D016 |
32.75 143.12 ERE vain channel | ihe 2 out= 1|
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| bT= 5.0 min AUTFLOW OUTFLOW
- R foms) {oms}
-0 0.1430
0.0380 0.1520
0.0530 0.1560
0.0690 0.1650
0.0830 0.1770
1040 0.1800
1N | Z.6063
0.1220 | T.Dd2%
0.1280 | 1z.7872
0.1380 | 12.5801
AREA QREAK TREAK [ %
Cha) {ems) (hrs]
INFLOW © ID= 2 (0020 97,700 2.99q 0,73 .06
DUTFLOW: ID= L (ODLS} 97.700 0.106 L.75 7.06
PEAK  FLOW  REDUCTION LUDu\/Qm](’Q- 1.5%
TIME SHIFT OF PEAX FLOW )= 60.00
MAXIMUM  STORAGE  USED (h) m0- 06101
AREA  QPEAK  TPEAK RV
(ha) (ems) (hre) (mm}
1(0006):  &20.26  0.488  10.42 547
' Inz- 2 (0916) 97.70  0.106 1.7% 7.06
ID = 3 (0414); 917,96 0567 10,42 5.64
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.
| cALTR
| sTaNDHYD ( Area Cha)= 18.90
5.0 Total Imp(X= SO0 Dir. conn. (X)= 5000

|10= 1 DT

IMPERVIGUS  PERVIGUS (13
surface area 3. 2,90
storage 0.10 5.00
Rverage Slope 0.50 0,97
Lengrl 201,66 1500,00
Mannings n = 0.013 0.250
M EFf Lacen. Gro/be)- 45.00 0,73
(iR 5 .00 515.00

Storage costls (min 6.43 (i) 541,99 (11}
URTE Hyd. Tpeak {min)= 5.00 545,00
unit Hyd. peak ({cns)= 018 0.00
PEAX FLOW (ens)= 0.27 0.00
TINE T0 FEAK  (hrs)= 0.58 .67
RUNOFF VOLUME  (nm)= 13.10 0.73
TOTAL RAINFALL  (mm)= PER-1] 1320
RUNOFF COEFFICIENT = 0.3 0.06

iy en PRucEnuRE SELEcrzn an FERWIOUS LOSSE:
gep, storage Cahave
(i) TINE STER (A¥) SHOULD BESWALLER oR
HiN THE STORAGE COEFFICIENT.
(111} PEAX FLOW DOES NOT INCLUDE BASEFLOM LF ANY.

*ToTaLs®

Innnuvn

0072y |
I 1+ 2= 13 | WREA  QPEAK  TPEAK R,
-- - -——= (ha}  (cms)  Chrs) Cnmy
I0i= 1 (4243): 610 0,370 0. 58 7.18
+ I02- 2 (9204 18,90 0,669 0,67 6,93

0= 3 (D072): B.00 091 0.67 6.

NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS TF ANY,
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TMPERVTOUS PERVIOUS (i)
surface Area Cha}= 9,45 9.45
Dep. Storage (mm}= 0,10 5100 | 40D WD (BO71) |
Average 51ope (= 0,50 0.47 IR T | AREA PEAK  TPEAK RV,
Lengt (m)= 354,94 150000 (hay cns) ghrs] [{.0]
Mannings n - 0.013 0,250 Inl- 1 Ewllg: a1t g6 0,57 Goad
+ Ibi= 2 (D072): 25,00 0,931 6.9
Hax.cff.mten.(nlfhr)— 38,40 .?'3
nin} 10.04 550. 01 Ib = 3 (00F13: 942,96 0,998 0.57 5.6F
Starage (ﬂeff. min}= 9,86 (1) 545 l! i)
unit Hyd. Tpeak gnink= 10,00 550,00 NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY,
unit byd. peak Coms)= 0.1l b.00
Ems): 0,67 .00
Tive o prak  (hrsi= 0.67 9.75 ROUTE CHN (0064) . .
RUNOFE WOLUME )= 13.10 .73 IN= Ie==> OUT= 1 kouting time step (nin)'= 5.00
TOTAL RAINEALL () PN 13.20 -
UNOFF COFFICIENT = 0,99 . DATA FOR SECTION ( 1.1) o
Bistance Ganning
. 152. 0.1200
€1)  PROCEDURE. SELECTED FOR PERVIOUS LOSSES: 1.00 150.00 0.1200
Dep. Storage  (Above) 26.00 123.12 0.1200
[ i STLP (u‘r) SHOULD O SRALLER 08 Ll iL.o0 14693 0.1200 /0.0500 Main channe]
THL STORRGE COLFFICLENT. 3z.00 145.23 0.0500 Main channel
(11) PEAK FLOW DOES NOT TNCLUBE BASEFLON 1F ANY. 3335 148.12 0.0500 Main channel
33.50 148,10 0.0500 ain channel
3a.00 146,66 D.0500 /0.1200 Main channel
R 39.00 149,10 0. 120
K 50.00 150.00 0.1200
| sTampevn (42433 area  ha)=  6.10 51.00 152.00 0.1200
|1o= 1 ©7= 5.0 min Total Imp(¥)= 52,40 pir. conn. (A= 52,40
---- TRAVEL TIME TABLE -- —— — Length tm)= 973,65 1143,00
VOLUME OW RATE VELDCITY TRAV, TIME Mannings n = 0.013 0.250
u.m. ) (cns) (ns) nin}
416405 0.1 0.28 03 a EFF. Inten, (nhr)= z6.40 0,73
367E+03 0.3 0.45 .10 eF (Hin) 20.00 480,00
3E+03 0. 0.57 To.11 Storage cosfls min 2089 (i1) 475.97 (i)
117E+04 11 0.63 17.28 unit Hyd. Tpeak (win)= 20.00 430,00
Z17E+04 . 0.61 1773 unit Hyd. peak  (ens)= 0.05 0.00
AT1EHM EN 0.54 0013 “ToTaLs®
TELEHD4 58 0.50 2147 PEAX FLOW (ens)= 2.71 0.02 2.714 (144)
1Z1E+05 a.3 0.50 71065 TINE To FEAK  (hrs)= 3 &.55 0.83
177E+05 130 0.51 7133 RUNOFF VOLUNE  (n)= 1310 571
2426405 a0 .58 10.79 TOTAL RAINFALL  (mn)= 1320 13.20 1520
309E+05 286 0.60 1709 FUNOFF COEFFICIENT = 0,39 043
3TGE+DS 38.0 0.66 16.47
A43E405 4E.5 0.71 15022
1e+D5 G001 0.75 17 (1) CN PROCENRE SELECTED FOR PERVIOUS LosSES:
STSE+DS pra 0.82 13.28 dep, Storage - ibaue)
3035 151037 BAGELDS 86D 0.86 12053 riid rmE STER (AT} SMOULD SESWALLER oR
3046 151058 (7ISE4DS 1003 0.91 11087 E STORAGE COEFFICIENT.
3067 15178 (TE4EMDS 1155 0.96 1130 (1413 PEAX FLOW DDES NOT TNCLUDE SASEFLON TF ANY.
3a7 152000 BEZELDS EiN 1.00 i
~pipe / channel-»
AREA P Nll DEFTH  MAX VEL
{ha) ens) {m) (m/s}
INFLOW : ID= 2 (071} 942.96 1.00 .67 .70 [ AREA  QFEAK  TPEAK
DUTFLOW: ID= L (O0B4)} 942096 0265 D.BD .57 0.58 e Cha}  Ccms)  Chrs)
ol 1 (D0643:  947.86 D654 0,83 .
voID2- 2 (02043 142,20 2714 0,83 5.71
- o= 3 (D035I: 1085.16 3,367 0,83 5.68
| caLIB |
| sTamgeyn (42233 | area  (ha)= 47.80 NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOMS TF ANY,
[10= 10T 5.0 min | Total Tm@(x)= S0.00  Dir. comn.(¥)= S0.00
IMPERVIOUS  PERVIOUS (i)
Cha}= 23.90 3. -
(mm}= 010 | aon wm rooas)
()= 0,50 I3+ P AREA PEAK TPEAK RV,
T (m)= 564,51 - (hay cns) Chrs) (nm)
Mannings n - 0.013 3 wl)i! 1085.16 3,367 0.83 5o6E
LRl (42230 4780 1204 0,75 94
uax. EFF. Inten. (nm/hrj= 30,40
nin} 15.00 Ib = 1 (00353 1132.46 4,730 0.83 5.73
Starage (ﬂeff. nin}= 14,31
unit Hyd. Tpeak gnini= 1504 NOTE:  PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY,
unit Hyd. peak Coms)= 0,08
STOTALS®
Ews = 1.40 1404 (i}
THE o pea hrs)= 0,75 0.7% ROUTE O (0059) . .
RUSOFF VOLUME  (m)= 13014 Bl 3 Routing time step (wind'= 5.00
TOTAL RAINEALL ()= FENT]
UNOFF CORFFICIENT = 0,99

€1) £ PROCEDURE, SELECTED FOR PERVIOUS LOSSES:
Dep. Storage (Abovel
(1) TIMe sTER (6T) SHOULD BE SHALLER O EQUAL
THAN THE STORAGE COEFFICIENT,
(441} PEAK FLOW DOLS NOT TNCLUBE BASEFLON TF ANY.

| €aLL
| sTancevo (02043 area (ha)= 142.20
| 1D @ min Total Imp(x)= 40.00  pir. comn. (%)=
IMPERVIOUS  PERVIOUS (1)
surface area tha)= 36,65 85,32
bep. Storage ()= 0.1 .
sverage §lope )= 0.50 0.97

40,00

DATA FOR SECTION [ 1.1) =e-ceow
Elavation Vianning

bistance

. 152.00 0.1200
1.00 150.00 9.1:00
26.00 149
31.00 148,98 0, LZUD ./0 0500
32.00 148, 0.0500
32,35 148.12 ﬂ nsm
33.50 148
34.00 146,66 O nsUD Jn.lnn
39.00 149, 12
50.0 150 0.1209
51.00 15z.00 0.1209

[565E1D3 0.3 0.5

Main channel
Main channel
Main Channe]
Main channel
Main channel
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0.54  148.56 9890403 0.6 0.57 29.39 o 34.52 0.1200
0.75 148,87 04 11 0.63 26,59 (80 34,54 0.1200
0.96 149,01 .0 0.61 7,28 i 34,08 0.1200
117 149.2 36 0.54 3145 ] 34.03 0.1200
137 149,50 5.9 0.50 33,02 .00 34,01 0.1200 /0.0500 wMain channe]
1.55  149.7 9.3 0.50 33,31 .50 34.01 0.0500 wain channel
179 149,32 13,8 0.51 32,67 i 33.95 0.0500 Main channe]
200 150012 004 0.5% 30.45 0 33.05 0.0500 uain channel
271 150033 8.6 0.60 2767 i 33.98 o020 Hain channel
247 150054 3.0 0.66 2334 50 34.06 0.0500 Main channe]
262 1s0.7% izs 0.71 31 a 3407 00500 /01200 Main channs]
2083 13D 0.1 0.76 2180 o 34,06
304 15117 726 0.52 20.43 50 34.07 8125
305 15137 6.0 0.8& 1937 aa 34.30 0.1200
3.46 15158 100.3 0.91 1827 50 34,41 0.1200
367 15179 135 0.9§ 173 i 4.4 0.1200
ERTON e 0 R e3 FESN 100 1662 0.0 35.50 0.1200
1.0 37.50 0.1200
o hydrogranh -
OPEAK L - -- TRAVEL TIME TABLE >
oyl Chee DEPTH  ELEV VOLLME LoW RATE  VELDCITY  TRAV.TIME
INFLOW : ID= 2 (D035} 1132.95 473 D83 ) cun.} Cens) (n/s} (min)
DUTFLOW: D= L (0068} 1132.96 L LT 0.08 13 4758402 0.0 0.13
024 1340 7176403 a5 0,43
043 1340 ‘1sées 15 0.73
R 270e 28 0,80
078 1340 [ [¥] 0078
D98 1340 N s 0,79
116 1350 ‘16es 1306 [
STORMGE | OUTFLOW  STORAGE 138 1350 L178E 2000 0,84
(ha.m.} | (ems} Cha.m.} 18 130 (240E+ 2802 0,88
4 |1 106000 171 130 L3076 305 0.7
Qo | 101 223000 1a0 1350 (3756 5108 1.06
4’0250 | 102270 207000 2008 136 44360 416 114
Q2000 | 5.2800 30500 2,26 136, FETN 8308 123
45000 ‘ 27,3400 38440 2.45 1. L580Es 1015 131
1.0000 590000 2.6 136 B49E 1205 1.3
2.81 136, L71BE+DS 1207 1.47
ses  grea TREAK V. 3.00 1365 7BTELDE 162.2 1.55
(ha) sy (hrs) ) 318 13701 CBETELDE 1848 162
THFLOW : TD= 2 Eoosn 1132, 562 2.773 117 5,72 3.3 13703, LIEELDS 2087 168
ouTFLOW: TD= 1 00533 1137 862 Q878 Par 5.7%

<==== hydrogragh -=-->
PEAK  FLOW nrw(n—ou [nnuunm]{m— 31 GG AREA QPEAK  TPEAK  R.V.
TIME SHIFT OF PEAX FL (ha) (em; sg Chrs; {m%
NRXTN | STORAGE  USED (ha o j— 0 639? INFLOW : TO= 2 Eousn 137,95 0.4 217 5.7 2 a.
OUTFLOW: TD= 1 (0025) 1)2 a6 0.8 .58 5.7 0,31 0.56

| 40D WD {0067 ‘
| 1+ 2=3 AREA QPEAK  TPEAK Ry, | CALTE
(hrs) nm) | STANDIYD (06103 | area (nag— a31.20
W ARNING ||v|:mchn 0205 <1b= 2= IS DAY W= 10T= 5.0 win |  Total Imp(¥)= 52.40 Dir. Conn.(X)= 52.40
450 WA BN ING: HYBROGRAPH 00D3 = HYGROGRAPM 0DDL X
TUWARNING HYDROGRAPH 0003 = HYDROGRAPH 000 IMPERVIGUS  PERVIOUS (i}
Ipl= 1 uws;g: 1132.96 0,878 £.73 surface Area ha; 22598 05,25
+ Ib2= 2 {0205): 0.00  9.000 B8 wan Dep. Storage o, 0.10 5.00
aweraﬁe slape %, 0.9% 0.99
I = 3 [0067): 1132.96  0.878 117 £.73 Lengt 1695 .48 229800
Hannings n 0.013 0,350
NOTE:  FEAK FLOWS DO NOT INCLUDE BASCFLOWS TF ANY.
Wax EFF . Inten. (n/hr)= 24.00
win) 25.00 915,00
storage coetr (ming= 4,78 (i) 912,95 (i)
\ ROUTE Cn (0025) URiT Hyd. Tpeak (erin, 25.00 915.00
= 2---> o= 1 mouting time step (win)'= 5.00 Uit Hyd. pesk (cos 0.05 0.00
“TOTALS*
— DATA FOR SECTION (  1.1) - - PLAK FLOW Ecns 9.6 0.01 9.605 (111)
Bistance Elavation Hanaing TIME T0 PEAK (s 092 15 .83 0.92
.00 137.50 0.1200 RUNOFF VOLUME o, 13.10 0,42 7.06
1.00 135.50 0.1200 TOTAL RAINFALL (o JEN) 13.20 15:20
RUNOFF COLFFICIENT = 0.1 0.03 0.53
| apo WD ums)
1+ 2 SREA  gFEAK  TREAK By,

1) ©% PROCEDURE SELECTED FOR PERVIOUS LOSSES: I
62.3 13 = Dep, STorage  {(Abovel -

- Chal (cns) Lhrs) (mn)
509

(1) TIME STEP (D7) SHDULD BE SMALLER OR EQUAL 151 (o027 1516 4.70% .
THAN THE STORAGE COEFFICLENT. + toe- 2 (0BI5): 1135.51 0.279 3 25 2.8

(111) PEAK FLOW DOES NOT INCLUDE BASEFLOW 1F ANY.
to o= 3 (0003): 7609.67 4.811 1.42 4.71

NOTE:  PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.

| app wo_ (00243 |

| 1+ 223 | AREA  QFEAK FEAK Ry,
- fhal  (ems) Lhr:] (rm} | foure o unﬁs) 1
10l= 1 (0025): 1133.85 0.871 2. 5.72 | an=2 our= 1 | Routing Lime step {min)'= 5.00
+ IDZ= Z (0610): 431.20 3.605 R 7.06
< DATA FOR SECTION [ 68.0) ——----x
10 = 3 (M024): 156d4.16 9.978 .92 §.09 Distan Elevation anning
. 2100
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLONS IF ANY. 0. 00 2100
L 700 2100
3 .00 -
eemeen e 7" 500 -
| ROUTE CHN {0027} | 1 550 -
| - > oum- 1| Routing time step (min}'- 5.00 1 5150 -
-- 1 300 -
- DATA FOR SECTION [ 1.1) - 1 200 -
Elevation Wanning 1 100 3
52.00 0. 1200 2 0.00  ©0.2100 /0.0700 Main channel
50,00 0. 1200 H 4950 0700 wain channel
49712 0. 1200 2 N 0700 Wain channal
4383 01200 /0.0500 Main Channe] 2 1,00 0.0700 /0.1950 Main channel
45021 0.0500 ain channel H .00 .
48112 0.0500 Main cChanne] 2 210 .
45,19 0.0500 Main Channal 234, 2.00 .
43,66 00500 /0.1200 Main channel 244 200 .
10 0.1200 252 5. 00 .
284 100.00 .
P
DEPTH  ELEV VOLIME " FLOW BATE  VELOCITY  TRAV T
(ug [¢ (eu.m.} (e (n §mn)
fems) 0.4 90. ~390E+05 2.5 45 259.64
0. 0.1 .43 40. L LAZELDR 11.7 0,67 174,20
W26 0.3 o 1.45 a1, +253E+06 2 0,77 151.17
054 148, 4 0.6 0,57 43,00 1.98 1. AQSEHDE 5 0,92 125,83
0.75  148.87 «301E+04 1.1 0.63 44.32 2.51 92. 571E+D6 8 1.01 114.4%
0,96 149, BE6EH04 L0 0,51 45,48 3.0% a2, HB30ELDE 12 1.03 112,344
L7 14w 1LIE+D 3.6 0,54 51,37 3,58 a3, LLTESDT 17 104 11,72
L.37 149,50 LISEH 3.8 0.50 55,05 4,08 93, +154E+07 23 1.08 107.41
1oes 148 L 30TE) 8.3 .50 35,53 461 94, 193607 ElS 113 102,53
179 149,90 L A53E+D! 133 0.51 54,45 5018 a4, NEERYE 39 113 97,84
.00 150,10 LGZLEH 0.4 0.55 50,77 5.86  95.26 L liGED] ag 1.24 93.81
2031 1E003 0 LFarEsD e .60 46,13 B9 937 326E+07 560 120 96.73
2042 150,54 L 9R4EHD 380 0,66 42,25 6.7z 96,32 LA02EADT 655, 1.14 102.07
2061 150075 11404 48,5 0.71 39.02 7024 q6.84 490607 B3 1.14 101, 64
2.83 13 EATRN: 0.1 .76 36,13 737 4737 SEZE+07 4737 17 9963
3004 151017 1ASE+6 72k 0.82 34,06 820 97,88 (BFEADT  1164.2 1.20 96,78
325 151037 L 1660+06 B0 .66 3212 B.82 A8 7IZEADT  1372.3 1.24 2571
346 I51.5R L1E3C406 100.3 .91 30,45 5,35 9585 BEIE.DT 15975 128 0. 63
367 15179 (2010406 1155 0.96 28,99 5.B7 99,47 (BEBL+D7  1B39.4 132 B7.6E
3087 15200 (Z1OC+06 1315 1.00 7.0
< Nudronranh -
e nvdronrabh v ! AREA goEax
AREA MAX DEFTH  MAX VL {ha) (cms) U‘rSJ
(ha) (cns) Lhrs) INFLOW : 2 (0903) 269%.67 4.8L L4z
IHFLOW ¢ 1D= 2 (0024} 1564.16 . . outFLow: 1= 1 (0768) 269067 1.58 3078
ouTFLOW: 10= L {0027} 1364.15 FE S 1.26 0.52
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437 79.E7 L 3AGELDT 627.0 .47 92.03
490 80.20  L392E-D 766 0,50 E5.1E
AREA  gPEAK R.v, 5,85 8073 L43L-DT 915.5 0,54 79,31
ha)  (cms) nm) 597 81.27 BLE+D7 10415 0.58 7458
1pl= 1 [O600):  823.2% 5404 3.1 E.50  81.80  .531EfD7 12551 0.1 70,44
+ IbZ= 2 {0765): 2699.67 1.581 4,59 7.05  £2.31  L7BE+D7  1433.1 0,64 6.0
757 8287 (625E+D7  1633.3 0.67 63,78
0= 3 (0904): 3521.91 5.661 4.32 .10 i J3E-07 18373 0.70 £1.08
B.63  83.91  (7I1e+D7 20511 073 58.52
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLONS TF ANY. 917 8447 (7I0E+D7 227404 0.76 6.3
570 #S.00 .B19e+D7  3507.1 079 B404E
R <---- hydrograph ----»  <-pipe / channel-»
| caLte | AREA  QPEAK  TPEAK  R.V.  MAX DEPTH MAX VEL
| witwm {05000 | area  (ha)= 261.11  curve humber  (ch)= 76.5 (ha)  (emsh  Chres)  (mm) n) /sy
[10="1oD7= 5.0 nin | I (mm)= 5000 Recession const.ik)= 1.08 INFLOW : ID= 2 (0956) 3783.02 5.85 L0 d.08 0.27 0.0
-- UH. Tpirs)s D089 ouTFLOW: Io= L (7102) 3783.02 RS TR b R N T 0.05 0.09
vH, peak (cns)= 897
PEAK FLOW (ems}e  0.27 (i)
TIME To PEak  (hrs}=  1.50 - -
RUNOFF VOLLME  (m}=  O.77 | Ao wo_ o (0357) |
TOTAL RATHEALL  (mmj= 13.20 | S S | AREA  QFEAK  TPEAK [
RUNOFF COEFFICIENT -  0.06 - - Chay  {ems)  (hrs) (]
ol 1 (O7003: _307.23 1343 1.08 ENE)
() PEAK FLOW DOES NOT INCLUDE BASEFLOW TF ANY. v ID2- 7 (FLOZAC 3TEILOZ D144 75 N
o= 3 (D957): 4090.25  1.819 1.5 404
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY,
AREA EAK  TPEAK Ry,
tha)  (ems)  (hrs) nm}
o1~ 1 (05003: 261.11  0.273 1.5 0.77 FRETEAREETARRE AR R ARAEET
+ To2- 2 ((904): 352,91 6661 1.08 432 ** SIMULATION NUMBER: -
EEETARREETARR LT AR R EAARREET
o= 3 (0456): 37EI.0F  5.849 1.08 408
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLONS TF ANY. -
| READ STORM | Filename: C:\Users\RasoT’\Apph
| | atahocallTenp!
| | 31cHIF01-cB37-48de-adba- FoBbT633THc M 36547719
| BUTE chn (7102 ‘ L § | Ptatal= 47.80 nm | Conments: Oct2d/2005
| IN= - ouT= Rauting time step (min)'= 5.00
TIME  RATM | TIME  RATN |' TIME  RATN | TIME  RATN
e DaTA FOR SECTION ( 102,00 - > hrs  mm/h hrs  emfhr |0 hrs  omedhe | hes  meghr
Distance Elavation Wanning .08 i 4.33 L . 40 ) .
290 87,00 L1800 A7 A 4,42 B0 .67 B 92 .
.90 86,00 0. 1800 w25 20 4,50 40 o7 Al 00 .
Nili} 85,00 0. 1800 . 33 N 4.58 B0 . Al 08 -
19.00 80,00 1800 /0.0600 Main Channe] A2 20 4,87 0 . Al a7 .
30,00 75.30 0, 0600 Main channel 50 oA 4,75 20 . W ¥ 8
150.00 75.30 0. 0600 Main channel L5 -l 483 1200 . -8 3 .
.00 TEED 0. 0e00 vain channal E7 4 4,82 12,090 . SO r: .
286.00 75.30 0. 06 Main Channel .75 0 500 7,20 . At .5 .
312.00 75.30 0. 0600 ain channe] .83 0 5.08 9,60 . 00 5 2
31800 76.00 0. 0600 wain channel 92 - E17 B0 . A b .
342.00 7700 0.0600 /0.1800 Main channel L A s T . A i -
350.00 80,00 0.1800 KT} 0 5.33 . . A1 8 .
367.00 £5.00 0.1800 17 H £a2 . . A 92
.25 0 E50 1. . -8 .00
--—- TRAVEL TIME TABLE -- e .33 0 5.5 . . o .0
VOLUME  FloWw RATE  VELOGCITY a2 a EE7 12, . A1 1
fou.m,} (ens) (5] LS50 Al 5.75 14, 0. o0 2 .
LE5IL+06 9.1 0.09 L5 0l 583 14 10. LA 3 .
57AL+06 340 0.1% 67 4 .92 . 0. -8 b .
“D04L+06 70.2 0.20 75 b 5.00 . 10. -8 .5 :
AZ4LH07 16,7 0.24 L83 0 G.08 12, 10. o .5 .
L168EHT 1318 0.29 .92 4 6.17 4. 10. L&l N .
ZE+07 2814 0.34 K 6.25 4. 10. oo g .
LZSGEHT 384.3 0.33 K] ¥ 6.33 @ 10. an 8 .
LOLEHT 439,56 0.43 7 0 6.4z A, 10. an 9 .
.25 0.0 .50 R .73 . M EFf . Inten. (m/hr)= 12.00 1.96
33 240 .58 L .83 . auer (il n) 30.00 670,09
4z &7 LB .92 Storage coeff. (min)= 5062 (1) 666.10 (i1}
50z 75 L oo . unit Hyd. Tpeak {win)= 30.00 670,00
V58 0. B3 A . . unit Hyd, peak (oms)= 0.03 0.00
&7 2 .92 N . “TotaLs®
PN o 2 PEAK FLOW (ens)= 4.25 .84 4.265 (144)
(S D8 ALK TIME T FEAK  (hrs)s .25 71.25 633
i 2 17 7.k RUNOFF VOLUME  (sn)= 4770 10.23 1507
w0 2 25 i TOTAL RAINFALL  (mn)= 4780 4780 4780
05z 33 i RUNOFF COEFFICIENT = 00 021 038
ST a2 0
FLI 50 B0 | 13
3 . 58 0 | 1 {i) CH PROCEDURE SELECTED FOR PERVIOUS LOSSES:
az 2 67 B0 | 1 W' = §5.1  Ia = Dep. Slorage  (Above)
50 4. 75 40 | 12 (i) TIME STEP {DT) SHOULD BE SMALLER OR EQUAL
58 4. 83 40 | 1z THAN THE STORAGE COEFFICIENT.
7 2.4 92 L (i1} PEAX FLOW DOES NOT INCLUDE BASEFLOM LF ANY.
75 “4D o 4
TR 1) 8 L
ax 24D a7 L - - -
aa 2 25 4 | caLre |
a8 480 3 L | witwvo  (0601) | area  (ha)- 552.24  cCurve Number  (gN)- 72.7
17 240 4z i m=107= 5.0 win | I )= 50 Recession const. (Ki= 1.5
P 1) 50 A - -~ LW, Tphrs)- 1083
UL peak (ens)=  12.09
PEAX FLOW (ems)= 1.9 (i)
| TIME TO PEAK  (hrs)-  B.33
| sTamgsyn (07000 | area (ha)- 307.23 RUNOFF VOLUME  [nm)= 13.21
[10="1DT= 5.0 nin | Total Imp(X)= 24770 pir. conn. (%)= 24.70 TOTAL RAINFALL  (mm)= 47 80
-- e RUNOFF COEFFICIENT = 0,28
INPERVIOUS  PERVIOUS (i)
surface Area Cha}= 5.8 211,35 (i) PEAK FLOW DOES NOT INCLUDE BASEFLOW TF ANY.
bep. storage (- 010 5.00
suerage 51ope (= 0,01 .01 - -
q (m)= 143116 143100 | ReseRvoTR (1601) |
Mannings n - 0.013 0,350 | Th= 2o--x oUT= 1 |
| BT= 5.0 min | DUTFLOW STORAGE | QUTFLOW
max EFF. Inten, (nm/hri= 12.00 3.09 - el G | o
owar (min W00 1mblon ab 0U0080 | 32000
Storage Coeff. (min)= 117,24 (31) 1306.06 (1) 0.0500 0.0017 | 34800
unit Hyd. Tpeak (min}= 30,00 131000 0.1280 0.0285 | 91900
Unit Hyd. peak Ccmsi= 0.0 .00 €. 5300 02125 | 12.0B00
ATOTALS® Qame AT | 120600
[ Fi E 1.38 .26 1.37% (iii} 1. 5000 L7o0e | 0.0000
IME TO PEAK hrs)= 6.6 3133 .50
RUNOFF WOLUME Em)— 47,0 15.26 2328 AREA PEAK TPEAR LV,
TOTAL RAINFALL _ (mm)= 47,80 47,80 47,80 Eha) cms) Chrsy (nm)
RUMOFF COEFFICIENT = 1.00 0.32 0,43 INFLOW : I0= 2 EU&DLg 554,245 1991 .33 13.21
OUTFLON: Tb= 1 (1801 5520245 1.1 1525 1321
(i) O PROCEDURE SELECTED FOR PERVIOUS LOSSES! PEAK  FLON _ REDUCTION [nowr/gin] (%)= 72.47
LNt = Fe.T Ia = Dep. Storage  (Above) TIME SWIFT OF PEAK FLOW (min}=430.00
£i1) TIME STEP (DT) SHOULD BE SMALLER O EQUAL MAXIMUM  STORAGE  USED tha.m. b= 1.6093
TiAN THE STORAGE COEFFICIENT.
(111} PEAK FLOW DOES NOT INCLUBE BASEFLOM TF ANY.
| ©
| area  (ha)= 40.00
I Total Imp(k)= 41.60  Dir. Comn. (¥)= 41.60
Area (ha;: 822,24 -
Tetal Imp(%)= 20,30 pir. comn. (R)= 20,90 IMPERVLOUS PERVICUS (13
surface area 1s.Ea 73,36
IMPERVIOUS  PERVIOUS {1) Dep. STor: 0.10 5.00
surface Area Cha}= 171.85 650,39 average slope 0.42 0.42
bep. Storage ()= .1 engr) 51640 936,00
average 5lope (%)= 0,44 D44 Mannings n = 0.013 0,250
Lengtl (md= 234128 2341.00
Mannings n = 0,013 0,350 MaEFf . Inten. {nn/hr)= 12.60 3.09
aver (win) 20,00 335.00
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storage Coeff. (nin

20.37 (i) 330.12 (1)
unie Hyd, Tpeak gnin 20,00 335,00

unit Hyd, foms, .

“ToTaLs®
PEAK FLOW .07 o5 Cidiy
TIME To PEAK  Chrs)= X 16.25 7]
RUNOFF VOLUME ()= 47,70 15.27 28.76
TOTAL RAINEALL  (mmd= 47.80 170 17280
RUNOFE COEFFLCIENT = 1 0.3z 0060

(1) ©N PROCEDURE SELECTED FOR PERVIOUS LossEs:
fep, storage - (aove
(i) T STEp (BT) SOULD BEGHALLER o
HAN STORAGE COEFFICIENT.
(i11) PEAK FLOW DOES NOT INCLUDE BASEFLOW IF ANY.

Ares  (ha)= 5000  Curve Number  (CN)= 55.0
0 F of Linear Res.(N)= 3.00

Ta W)= 5.
U, Tp(arsi= 0050
unit Hyd gpeak  (ems)- 4576

006 (4]
-0

PEAK FLOW (em:
TIME TO FEAK Chr:

5
M (= 7303
TOTAL RAINFALL _ [mm}= 47800
RUNOFF COEFFICIENT - 0,153

IMPERVIOUS PERVIOUS (1)
surface area 15,83 23,45

Dep. storage 0.1 3.00
average Slope 0.76 0.76
Lengr 511,78 512,00
Mannings n 0.013 0,250
M £Ff Inzen. fnashr) - 1360 3.09

er (win) 15000 195,00
storage CoefT. (Hiny= 1641 (%) 191.42 (113
Unie Hyd. Tpeak (min)= 1500 195.00
Uit Hyd. peak  (ens)= 0.07 0.01

*TOTALSH

PEAX FLOW (ens)= 0.50 0.08 0508 (ii4)
TIME To PEAK  (hrs)= 5.02 11,33 5.0
RUNOFF VOLUNE  (mn)= 4770 1327 28.34
TOTAL RAINFALL  (mn)= 4780 4780 4780
RUSOFF COEFFICIENT = 100 0.32 0.58

(i) cH PROCEDYRE SELSCTED FOR PERVIOUS LOssEs:
76, Dep. Storage  (Abave)
Ciiy rms erP {GT) SHOULD B SwaLLER o SauAL
STORAGE CDEFFICTENT
[$44) PEAX FLOW DDES NOT THCLUDE SASEFLOW TF ANY.

Routing time step (win)'= 5.00

DATA FOR SECTID«  64.0) —-----»
(i} PEAK FLOW DOES NOT INCLUDE BASEFLOW IF ANY. Elevation Fanning
158.27 0.1200
15696 0,1200
15654 01200 /0.0500 Wain channel
Area Cha)= 101.3% 56.30 0.0500 Main Channel
Total Imp(X)= 44.00 Dir. conn. ()= 44,00 56.43 0.0500 Main channel
56.90 0.4500 /0.1200 Main Channel
TMPERVIOUS PERVIOUS (i) £7.13 0.1200
Chal)= 44,61 56,78 58.90 L1200
(mm}= ] 60 00 0.1200
()=
(m)= TRAVEL TTME TARLE
mannings n = DEFTH  ELEV VOLME R VELOCTTY | TRAV,TINE
(u% m, {ou.m nis) émn)
Hax.Eff.Inten.(nlfhr)f 0.1 156.4, +168E+03 0,32 7.7
nin} 0,24 156,54 LS93E+03 0,57 3826
Starage (ﬂﬁff nin}= .45 1A.04 L151E+D4 0,43 3.4
unit Hyd, Tpeak (nini= Dohs 1bb.Bh L 2E/ECDS 1.16 1866
unit fyd, peak (omsl= DB 157,15 L h4E+Dd 110 19,67
iy 106 157.3h L BE4ED4 11 19,53
PEAK FLOW Ems;— 1 m iy 126 157.56  1i9E+ 117 18,58
TIME TO PEAK hrs 146 157.76 L 174E+ 1.3 17,58
RUNOFF VOLUME Em zs 54 167 157.97 . 224E+ 1.30 16.68
TOTAL RATNEALL 1.7 158017 Z7gEd 136 15.88
UNOFF COEFFLCIENT R .07 15837 L338E+ 1.43 15.13
2,26 15858 407E+ 1.43 14.57
J.a 1EETR L40C 158 1401
) o pRocEURE SELECTED ton PERVIOUS LoSSES: 2,068 15808 L 543C+ 1.58 1371
o 76 age  {Above) 2,89 159.1% . G25C+l 1.59 13,65
C11) TN STER CbT) SHBbLD BE GMALLER OR FAOAL 159.33 713E. 160 13054
AN THE STORAGE COEFFICLENT. 320 150058 (B24C+ 1.62 1341
(111} PLAX FLOW DOLS NOT INCLUDE BASLFLOW IF ANY. 350 1590 L9390+ 163 126
370 1&0.00 107+ 168 FENT
- =---- hydrograph ----=  <-pipe / channel-=
| caLim AREA  QPEAK  TPLAK RV, MAX DEFTH  MAX VEL
| sTampwvp (06173 area  (haj= 39.20 [ha) (emsy  Chrs)  dwe) m) m/sy
|16= "1 07= 5.0 min rotal Imp(¥i= 40,30 pir. conn. (W)= 40,30 INFLOW : 2 (0617)  39.23 0.51 5.9z 28.34 0,31 .64
- - ——mae OUTFLOW: 10= L (0764) 38,28 043 6,33 28.34 0.29 0.62
350 159.80 L BELE+DS a7 1.66 1z.27
370 160.00 . 100E+D6 137.5 1.68 1z.12

| caLLB
| sTaMpwvD (0618} Area  Chaj= 111 1.9
| BT= 5.0 min Teral Imp(X)= A%, pir. cona. (K= 45.00

TMPERVTOUS PERVIOUS (1)
04 61,16

surface Area Cha)=
Dep. storage (mm)=
Average 5lope (%)=

(m)=

ng
Mannings n

wa. Eff. Inten. (u-ﬂ.r)— 3.00
nin} 5.00 30000
storage caeft. (ninj= (it} 299017 (i1)
unit Hyd. Tpeik (ninje aa 30000
unit Hyd. peak (omsde 0.00
*ToTALS*
PEAX FLOW [ems e [ 1 !55 i)
TIME TD PEAK  (hrs}- 15.75
RUNOFE VOLUME 3= 1527 2878
TOTAL RATNEALL _ (mm)}= 14780 4780
RUNOFF COEFFICIENT - D3z 062
[8h] cu PROCEDURE SELECTED FOR PERVIOUS LOSSES:
76.7 a - Dep, Storage {Abovel
i) TIII( srer (OT) SHOULD BE SMALLER Of EQUAL
THAN THE STORAGE COEFFICIENT.
(i) PEAK FLOW DOES NOT INCLUDE BASEFLOW IF ANY.,
Routing time step (min)'= 5.00
- DATA FOR SECTTON { 63
Elevation
160
158.27
156,36 01200 )
156.54 0.1200 /0.0500 Main Channal
186,30 0, 0500 Main channal
156,43 0, 0500 Hain channel
156. 50 ©.0500 /0.1200 ™ain cChannel
157,13 0.1200
1o& . 50
16004
<-- TRAVEL TINE TABLE - o
DEPTH  ELEY YOLIME " FLON RATE VELOCITY TRV, TINE
) m. ) fems) (m/s) fmin}
0.12 15642 [ 0.32 62,69
0.74 156,54 0.3 0.57 35,41
0.45 156, 7 11 .85 21,51
0,85 156,01 2.4 1.18 17.27
0.8 157,11 4.5 112 18.20
106 1573 7B 112 18.08
126 1575 17 118 17.20
Lo 1577 1o 125 16.27
L67 1575 Frg 1.5z 15.44
.87 18s7 o7 138 Ta.71
z.07 1583 37,6 1.45 14.06
2.25 1385 46,5 1.5l 13.48
2048 15E7 6.7 1.57 12.97
2,68 15&.0 6.0 1.60 12,69
2.89 1391 77 1.61 12.63
509 159.3 89,7 1.62 12.53
3.2 15905 7S 1033 164 12041

<---- hydrograph ----

= s-pipe / channel-»
AREA QPEAK TPEAK RV, max DEPTH M?.K VEL
)

{ha) (ems)  Chrs)  dme) () 15
INFLOW : 1= 2 (Q518) 111.18 1.4 B.17 20.85 0.50 1.00
ouTFLoN: 1= 1 (0763) 111.13 1.36  6.33 20.85 0.3 098
AREA  OPEAK  TPEAK RV,
. (ha)  (ensd  Chre) Can
1ple 1 (0763): 111.13 1,360 6,33 20046
+ ID2= 2 (OFG4): 39,23 D.430 6,33 28.34
Ip = 3 (DB9E): 150.48 1.791 6,33 20.46
NOTE:  PEAK FLOWS DO NOT INCLUDE BASEFLOWS TF ANY
AREA  OPEAK  TPEAK
ha’ {cnsd Chrs)
L 06LE): 101,33 1,370 6.17
4 1p2- ¢ (0B3G): 150,48 1,731 633 2346
10 - 3 (0B9I: 25187  3.070 6,17  29.48
NOTE:  PEAK FLOWS DO NOT TNCLUDE BASEFLOWS TF ANY.
Routing time step (min)'= 5.00
- DATA FOR srt:rwn € B5.0) >
bistance Flevation Manning
100,09 0. 00 0.1209
104,00 Ly 0.1200
108,00 56,06 0. 1200
104,00 56,54 ©,1200 /0.0500 Main channe]
110.%0 56.30 0.0500 Main channe]
112,00 56,43 0. 0500 Main channel
112,50 56, 50 0,500 /0.1200 Main channel
120,00 57,13 . 1200
130,00 LB 0.1200
150,00 60, 00 0.1200

ELEY VOLUME VELDCITY | TRAV.TINE

{ou.m.} n/s} miny

156.42 4176403 D.45 10,01
186,54 1476 0,73 67,78

156, 7 L375E+04 1.31 4118
LBE2ELDA 163 33.07

187 L1306 1.52 34.85

157 L119E 1.58 34.61

17, L320E- S 32,92

I RN 173 3115

157, L557L~ 182 29,56
158,17 .6d3E- 1,91 5,16

5537 | Rd40E- 2.00 6.3

158,58 998 .08 2581

158,78 .117E+D 117 24,82

268 138.08  .135E+D6 i1 2430
289 159,18 .155E+D6 222 2418
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3.09  139.39 178L+06

2 (DE98)  702.503 7.525 .33 28.37
3.20 150050 (204L+06 2.26 23.76 1 {2614)  702.503 2,965 13.08 27.06
3.50 139,80 (Z33C+06 .23 23.50
370 18D.00  .2BSE+06 3 PEAK  FLOW  REDUCTION [uouuqm]?i) 39.40

TINE SHIFT OF PEAK FLOW 405,00
ydregraph ----»  <-pipe / channel-»> MAXIMUM  STORAGE  USED

AREA TPEAK  R.W.  NAX DEFTH MAX VEL
(ha) Llrs] e {m) (€T
INFLOW ¢ 1D= 2 (0897} 251.87 17 2943 0.6z 1.57
OUTFLOW! ID= L (0765} I51.67 RTINS .59 151

UTFLOW STORAGE |  OUTFLOW RAGE

{ens) (ha.m.) | fems) ha.m.)

40000 0.0000 | 4-830 48070

| caLzm | 07000 0.6320 | 10.5600 5.7LB

| sTawgsvD (06143 | area  (ha)= 450.63 1.3360 12840 | 19.5800 68560

HI:I 1oT= 5.0 nin | Total Imp(X)= 40.40 Dpir. conn. (%)= 40.40 2.0480 15790 | 24.8600 7.4250

- 225600 19530 | 291704 79030
meERVIOUS  PERVIOUS (i) 304560 2.6960 | 325000 10-1310
surface Area Cha}= 182,06 26E.58 40840 34400 | 00D0D
Dep. Storage (mm}= o.10 5.00
ierage 51ope {x) 0,55 D65 AREA QrEAK TREAK R
Lengtl (my=  1733.27 173000 Chay {ems) Chrsy (nm)
Mannings n [NE o350 IuFLow - 10- 2 (2614 702503 2365 1308 27.06
OUTFLOW: (1614) 7020501 2656 1492 27.03
max.Eff. Inten. (nm/hri= 12.00 3.09
ouer [nin 30°00 420700 FEAK  FLOW  REDUCTION ronudmn'l{‘!l- 89.57
storage Caeff. (nin)- 17.59 (i1} 418038 (i1) TIME SHIFT OF PEAK FLOW in}-110.00
unit Hyd. Tpeak (nin}= 30,00 420.00 MAXTMUM  STORAGE  USED (h il 3= 2.0317
unit Hyd. peak Coms)= 0.03 0.00
FTOTALS®
FEAK FLOW (oms 3= 4,86 0.69 4580 Gin -
TIME TO PEAK  Chrs)= 625 1731 | caLIE |
RUNOFF VOLUME  (memd= 47,70 157 Pt | sTANDWYD  (0615) | Area  (ha)= 384.12
TOTAL RATNFALL  (mmi= 47,80 4780 47080 Ite= 1 pT- 5.0 min | Total mepckl- 47.20 pir. conn. (X)- 47.20
RUNOFF COEFFICIENT = 1.00 0.3z 059
TMPERVIOUS PERVIOUS (i)
surface Area Cha)= 162.43 181,70
(1) W PROCEDURE SELECTED FOR PERWIOUS LOSSES: Dep. storage (nn)= 010
. Storage  {(Above) Average Slope )= 0.7% 079
1) TINE sTER (nrr) suoulb ar SMALLER OF FQUAL Lengt m)= 151464 S 00
THAN THE STORAGE COEFFTCTENT. Manmings n - 0.013 250
(i1) PEAK FLOW DOFS NOT TNCLUDE BASEFLON TF ANY.
Max EFF. Tntan. {m/hr}— 12.00
3000
swraqe (oeff n) 32,70 (i1) 364 36 (iiy
nit Hyd. Tpeak mng 3000 5. 00
| Apbowvw {0498} ‘ Umt Hyd, peak  (ons 0.04 0.00
| 1+ 2= 3 AREA EAL TPEAK Ry, TALS"
(ha cms) (hrs) Com) PEAK FLOW Ecn; = 446 0.50 s? [SER)]
1= 1 %1";‘ 450,63 4,885 B2 28,37 TIME T0 PEAK hrs)= 6,24 16.67
+ Ibi= 2 (0765); 31,87  2.735 6,50 29.4% RUNOFF VOLUME E-m = 47,70 15.27 50,5&
TOTAL RATRFALL  (rm)= 4780 47,80 2720
=3 (0R9E);  TO2.50 7,525 B33 2877 RUNOFF COEFFICIENT = 100 0,32 0.64
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLONS IF ANY,
(i) CN PROCEDYRE SELECTED :on pEnuwus LOSSES !
e 7 CAbave:
G T 5rLP 1) snois s[ suw.LLu B CounL
STORAGE COLFFIC
[SRRH] FEAK FLGN DOLS Wa¥ TWELUBE BASEFLOM IF ANY.
OUTFLOW  STORAGE QUTFLOW
Coms) (ha.m.) (ems
000 9.0000 £.433
0.0550 26410 2.6730
0.2450 3.4540 15.3200
0.6180 479 22,1350 SUTELOW  STORAGL | OUTFLOW  STORAGL
1.1140 5.5860 38,6530 {ens) amy | tensy tha.m.)
1.9930 7.9280 8. 2a80 11.9980 9.0000 0.00 | 4T 3.
1.8400 0.1500 | 66000 .81
AREA gpEak TREAK R 2.2800 0.3230 | B.9000 5,150
Cha) (oms) (hrs) (0] 2.6400 0.7000 | 13.4000 5.8230
5.0000 2.0000 | 17.0000 6.1000 b= 1 (09003: 1146.52  4.043  17.25 2709
AREA, gpEak PEAK R, NOTE: PEAK FLOWS DO NOT INCLUDE SASEFLOWS 1F ANY.
Chay {ems) thrs) Cmm)
INFLOW © ID= 2 (D615} 344.121 4.489 6.23 1.5
ouTFLOW: D= L {1615}  344.131 2] 7.7 - -
| RESERVOIR lI'H'I?3) |
PEAK  FLOW ng(lLDN LUDI";"\?HH](KJ— 60.69 | In= 2--- |
TIME SHIFT OF PEAK 55.00 | OUTELOW  STORAGE | OUTFLOW  STORAGE
MAXIMUM  STORAGE Us (ha m J— 1.0055 - - {ens) (ha.e.) | {ems) {ha.n.)
90000 0.0000 | 1.5000 50000
0.2000 o.5000 | 3.0000 9.0000
06000 L5000 | ED 1001
1.0000 2.0000 | 10.0000 10-0050
1.2000 5.0000 | 00000 [X
AREA  QFEARL  TREAK Ry,
(ha) (cms) (hrs) (mm} AREA QFEAK TPEAK R.V,
0l 1 (L614): 70E.50 2.656 1492 27.03 (ha) Cems) Chrs} (nm}
+ ToZe 3 (LRS!  3ddI12  2.72d 717 30058 INFLOW : TOe 2 (0900)  1146.324 4,048 1725 27.09
ouTFLow: 1o= L (0073)  1146.324 3.367 .33 27.03

ID = 3 (0899): 1046.62 4.13¢ 1400 28.20
PEAK  FLOW  REDUCTION [unuumn]{%)- 81.15
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY. TIME SHIFT OF PEAK FLOW n}-185.00

MAXIMUM  STORAGE  USED hi a m.J= 31835

*E% WARNING © HYDROGRAPH WAS CUT. CHECK WOLUME.

I ROUTE MC (00?5)
IN=2

ROUTING TIME STEF = 5.0 min,

ow J I

ow  Relationships

DATA FOR SECTION (1.1)-

Gistance (m) Elevation (m) wamnings Flow 1 + Flow 2  Flow 1 4 Flow 4 « Flow 5 = Total
100.0 160.00 D, (cms)”  (ems)  (ems) (ems)  Con Coms}
104.0 158027 1z 0,40 060 b.00 TE lavo 0.
108.0 156.96 012 0.70 0.7 .00 000 .00 1.40
109.0 156.55 0112/0.05  Main Channe] 2.00 i .00 0BG 0o00 300
110.5 156.30 .05 Main Channel 3.10 2.60 .00 0.0 .00 5.70
12,0 156,44 .05 in Channel .60 3.E0 000 000 400 1320
125 156.90 ©.05/0,12  main Channel 14,30 460 0.00 000 000 1590
1200 157,13 [ 20010 CCED 000 000 000 25080
130.0 158,90 012 2540 650 .00 000 000 39
150.0 160.00 0,12 30,50 7.50 .00 0.00 .00 3500

95.80 19.20 .00 0.00 @00 115.00
AREA EAK  TPEAK RV, BASE
Cha% (ns} Chrs} (mmy cms) Ed ?PEM TPEAR RV,
INFLOW: ID=2 (0899) ID4B.62 4.1 14.00 2820 0.0 s cms) thrs) oo
OUTFLOW: Io=1 (9075)  1046.62 3.41 17.8F #2000 TOTAL WD, (IB= 131145, 5 3.3 0.3 2.0
Ip=2 ( 2 3 636,80 2,15 0,33 27.03
Ib= (1 509.73 1.2 0,33 27.03
Ib=4 { 2 .00 .00 0.00 .00
ADOWYD (09000 ‘ =5 ( I 0.00 .00 000 0,00
1+ 2= 13 AREA EAk  TPEAK Rov. Tb=b (2 9.00 .00 000 000
Sl Lha) ms) (hrs) (o}
b= 1 (00" 55,90 0206 6.50 7.3 -
LT3 (ha7e 1ndREe OB aride 24D |

10.00
50.00  pir. Conn. (%)= 35.00

IMPERVIGUS  PERVIGUS (1}
5.00 5.00

Area {ha
=3 (0900); 1106.57 3,958  17.42  27.08 Total Imp(k:

NOTE:  PLAK FLOWS DO MOT INCLUDE BASLFLOWS IF ANY.

surface area

Dep. Storage 1.00 L.50
average Slope 1.00 .00
Lengt! 258.20 40,00
Manmings n 0.013 0,250
AREA OQPEAK TPEAK R.V.
{ha) (ems) hrs) e} Hax EFF, wnen, (m/hr)— 14.40 8,85
1= 3 (0900y: 1108.5% 3.938  17.47  27.03 (min) . 30,00
41622 7 (o613 40.00  9.%0s 5.0B  2E.76 storage cooff. (Hing 9.80 (1) 28.42 (11}
unit Hyd. Tpeak (win)= 10,00 30,00
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unit Wyd. peak fons)= 0.04 11.35  139.35  .236E+D8
“ToTALE® 12.20 140,28 (2626408
0.08 0,170 (i) 1324 141,24 .283c+DB
TIME TO PEaK  Chrs 6.25 1418 31608
RUNOFE VOLUME () 5.33 15051 15.12 3436408
TOTAL RAINEALL  (mml= 47150 47,80 16.08 L3706+08
RUNOFF COEFFICIENT = 0.1l 0.2 17.00 L398E+08
o HWTUNS EQUATION SELECTED FOR PER\'EDIFS LOSSES: AREA
(k)= 50.00 (1/hr)= 2.00 {ha)
fndbre 750 cumtnd. pwy- 0.00 INFLOW : ID= 2 (0993) G4E.ED . . .
(3] nn STEP (BT) SHOLLD BE SHALLER OR EQuUAL OUTFLON: Ip= 1 (0762) 646,60 InONEnE 0015 .50
ORAGE COEFFIC
bl FEAK FLW DDES NOT IMCLUBE EASEFI.UI IF ANY.
| ADD HYD (0999 | AREA QPEAK TPEAK R.V
| "1+ 223 | AREA  QFEAR  TREAK Ry, ey T thee (ln)
- e tha)  (ems) (hrs) (nm} e 1 (D?ﬂ). 646.80 1753 2433 26.d
ol 1 (M001):  GI6.EQ 2143 p0.33 27.01 v ID2= : (16013: 552.24  1.451  15.50 13, H
+ D= 3 (0894) 10.00 0178 617 1al&4
- 3 (DBISI: 1199.04  2.360  20.67 2059
0= 3 (099):  G4E.BO 2148 FD.3F 26.92
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS TF ANY
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLOWS TF ANY.
cALTE
| sTaNDHYD  (D205) I Area (ha)=  0.00
Rauting time step (min)'= 5.00 8= 1 0T= 5.0 min Total Impcd= 50.D0  Dir. Conn. (%)= 35.00
PATA FOR SECTION  62,0) IMPERVIGNS  PERVIGUS (i)
El a; surface area (ha)= 0.00 0.00
[X L» Dep. Storage (rn)= 1200 150
40 0 Average Slape [ 100 .00
15. 3750 Lengr! (m)= 0.00 4000
0 300 Manmings n - 0.013 0,150
HE 200
a5, 100 Max EFF. Intan. {m/hr)= 14.40 8.85
N 200 ) 500 2000
114 2 Storage Cueff 000 (i) 1862 (i)
210 . unit fiyd, " 500 2000
238 . unit Hyd, naak s )= 0.34 0.10
239 . ©.1800 /0.0700 Main Channal ATOTALSH
244 o 700 Main channel scns 0.0 0.00 0 ODD €iii)
262, o L0700 Main channal rIME lu PEaK hrs)= 0,00 0,00
264 . ©.0700_/0.1850 Main channal RUNGFF_ VOLUME Elm = MaN Nah an
306 . . TOTAL RAINFALL - 47,80 47,80 47,80
g E . . RUNOFF COEFFICIENT = waN NaN WanN
345 . . ankds WARNING! STORAGE COEFF. IS SMALLER THAN TIME STEP|
354, . .
365 . . 3 HorTons Eqﬁarw« SELECTED FOR PERVIOUS LOSSES;
so,uo C17hr
<== TRAVEL TINE TABLE - — 1, (o .00
DEPTH  ELEY FLOW RATE vcux_m- TRAV, TINE (i) rmt srLP (ur) S e SMALLLR OR EOUAL
) 0 (ens) (5] (mny STORAGL COCFFICT
050 ] 5. 0.60 232,08 (143 FEAK FLON DOES Na¥ TWELUBE BASEFLOW IF ANY.
1.00 H 19.5 0.91 146,86
1.94 L34 53 .82 163,10
2.8 8 204,10 0.9% 133,80 -
382 2 387.6 0.97 13701 CaLLE |
76 1E7E #9584 1.00 13320 | stanpwyo (00233 | area  (ha)= 19.20
5.71  133.71 L127.5 L1 119.29 l1o= 1 01= 5.0 win |  Total mmpi¥)= 52.40 Dir. Conn.(X)= 52.40
6.65 134,65 1653.2 1.5 106.75 -
7.5 135.5 2268.5 1.38 96,52 IMPERVIDUS  PERVIOUS (1)
83 136, 966, 1.51 58,25 surface Area 10,06 9.14
947 137.47 3TAZLE 1.63 81,51 Dep. storage 0.10 5.00
10.41 138,41 2096408 45924 1.75 75.93 average Slope 0.99 0,99
Length 357,77 338,00 1) €N PROCLGURE SLLECTED FOR PERVIOUS LOSSES:
Mannings n 0.013 0.250 o 76.7 Ia = Dep, STorage (Above)
(i1 TIME STER (OF) SHOULD BE SMALLER OR EQUAL
Max. EFF. 1aten. (na/hrj= 14,40 1.77 THAN THE STORAGE COEFFICIENT
tiny 10,00 175.00 (111) PEAX FLOW DOES NOT INCLUDE SASEFLOW LF ANY.
storage Coeff. (nin)= 11.95 (if) 174.9% (i1)
t Hyd, Tpeak (ninj= 175.00
unit Hyd. peak  Coms)= .01 -
“ToTaLE® K ussmm uuus) |
PEAK FLOW (ems)= 0,34 0.0z 0. H1 (i) I
TIME TO PEAK  Chrs)= 532 14.50 1 FL STORAGE | OUTFLOW  STORAGE
RUNOFF VOLUME  (mm)= 9.52 LR T (ens) tha.m.) | (ens) tha.m.)
TOTAL RAINFAL = 4780 4780 40000 0.0000 | d.0728 08731
RUNOFF COEFFICIENT = boz0 0062 00130 01216 | 0.0778 170847
00175 0.2433 | 0l0E2S 12164
00380 0360 | 010870 173300
€1) o FROCEIURE SELECTED FOR PERVIOUS LoSSES: 0.0476 04865 | 102731 14B45
Dep. Storage  (Above) 00550 0I6082 | 3.4a20 1.6310
[04) TIME STER (GT) SHOULD BE SHALLER DR EQUAL 00615 07288 | & 2505 1.7775
THAN THE STORAGE COEFFICIENT. 00674 08515 | 0.000D 0.00
{i11) PEAX FLOW DOES NOT INCLUDE BASEFLON IF ANY.
AR QPEAK TPEAK R.V
(ha) {ems) Chrs} (nm}
- INFLOW : I0= 2 (QDZL) 55.000 4558 6.08 26.76
} nEszgva (mua) } OUTFLON: ID= 1 (0O1E) 55.000 4079 18.67 2666
- My
| oT= "5.0 min | ouUTFLOW 5 E | OUTFLOW  STORAGE Low | REDUCTION [qaut/Qin (- 11.45
- Cens) ha.n | Coms) (ha.m.} nuz SHIFT OF PEAK FLON (in}-755:00
[X | 60280 02320 MM STORAGE  USED tham
0.0130 Q0280 | 0.0290 02610
00160 4051 | oop3zo [
010130 4’0870 | 010340 01480
0.0210 4.1 | o.03E0 04510 cALTE |
0.0230 4.1450 | 0,305 05274 | Fraumnn (0022) | Area  (had- 4550
00250 - ‘ 07985 0.5947 I1B=107= 5.0 win |  Total TpCkl= 63110 Dir. conn. (D= 63.10
010270 42030 14368 0.E61E -
IMPERVIGUS  PERVIGUS (i)
AREA ?I‘FIK TPEAK RV Slll'f.'l:r Area Cha)= 2877 6.83
éh:) m.'.g (hrs) () Dep. Storage (rn)= 1 5.00
TNFLOW : D= ? EODJB) 19.200 9341 5.92 29,43 Avirags 51ape [ 0.97 .47
DUTFLOW! D= L (0004} 19,200 0.035 16.33 2940 Lengt ()= 55136 551,00
Manmings n - a.613 0,350
PEAK  FLOW nrw(n—ou [nnwnm]{w i0.20
TIME SHIFT OF PEAX FL Gnim=6z5 00 wa EFF  Ican. Cu/r )= 13,60 3,09
VAXTIN | STORAGE  LSED Cha.m.)= {13922 ] 1800 18000
Storage Coeff. in)= 15.95 (i) 145,93 (ii)
unit Hyd, Tpeak (mi ;— 15,00 150,499
il e 0.07 001
| ATOTALS®
| s mo--m {00213 Area (hag 55,0 PEAS FLOW §(l|s = 0.1 o8 @908 (i)
[10= 10T= 5.0 min | Total Im(%)= 41.60 bir. conn,(K)= 41,60 TIME T0 PEAK hrs)= 5.2 14,33 .82
. RUNOFF_ VOLUME E-m - 47,70 15.27 3E73
IMPERVIOUS  PERVIOUS {i) TOTAL RAINFALL  Com)= 47.80 47,80 47,80
surface Area Fray 3.1z RUNOFF COEFFICIENT = 100 0,32 0.75
bep. Storage 010 5.00
wwerage §lope 0,42 0.4z
Lengtl 403,53 605,00 (i) CN PROCEBYRE_SELECTED FOR PERVIONS LoSSES:
Hannings n 0,013 0,250 [ 76.7 Ta = Dep. Stor CAbave:
(i1} TIME STEP (BT) SHOULD B AL LR o CouAL
ax. EFF. Inten. (nm/hr)= .09 THAN THE STORAGE COEFFICIENT.
ouer [aing i 255.00 (1113 PEAX FLOW DOCS NOT INCLUDE BASEFLOW IF ANY.
smrage coaff. 1) 253,47 (i)
€ vd. Toesk I 255.00
un| peak .
“ToTALE® |
PLAK FLOW .10 0.688 (11} | = out= 1 |
TIME TD PEAK Chrs 15.00 6.08 I DUTFLOW STORAGL | oUTFLOW STORAGL
RUNOEE VoL ¢ 15.27 28.76 - {ems) tha.m.y | oms) tha.m.)
TOTAL RAINFALL  (mnl= 17,80 47,80 9.00 0.0000 | g.07 0.8335
RUNOFF COSFFLCIENT = 0.52 0,60 0.0056 00926 | 0.0747 0.9262
0.0254 0.1852 | 0.0787 1.0188
0.0355 0.2778 | 00825 11114

100




0.0433 0.3705 0.0884 TIME 0 FAK  (hes)s .00 15.75
0.0500 04631 L3z RUNOFF OLUNE (o)~ 43.10 15,51
0.0558 0.35357 i@ TOTAL RAINEA (nn)= 45.20 48.20
a.DE11 1.5433 7.08B4 RUNOFE COREEIELENT 2 1.00 0.
00859 07408 0.0000
AREA QFEAK TPEAK ) o PRUEH}\IRL bH.ECan I-UR PERVIOUS LOSSES:
Chay (ems) thrs) 767 Dep. Storage (Abave)
INFLOW ¢ ID= 2 (D022} 45,600 . 5.92 . {113 TIME STEP (B1) SHOLD BE SwALLER OR CauaL
DUTFLOW! ID= L (0018} 45600 0134 15.83 3538 THON THE STORMGE COEFFICIENT.
(111] PEAX FLOW DOES NOT IMCLUDE SASEFLOM LF ANY.
PeMC | FLow  REDUCTION [qout/aind(f)- 1160
TIME SHIFT OF PEAK FLOW (min]=535.00
MEXIMUM  STORAGE ~ USED e 12 -
| RESERVOIR (D050) |
IN= 2---» OUT= 1
| oT= 5.0 min I QUTFLOW STORAGE | ouTFLOW STORAGE
- {ens) tham.y | (ens) than.)
40000 0.0000 | 4.88E0 16100
AREA  QFEAL RV, 0.1710 12880 | 150000 185000
fha)  (ems) (nm}
1ole 1 (418) 55.00  0.07% 2860 AREA  QFEAK TREAK R
+ I02= 2 (04191 45,60 0.13d 35.34 Chay {ems) Chrsy nm)
TuFLow < 10- 2 (0612) 97_000 1765 600 36.07
-3 (M15):  100.60 0211 15.83  31.68 OUTFLOW: 1 (0050} 97_000 4962 .83 36.05
NOTE: FEAK FLOWS DO NOT TNCLUDE BASEFLOWS TF ANY. FEAK  FLOW  REDUCTION Iﬂnudﬂm'lﬂl- 3453
TIME SHIFT OF PEAK FLOW in}- 50.00
MAXTMUM  STORAGE  USED (h il )= 13420
T, 123 area (ha)= 97.00 T
[P ) | Total mm(x)= €310 Dir. conn. (- 63.10 1 IESEI]WGIR (ose) |
IMPERVIOUS  PERVIOUS (i) | 67= 5.0 min | GUTFLOW  STORAGE | OUTFLOW  STORAGE
surface area (haj= 61,21 15,749 - (cns) tham.y | (ons) (ha.m.)
Dbep. storage (mm)= 4 5100 90000 00080 | ClEST 277400
average 51ope ()= 0,97 0.97 2.5000 2.1920 | 15.0000 2.9500
Lengt (mi=  &04.16 1143.00
Mannings n - 0.03 0.250 AREA ?PFAK PE. WV
snago cms) Chrs} i}
NOTE: RATNFALL WAS TRANSFORNED TO 15,0 MIN, TIME STER TNFLOW : TO= 2 Eooso) a0 .962 .83 36,05
OUTFLON: To= 1 (0056) 00 oty 13.83 16.05
TRANSFORMED HYETOGRAPH PEAK  FLOW  REDUCTTON [Qout.fmn]m)f 52.37
TINE RATN TIME RATN | TIME RATN | TIME SHIFT OF PEAK FLOW 1)=4200,00
hrs  mm/he hr ' hrsemihr | UM STORAGE T USED (ha‘m.)— 0, 2408
0,250 0.80 | 4.5 8.750 1.64 |
0,500 0.80 | 4.75 4.000 6|
o.isa .80 | 5,000 G250 .40 |
1,000 a.80 | 5,25 8,500 6|
1,250 0.80 | 550 .70 i | | aDD WD (0051) |
1500 080 | 5.75 101000 L8| I T | AREA PEAK  TPEAK BV,
1,750 0.80 | 6.0 10250 4 | Cha} cns) Chrs) ({2
L0090 0.80 | 6.5 -500 &0 | wi= 1 Emlg: 508,73 1217 20,33 7003
2,250 0.80 | 6.5 10.750 a0 | + Ib2= 2 (D0SE3: 97,00 0,504 13,83 36.05
2500 160 | 675 11-000 L2 |
2750 160 | 7.0 11.250 40 | = 3 (00S1): 606,73 1434 20,17 28,47
3000 Z.40 | 7.5 11.500 a0 |
3280 240 [y 11751 20 | NOTE:  PEAK FLOWS DO NOT INCLUDE WASCFLOWS 1F ANV,
3500 4.80 5 12.000 &0 |
3.rs0 30 0 12.750 2 |
4,000 A.00 5 12.500 40 | -
4,250 3.20 | .5 12.750 20 | | mun. N Ln:a?)
H kouting Cime step (niny'= 5.00
ax. £, Inten. (ne/hr)= 12.00 2.93 -
o nin} 15.00 300.00 < - DATA FOR SECTION { §7.0) -——-
storage coeff,  (nin)= 2L.03 (i) 280,15 (i1) pistance Elevation Hanning
unit Hyd. Tpeak Crink 15.00 300.00 99,00 . 0.1200
unit Hyd. peak  (oms)= 0.00 100,00 150.00 0.1200
“ToTALS* 125.00 143.12 0.1200
PEAK FLOW (ons)= L.76 .11 1.765 (i1} 130,00 148.99 0.1200 /0.0500 Main channel
131.00 145.23 0.0500 wain channe] .33 0 1z, 333 .00 | 14,58 .00
1175 145.12 0.0500 ain channe] 17 4 . a7 80 | 14,67 .00
132.50 143, 0.0500 ain channel o0l 0 500 oo 75 .
133.00 14,56 0.0500 /0.1200 wain channel R LA . L5683 E B3 .
49 0.1200 167 0 . L6867 . .92 .
s 250 i 750 aa
333 N B33 08 3
a7 0 317 17 3
e — 504 A aan 25 3
DEPTH  ELEY VoL RATE  VELOCITY  TRAV,TIME 583 0 (083 o 33 .
n) ) (cu.m.} (cns) (m's) niny 67 A 1.167 -an 4z .
0.1F 148.30 BS1E+D2 X 0.25 17.58 .750 N 1.250 A 50 3
0.36  148.49 163E+0: 0.3 0.45 11z - A 4 135 -dn g :
054 148 297E+D3 0 0.57 .82 517 A 7 1417 oo &7 3
0.75 14887 S42E+03 11 0.63 708 004 N 10500 B 5 3
0.98 14 O bR 0.61 819 ] A 1,583 oo LE} 3
117 1oz 199E+04 EN 0.54 9.3z 1e7 A 1.667 . 9z 3
137 149050 351E+04 59 0.50 9.1 250 4 1750 . i} X
158 1497 SETELD4 a3 0.50 .09 333 2 10833 . 08 ¥
179 149,92 BISE+D4 138 0.51 N a7 4 1.a17 . 17 y
00 13 11ZE405 004 0.55 9,14 500 5 2,000 K 5 x
231 18033 1426405 3&6 0,60 &30 ] B 2081 . EE] »
2042 150.54 1736405 3.0 0,66 760 _GE7 4 X 2,167 g 4z 3
262 150075 20405 4805 071 7.02 750 4 . 2250 g 50 3
2081 150 ZIGEVDS 6001 0.76 6.54 13 2 . 2351 . G.58 o0
304 151017 267E405 736 0.82 613 Bl7 1 : 2417 . 6,57 0
3z 151037 98E405 860 0.86 5.78 o 2.4 . 20500 . 6.75 N
3046 15105 (3I0EMS 10003 0.91 5.8 0B} 48 X 2581 g G.83 -o0
67 15179 362E405 11505 0,46 522 187 24 40 |17 667 . £.92 “&0
387 152,04 (393EDS 1318 100 4,98 1 40 112750 .
«-pipe / channel-» Unit Hyd Gpeak (ems)e 1
AK RV, MAX DEPTH MAX VEL
Gm lenm e Gm {my nis) PEAX FLOW (ems)= 0,050 (i)
0= 2 (0051} 6OG.73 1.43  I0.17 26.47 0.82 0.2 TIME T0 FEAK  (hrs)=  6.167
OUTFLOWE TD- L (077} EOG.TI 1043 1003 2847 0,82 062 RUROFF VOLUHE (om— 7,25
RATNFALL on)= 47,800
RUWFF COEFFICTENT - 0.153
(i) PEAK FLOW DOES WOT INCLUDE BASEFLOW TF ANY.
| CALIR
LA 0S| area (e 1200 Corve wumher (- 55,0
[10="1 ©T= 5.0 min 5,00 # of Linear Res.(N)= 3.00
u H. Tp(nrs 0.20
| ADD HYD (08011 |
NOTE: RATNFALL WAS TRANSFORNED To 5.0 MIN, TIME STEP, [ AREA PEAK  TPEAK .
Chay cns) éhrs) ]
= 1 Ebﬂssg: 1510 0050 17 7.30
TRANSFORHED WYETOCRAPH + Ibd= 2 (DF67): 606,72 1,432 20,33 2847
TIME  RAIH RATN RAIN | TIME  RAIN
nrs o mn/h hr‘s mAar | 5 n/hr Ib = 3 (091D 618,83 1,232 0,33 28.06
. 083 LA L5831 4 . b
L L67 . N J667 04 . L NOTE:  PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY,
. 250 . L -750 4 . .00
FEE] N “833 4 B -0
a7 . N L9117 4 . -8
500 . b .00 . 04 . B
NTH 12.0 (083 . . 4 area  (ha Curye Number ((Ng 5.0
L 667 . 1.0 167 . . A a v # of Linear Res.(M)= 3.00
.75 . 7.2 i) . . .20 U, Tpiirs
833 . 5.6 \333 40
917 . 5.5 417 .00 unit Wyd gpeak  (oms)= 3,457
0 . 7.2 .50 . . A
083 . N .53 . o PLIK FLOW Ecns): 0.075 (1)
167 N “B67 oo TINL 10 FLAK hres)=  B.167
.25 . 12.0 -750 X oo RUNOFF VOLUME  (em)= 7,295
1333 . il .833 . L& TOTAL RAINFALL  [om)= 47,600
a7 12.0 “917 4. oo RUNOFF COLFFICIINT = D.153
.50 . 14,40 |10.000 . 4. 40
NTH . 14.40 10083 . 4. oo (i) PEAK FLOW DOES NOT INCLUDE BASEFLOW IF ANY.
867 L60 | 10.167 4. oo
750 . .20 |10.250 . IR an
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AREA  QPEAK  TREAK Ry,
Thay  fens)  chee) (nm}
pl= 1 (M015): 100.60 0.211 13,83  31.69 | anD o umas) |
+ ID2= 2 (0060 18.10 0.075 6.17 7.30 11+ 2 SREA  QFEAK  TPEAK .
Chay  fems)  Chrs) Car
10 =3 (M0Z): 118.70 0.225  15.83  27.97 ol- 1 (D0443:  19.20 0,035 16.33 29040
+ ID2= 2 (D010J: 737.53 1.589  Z0.58  2B.04
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLOMS IF ANY.
o= 3 (D0993: 7S6.73  1.623  20.58  2B.07
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS 1F aNY
AREA  QFEAL  TFEAK RV,
- tha)  (ems)  (hrs) (nm} | mourE i uums) |
ol 3 (MO0Z): 118.70 0.225  15.83  27.97 - 1] Routing time step (min)'= 5.00
+ ID2= 2 (0901): G18.B3 L.432 20,33  28.06 -
o= 1 (M0Z): 737.53 L5394 20,33 28.0d 1
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLOMS TF ANY .
14
i} 14 01206 .fn 0500 main channel
ai 148 00504 uain channel
7% 14812 00500 Main channel
50 14813 00500 ain channel
400 148.6C  0.0500 /0.1200 Main Channel
- DATA FOR SECTION ( 400 149 30 1200
Tevation 000 o0 0.1200
3 152 1.00 or 0.1200
il 160
26.00 1491 0.1200 < -
al.o0 14586 01200 /0.0500 Main channe] DEFTH  ELEV voLuME VELDCITY Av, TTHE
12700 12402 5a0 ain Channel (m) [¢ (cu.m.} (n/s) g.in)
3275 145.12 0.0500 “ain channe] 0.18 1308403 0,28 516
33.50 148.19 0.0500 Main channel .36 139E403 0.45 iz.24
34.00 14866 0.0500 /0.1200 Main Channel 0.54 S94E+! 057 17064
39700 149. 0.1200 0.7 10804 0063 16008
5400 5000 0.1200 0,96 200E+04 0,61 16.37
51.00 152.00 0.1200 117 39804 0.54 18263
1.37 : 702E04 .50 19081
TRAVEL TIME TABLE - 1.58 . 111+ 0,50 19,04
DEPTH ELEY oL LMF FLOW RATE VELDCITY  TRAV, TIME 1.73 - LH3E 0.51 19,60
(llg [ icu m. fems) (ms fmin 2.00 150,12 223E+ 0,55 1827
.1 148, 3 JADSEHD 0.1 0,28 25,30 2.21 150,33 +2B5E+ 0.5 16,60
0,36 1489 U.J 0,45 18,54 2.42 150,54 L 347EH 0.E6 15.21
b4 148, 0.k 0.57 14,0 2.6 150,04 A09E+] 0.7l 14,06
W75 148, 8, 1.1 0,63 13,29 2,83 150,56 SAT1EH 0. 76 13.08
0,96 149,04 &0 0,61 13,64 304 151,17 5 34E+H 0,82 12.26
117 1482 EN D.54 15.53 325 151,37 B97E+ 0,86 1156
137 149.5 5.8 0,50 16,51 3.45 151,58 BEOEH 0,81 10,86
156 1487 9.3 .50 16,65 3067 15178 L7a3E+ 0.6 10,43
L 1495 1.9 0.51 16,33 387 152.00 THTEH 1.00 9.47
.00 15001 FN 0.5¢ 15,23
221 1503 286 0.60 13.84 i nel-=
2,47 150.5 380 0.66 12.67 ARER WAX DEPTH  MAX VEL
2.6 150.7% 455 0.71 1170 (ha) m) n/sy
2,83 150096 g0.1 0.7% 10,90 INFLOW : 2 Eoum} 756038 20,58 28.07 [ .62
3004 151017 2.6 .62 10,22 OUTFLON: Tb= 1 (000G) 756,75 20,32 28.07 0,86 .62
325 181037 B6.D D.B6 5,54
3046 15105 100.3 0.91 0,13
.67 1517 1155 0.9% &.59
387 I5Z.00 LBSAL+DS SEi N 1.00 B.31
caLLE |
<-pipe / channel-» | sTampwyo (00203 | area 97.70
A;!'L? NMU:;DIH nu/ )I. Ite= 1 07= 5.0 win | Total 52.40  Dir. conn, (¥)=  52.40
T -
InFLOW © ID= 2 (0002} 737.53 . . .85 0,62 INMPERVIGUS  PERVIGUS (1)
DUTFLOW: 1D= L (0010} 737.53 1,59 20.58 28.04 .85 0.62 surface area Cha)= 51.19 46,51
Dpep. Storage o, 0,10 5.00 Average slope 0. 0,97
Average 5lope (%) 0,99 0.99 354,096 1500,00
Length () £07.05 £07.00 -mminqs n 0.0 0,150
nannings n 0.013 0,250
Max EFF. Inten., (mfhr‘)- 13.60 k)
wax.Ef1. Inten. (nm-’hr), 12.60 1.77 au i) 5.00 0
(nin} X 290.00 storage coeff (i 14.94 (i1) 320.93 (i1}
starage cosff. (nini 0054 (11) 285.95 (1) nie iy, Toeak {min)- 5 00 00
unit Hyd. Tpeak Crin 2000 29000 URTE Hyd. peak  (ens)= 008
unit Hyd. peak Cemsd= o .00 “ToTaLs®
Ty PEAK FL cns )= 0.30 0.0 0.300 (111)
FEAK FLOW (ems)= 1.54 0.09 1 545 "t TIME To FEAK  (hra)= 5.2 16.17 LT
TIME To pEak  (hrs)= 608 1592 RUNOFF VOLUME  (n)= 47.70 1527 31048
RUNOFF VOLUME  (mn}= 47,70 z Pt TOTAL RAINFALL  (rm)= 47 ED 4780 4780
TOTAL RAINFALL  (mm)= 47.80 4780 47 80 RUNOFF COEFFICIENT = 100 0.32 066
RUNOFF COEFFICIENT = 100 00 0062
(1) C PROCEDYRE SELECTED FOR PERVIOUS LOSSES:
(i) O PROCEOURE SELECTED FOR PERVIOUS LOSSES: 6.7 = Dep. Storage (Abave)
£2.3 4 = Dep. Storage  (Above) Ciid o srer {67y sHoULD Be SWALLER o SaaL
Cii) TIve STer (BT) SHOULD BE SMALLER D% FQUAL THAN THE STORAGE COEFFICIENT.
THAN THE STORAGE COEFFICIENT. (i1} PEAX FLOW DOES NOT INCLUDE BASEFLOM IF ANY
(1) PEAK FLOW DOES NOT INCLUDE BASEFLOW IF ANY.
| caLzR |
\ -Es:u\mn fouigy | | STANDWYD  (4243) | Area  {ha)=  6.10
| Imo= 1 0T- 5.0 min | Total Dmp(¥)= 52.40  Dir. Conn.(¥)= 5240
i | OUTFLOW ~ STORAGE | OUTFLOW  STORAGE -
- - [ (ha.m) | (ems) (ha.m.} INPERVIDNS  PERVIOUS (i)
G0 0.0000 | 0.1430 1.2438 surface area (ha, . 2.90
010380 a’oiis | 0lis2 1433 Dep. Storage {nn)= 010 5000
0.0530 41132 | 001560 15278 Average 5lape [ 0.50 0.
0. DE4 42075 | 001650 1.7164 Lengr! (m)= 201,66 150000
0.0830 03961 01770 270938 Manmings n - 0.013 L350
01040 415847 01804 SITH
0.1100 4I6TH) 26063 4710 Max EFF . Inten. {mn/hr)= 14.40 3.09
0.1220 0 5676 70425 2R3 in) 0. 25 .00
011280 41961 127872 L0150 Storage caeff. 10740 (3§) 320,40 (i1}
01380 1.1565 19,5901 29885 unit Ayd, Tpeak )= 1000 09
unit Hyd. peak (ems)= 0.11 00
ARFA ?nnz TPEAK R ATOTALSE
Sha%o m;% (hrs) () PEAK FLOW scns}’ 0.11 .01 0110 (id4)
IHFLOW : D= 2 Eoom af . 7i 1.546 608 29,43 TIME T0 PEAK hrs)= 592 16.17 5.9
OUTFLOW: TD= L (00163 a7. 700 a.172 16.50 29.43 RUKOFF VOLUME Elm)— 47,00 15.27 3i.2
TOTAL RAINFALL )= 47.80 47,80 47,80
FLOW  REDUCTION [nwl.-’mn]ﬁs i1.11 RUNOFF COEFFICIENT = 1.00 0.32 Q.67
TEUE sHTFT OF BERK FLOM =625.00
RANIMUN  STORAGE  USED Cham - 1,928
(i) N PROCEDYRE. SELECTED FOR PERVIOUS LOSSES:
.7 @ = Dep, Storage [Abave)
iy rmE STER (OT) SHOULD BE SMALLER OR EQUAL
L e THE STORAGE COEFFICIENT,
A0p WD, (0914) ‘ (1113 PEAR FLOW DDES NOT TWCLUDE BASEFLOW LF ANY.
1+ 2 AREA EAR TPEAK Ry,
{ha) cns) (hrs) (o}
Lms; 7SE.73 LELT 0,92 28.07
LT 7 (hade  bege 04m  fedn a4 -
| DD WD um?)
=3 (0014):  §54.45 L7835 0.9 2822 |1+ 2 AREA QPEAK  TPEAK .Y
(ha} {cns) (hrEJ CIIO
NOTE:  PLAK FLOWS DO NOT INCLUDE BASLFLOWS IF ANY. 610 0110
15,30 0,304 iR HE
=3 (0072):  25.00  D.414 5.0 3166
area  (ha)= 18.90 NOTE:  PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.
Toral Imp(¥)= 50.00 wir. comn. ()= 50.00
IMPERVIOUS  PERVIOUS (1)
surface Area Cha}= 5,45 545 -
bep. Storage ()= 0.0 5.00 | a0 w0071 |
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I 14+ 2 3 | AREA  gPEAK TPEAK RV, ower (i) 20.00 285.00
- {ha, (gms) (hrs) (e} storage coeff. (min)= 20.35 (11} 283.69 (i)
10l= 1 (wu;: §54.45 1785 0.9 28.22 unit Hyd, Tpeak {min)= .00 283,00
+ 102= 7 (0072} 25.00 0.414 82 3186 URTE Hyd. peak (ens)= 06 0.00
STOTALSH
D=3 (M71): 579.45 L.509  Z0.83  28.32 PEAK FLOW (cns)= 0.72 0.07 0.723 (i)
TIME TD PEAK thrs)= 6.08 15.50 6.08
NOTE: FEAK FLOWS DO NOT INCLUDE BASEFLONS IF ANY. RUSGEE VOLUME  Can)= 47.70 1527 31048
TOTAL RAINFALL  {rn)= 47 B0 4780 4780
RUNOFF COEFFICIENT = 1.00 0.32 0.66
mouting time step (min)'s= 5.00 (1) CN PROCEDURE_SELECTED FOR FERVIOUS LOSSES:
-- - o' = 767 Ia = Dep. Storage [(Abave)
— DaTA FOR SECTION [ 1.1) (i) TIME STEP (DT) SHOULD BE SMALLER OR EQUAL
Elevation wanning THAN THE STORAGE COEFFICIENT.
152.00 0.1200 C111) PEAX FLOW DOES NOT INCLUDE BASEFLOW LF ANY.
150,00 0.1200
14312 0.1200
14839 0.1200 /0.0500 Main Channe] -
143.23 0.0500 Main Channel | caze |
143.12 0.0500 Main Channel | sTANDWD  (0204) | Area (ha)e 142.20
143,19 0.0500 main channel |- 107- 5.0 win |  Total mpc¥)= 40.00  Dir. conn. (%)= 40.00
143766 D.0SDD /0.1200 Main channel - -
149,10 0.1200 IMPERVIGUS  PERVIGUS (i)
surface ar (ha)= 56.68 #5.32
Dep. Storage (rn)= ‘18
average Slape )- 0.50 0.97
(m)= a73.65 1143 .00
DEPTH ELEV VOLUME RATE VELOCITY TRAV. TIME Mannings n - 0.013 0.250
n) (m) {eum. 3 (=) mi's nin
0,18 148.30 L L21E3 0.1 0.28 35,08 Max EFT . Inten. {m/h 12.00 1.09
0.36  148.3%  (367E+03 (8] .45 .10 aver (mi 3000 29500
0154 148 B2IEL03 [ 0057 18011 Storage Cooff. (m PRI (iE) 280012 (i)
0,75 14887 117E+08 11 0,63 i7.28 urit Hyd. Tpeak (min)- 30,00 285,00
0096 148, Z1TE+04 bR 0,61 1733 unit Hyd. peak  (cms)= 0.04 0.00
1017 148029 431E404 i .54 30019 AToTALSH
137 149050 G1E+04 5.4 .50 .47 PEAX FLOW ons )= 1.60 .26 1618 (id1)
1.8 14971 121E405 4.3 0.50 21,65 TIME TO FEAK hrs )= 617 1567 §.17
1079 149082 177EL05 138 0.51 33 RUNOFF VOLUME nm)= 47.70 15.27 282
200 150012 246408 004 .58 16,79 TOTAL RATNFALL  (nm)= A7.80 4780 47080
2.0 150,33 FOYEDE 8.6 0.60 7.9 RUNOFF COEFFICTENT = 1.00 0.32 0.5%
2042 150054 I76E+L05 38D 0,66 16.47
267 150075 4436405 4805 0.7 15,32
2.83 150,96 S1IE+05 60.1 0.74% 14.17 {13 €N PROCFDYRE SFLECTFR FOR PERVWIOUS LOSSES:
3004 151017 STHEA0E TE 0.82 13,38 Lo = 16T a4 = Dep, Storage  [Abave)
3.5 18137 BABELDE 860 0.8% 12,52 (i) TIME STEP (DT SHOULD BE SMALLER OR EQUAL
3o4p 151G F1SEHE 100, 3 0,91 1,87 ... THAN THE STORMGE COEFFICIENT,
367 151,79 L 7RAEHDS 15,5 0,96 11,30 (111) PEAX FLOW DOES NOT INCLUDE SASEFLOW LF ANY,
EN TS VN CBSEEHDY 131.5 1.00 10. 80
“ hydregraph ----> <-pipe / channel->
MEL G TPEAK B, NAX DEPTH  MAX VEL
tha) cns)  (hrs)  dnm) {m) (n/s} ADD WYD (0035) |
INFLOW ;D= 2 Eunru 879,43 181 20.B3 2637 0.0 0,61 1+ 2= 3 ARER PEAK  TPEAK BV,
DUTFLOW! 0= L (00B4) 873,43 Led 2117 2832 0,90 0.62 - - wann Cha} sy chrs) (¢)]
b= 1 Ewug: £79.43 1802 .17 28032
+ Ibd= 2 (0204): 142,20 1,619 6,17 .24
b= 3 (D035} 1021.63 2381 6.25 2831
area <hag= 47,80 NOTE:  PEAK FLOWS DO NOT INCLUDE BASCFLOWS IF ANY,
Total Imp(%)= S0.00  bir. conn. (%)= 50.00
IMPERVIOUS  PERVIOUS (1)
surface area 23.90 2390 - -
bep. STorage 0.1 5.00 | 4pD Wyp_ (DO033) |
awerage 5lope 0,50 0.97 |75+ 2= 1 " | SREA  gPEAK  TREAK By,
Lengt 564,51 1143.00 - - mees ha} (cns) Chrs) ey
Mannings n = 0.013 0250 1pl= 3 (OD35): 1021.63 2,351 6.25  28.31
+ Ib2= 2 (42233:  AT.BD D.725 608 3143
WAk ETT. IATen, (nn/he)= 12.60 3.09
10 =1 (0035): 1069.43  3.042 617 2845 TINE SHIFT OF PEAK FLOW (nin}=435,00
MAXIMUM  STORAGE USED (ha.m.}= 2.8037
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.
| BOUTE cHN (0069} |
| Ine 2---> ouT= 1 | Routing time step (min)'s 5.00 SREA  QPEAK  TPEAK By,
-- - (hay  {ems)  Chrs) Car
< — DATA FOR SECTION [ 1.1) > “eh W A RN ING ! HYDAOGRAPH 0205 <I0= 2> 1S DRY.
Distance Elevation wanning Tt w4 BN ING: HYDROGRAPH 0003 = HYDROGRAPH 0001
0.00 152.00 0.1200 *% W A R NI NG HYDROGRAPH 0003 = HYDROGRAPH 0001
1.00 150.00 0.1200 Iple 1 (DOS3): 1069.43 2.428  14.17  2B.4d
.00 L4a.12 0.1200 + 102= 2 (0205): 000 D000 00 haN
100 14839 0.1200 /0.0500 Main Channel
2,00 143.23 0.0500 Main Channel o= 3 (DD67): 1069.43 2.428  14.17  2B.4d
.75 14a.12 0.0500 Main Channel
3.50 148.19 0.0500 Main Channel NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.
400 143766 0.050D /0.1200 Main channel
900 149,10 0.1200
| moutE |
| =2 | Routing time step (min)'= 5.00
m} [< 2
] TE 0.1 36 7.50 .
0.36  148.29 S6SE403 [ ] .45 707 5,50 -
0254 148 983403 [ 0.57 79038 4052 3
0.75 14887 181E+04 i1 0,63 26,59 4054 .
0096 148 I34E104 b 0,61 7028 4.0 |1
Ji7 0 148l B6IEL04 il 0054 3105 4703 Rt
137 149050 L17E+05 54 0.50 31,42 401 0.1200 /0.0500 Main channel
156 149071 186E+05 9.3 0.50 31,31 401 - 050¢ wain channel
179 149082 2TTEH05 13 0.51 267 385 D50 Main channe]
2.00 150,12 72E405 0.4 0.5% 30,45 .95 . D5 Main channel
2.2l 150.33 A75E+05 8.6 0.60 2767 3.99 - (5 Main channel
2042 150054 S78EHE 380 0,56 15034 406 05 Main channel
261 150075 GRIELOS 4878 0.7 13041 4107 0.4500 /0.1200 Main channel
2.83 15096 785E+05 60.1 0.7 21.80 4. 06 .12
304 151017 BA0EHI5 76 0.82 20,43 407 |1
315 15137 GISE05 860 D.8% 19.37 430 12
346 15158 110F+06 100.1 .91 18,27 4041 |12
3067 151079 1Z1E+06 1155 0.96 1739 4 dd 117
387 1820 131E+06 1318 1.00 16,62 . HE -1
. . Bt
< hydregraph = <-pipe / channel->
A OPEAX TPEAK RV,  NAK DEPTH MAX VEL < TR =
f,""% temsd  (hrs) gn-) {m} DEPTH ELE! VLM VELDCITY  TRAV,TIME
INFLOW ; ID= 2 sUDJ:) 1063, 4 304 B.17  28.43 1.09 0.5 {ou.m /s ému
OUTFLOW; ID= L (0063} 106%.43 .69 B8 2H.44 1,04 0.5 47 5E- [ 5.5
T17E-! 0,43 25.30
L 156E+ 0,73 7.1
LZ70EH 0.8 15,70
P [LECE 0.7k 1509
BESERVOTR {0053} BI3EH 0.79 15.83
IN= 2-==3> GUT= 1 \126E+ 0,81 15.38
| BT= "5.0'min OUTFLOW  STORAGE OUTFLOW  STORAGE TiBE .84 1480
- Comsy (ha.m.) (ems} + 240E 0,88 14.18
0000 0. 1000 L307E 0,97 12,95
a.3000 1.0050 1.1800 3756 1.06 1184
000 9.0250 1.2270 443E+ 114 10,53
0.7500 2.2 2800 511 123 10.18
0.8500 0.5000 274400 L5BOC+ 131 9.52
0.9500 1.0000 59,0000 E4ac. 130 .37
T18C+ 1.a7 850
AREA QPLAK TPLAK RV TBTEH 1.55 &.09
Cha) (ems) thrs) (6207 BETEH 1.62 7.72
INFLOW t ID= 2 (0063}  1069.427 2.680 6.58 2844 L5266+ 1.69 7.4
ouTFLOW: 0= L (0053}  1063.427 z.428 14.17 1644
= c-pipe / channel-x
PEaK FLOW  RECUCTION [gout/gin]i)= 00,32 AREA  QPEAK  TPEAK RV, MaX DEPTH  MaX VEL

103




Cha) (ems)  (hes)  Cmed (s} 0.18 148, 3n 3620+03 0.28 9768
INFLOW § ID= 2 (D067} 1069.43 243 1417 26.4% 5 0.77 0.36 LB42E.03 0,45 €180
oUTFLOW: 1= L {0025} 1089.43 .42 1453 2844 5 0.7 .54 L165E+04 0.57 43,00
0.75 1E+D4 .63 44.32
0.35 L556E+DA 0,61 45,48
1.7 L111E+03 0.54 51.77
137 L195E+D5 0.50 55.05
| eaLts 1.58 30805 0.50 55.53
| SrawoD (0610 | area  cha)- 431.20 179 A53E+05 0.51 HIRH
[10= 1 OT= 5.0 By Total Ima(%)= 52,40 Dir. conn. (W= 52,40 2.00 621E+05 0.55 50,77
- 271 7926408 0,50 1613
PERVIOUS  PERVIOUS (1] 2.4z BE4E+D5 0.66 4235
surface area (ha}= 123,95 205.25 2.62 114E+08 0.71 39.02
Dep. Storage (mm)= 0l1d 5.00 2083 131E+DR 0.76 36.33
Average lape )= [ .99 EXT) 14BE+DE 0.82 34.06
Length (m)=  1693,45 228,00 323 166e+06 0,86 32.12
Mannings n = 0,013 0.250 346 183e+ 0,91 30,45
3.67 101E+06 0.5 28080
wax.EfF Tnten, (/b= 12.00 1.77 387 (213406 1.00 27.70
er (nin} i 535.00
Starage casPF. [mind= (if) 530003 (1) <-pipe / channel-x
unit fiyd. lp:nk (nin)= i 515.00 amER MAX DEFTH  MAX VEL
uni X (oms )= 0.00 {ha) (m) /sy
#TOTALS* INFLOW : I0= 2 (0024) 1500.63 144 .50
PEAK FLOW (ems)— 0.28 i ouTFLow: 1o~ L {0027} 1500.63 555 G.B3 2B.72 134 .51
TIME TO PEAK (hrs 18025
RUNOFF VOLUME (o 5037
TOTAL RATNFALL 147080
RUNOFF COEFFICIENT = 13
i) o rﬁncEnuRE ';EI.EI.'TED FOR PERVIOUS LOSSES: AREA QPEAK. TPEAK
Dep. Storage  (Above) (hay  Ccms)  Chrs) m)
[35] nm STER (OT) SHOULD BE SWALLER OR EQUAL Toie 1 (00271 1S00.63 5555 683 28
STORAGE COEFFICIENT. LSRITEONBD BB D . BB
(iii) I’Fm( FLOW DOES NOT INCLUDE BASEFLON IF ANY.
o= 3 (D931 269967  B.146 700 2511
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.
AREA GPEAK TPEAK R.W. -
2 Gm (e (rm} || BOuTE chi n)?as) . .
Toi- 1 (0025): 068,23 24300 14,33 28.44 | Routing time step (nin)'= 5.00
+ To2= 2 {0610 431,20 6.214 6,25 29.43
« DATA FIR SECTION (68,00 - >
ID = 3 0024y 1500.63 7048 B.25 28.72 D'thll E'l%;t aHl k]
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY, #, 100, 21
14, 97, .21
3z, a6, .21
7, a6, 21
ROUTE CHN (0027) N § 120 a5, Wit
IN= 2---> GUT= 1 Routing time step (min)'= 5,00 134, a5, - 414
148, a3, . 14
-= DATA FOR SECTION (1,13 183, az. . 214
Uanning . a it
N 0.1200 201, ad. 02100 10,0700 Main chanae)
150,00 91200 203, B9 L0700 Main channel
1i9.12 18, £ 0700 ain channe]
1805 01208 /00500 wain channe] 222, a1 0,0700_/0.1950 Main channel
148,23 0.0500 “ain channel 230, 0. - 195
1s8.12 0-0500 vain channel 232, a4z - 105
14810 Hain channel 234, a2, 195
148,66 0. osnu ,fu 1200 wain Channel 234, az. 195
149.10 257, a5 185
130,00 31300 84, 100. . 105
152.00 0.1200
< - -= TRAVEL TIME TABLE >
« TRAVEL TINE TASLE --- e bEPT ELEV WOLUME  FLow RATE  VELOCITY  TRAM.TINE
BEFTH  ELEW WOLUME  FLOW RATE  VELDCITY  TRAW, TIME ) (m} {ou.m, ) Cems) n/s) (min)
[0 m) (cu.m.} (ens) (n's) tnin} D40 90.00 L J90E+D5 2.5 0.5 25958
0,93 90,53 0.67 174,20
145 9146 0.77 151,17 DATA FOR SECTION  L02.0) ------x
1.9 9158 0.32 12583 o wation Manning
251 9211 1.01 114,43 87.00 0.1800
303 9263 1.03 112,94 8600 0.1800
3.5 9316 104 ni.z
al08  93ies 108 10741 su un o uoo £0.0600 Hain channe]
T 113 102,53 Main channel
514 947 113 97,34 i3 0-8e0 uain channel
5.66  95.26 1.24 23,81 7 & 0.0600 Main channe
6.19  33.79 120 96,73 75 0.0600 main channel
6.77 9832 1.4 107,07 ?s H Matn channe |
7.0 9684 114 101,64 7
7irr arar 117 93,63
B.29 97.83 120 96,78
882 sz 1.24 9371
5035 9885 128 90,63
9.&7  99.47  (96EEsD7 13904 132 .66
DEPTH  ELEV o VELDCITY  TRAV
e hydrograph — <pipe / channel-> i) (m} Ceu. (n/s}
nzER PEAX  TFEAK R.W,  NAX DEFTH vEL 0.43 75.73  .259EbE 0.09
(ha)  (cms)  (hrs) _(nmd m) (s} D.BS  7E.15 765 Di 0.1
INFLOW : ID- 2 (0903} 2699.67 615 7.00 25.11 .51 0.51 128 76.58  .804E.DE 0.20
OUTFLOW: D= L (O7GE} 259367 502 16,67 25.09 .54 0,43 170 770 C12dE4D; 0.2a
EIFE R T 168E4D7 0,23
277 7D 1126407 032
330 7860 2568407 0.33
38 791 101E407 0.43
137 79l 145407 0047
490 a0 1926407 0.50
AREA  QFEAK  TPEAK Ry, 543 80T 43BESDT 0.54
{ha)  (ems)  (hrs) (o} sla7 8102 4B2ED7 058
1 (BEODY:  823.2% 4,265 £33 18007 6,50 (B0 (53107 0,61
CSEEEE GERE NiR md BB 708 81.33  (5iBEsDT 0,64
757 BILB]  LBJSEeDT 067
o= 3 C0904): 352191 6.222 13,92 23.45 810 : LEI3EDT 0.70
B.63 83,83 TZ1E+D7 0.73
NOTE:  PEAK FLOWS DO NOT TNCLUDE BASEFLOWS TF ANY. 59.17 8447 LTTOEHDT 0.76
970 850D (R1%E.07 250701 0,79
2==== hydrograph ===->  <-pipe / channel-s
AREA OQREAK TPEAK RV MAX DEPTH MAX WFL
Area ha)= 261.11  Curve humher  (C u;— 758 (ha (ems)  chrs) {me m iz
T o .00 Recession const. (k. - INFLOW @ TO= 2 20955) 3783.0 7.1 6.58 27.8 L34 a.1
UH. TReArsi-  O.89 OUTFLOW: To= 1 (7100) 3783 02 L2825 23las 0,24 .08
UM, peak foms)=  B.97
PEAX FLOW Ems)— 1. 25 [SH]
TIME TO PEAK hrsj=
RUNOFF VOLUME Em S ADD WD (0957) |
TOTAL RAINEALL (m)- 4780 1+ 2= 3 AREA PEAK  TPEAK
UNOFF COEFFICIENT = .32 Cha} cns)  (hrs)
X 1 Emug: 307,23 1,309 6,50
(i) PEAK FLOW DOES MOT INCLUDE BASEFLOW IF ANY. I(7102): 376102 5.394 280 12085
=3 (0957): 4090.25 5,573 17,42  22.48
| Db wvB (0958} ‘ NOTE:  PEAK FLOWS BO NOT INCLUDE BASCFLOWS 1F ANY,
| 1+ 2="3 AREA EaK TREAK R.v,
ha) ms) (hrs) om}
1= 1 msoug: 26111 1,289 700 15.12
+ Ipd= 2 (0904): 3521.01 G.222 13,92 2345 FINISH
=3 (09%6): 3783.02 7.18% 6.58  22.87 =
NOTE: PEAK FLOWS DO NOT INCLUDE BASEFLOWS IF ANY.
| EOUTE cHW (71023
| M= 2---5 ouT= 1 mouting time step (min)'= 5.00
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Appendix B

Photos of Morningside Creek
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Photos of Online Pond L1, Looking north from Morningview Trail. Top: May 11, 2017, low flow.
Bottom: May 5, 2017, high water level, water flowing through overflow structure.
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Photos taken of the study reach at MCRK 20, facing downstream. Top:
Bottom: May 5, 2017, during a period of high discharge.

T B TR AR

May 20, 2015, low flow.
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