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Water Quality Modeling for the Kennet and Avon Cand, a

Navigational Canal in an Inland Catchment

Rebecca Zeckoski

The Kennet and Avon Canal in southern England jeg&ncing severe water
guality problems caused by inorganic sediment dgaea These water quality
problems are affecting the angling sport of fishemmdownstream of the confluence
of the canal with the River Kennet. The Environin&gency has been called upon to
remedy these issues, but before proceeding theyedesomputer model capable of
predicting the water quality impacts of variousren®s under consideration. No
such model was available to them.

This project identified the key solids generatiowl &ransport processes to be
included in a water quality model for inland natigaal canals. Where available,
equations from the literature describing relevantpsses were used or modified for
inclusion in a canal modeling algorithm. Whereriture was not available, water
quality samples were taken to characterize neeglatianships. The final algorithm
was coded and tested using a simplified datasteatioaved clear evaluation of the
simulated processes.

After successful testing, the canal model was agplb the Kennet and Avon
Canal. The time series predicted by the model wenepared to observed
hydrological, solids, and chlorophyll-a (represegtalgae) data at multiple points in
the canal. The model adequately predicted alhese constituents at the monitored
locations.

The final task in the project required evaluatiési®m management scenarios
proposed by the Environment Agency to address #iternvguality problem. The
model suggests that filtration or other treatmdmnwater in the canal near the
confluence with the river is the best managemetibopas it will address both the
elevated inorganic sediment and algae concentsatibthe most critical point in the
canal. Less desirable options include efforts dimdy target inorganic sediment,
which could increase algal concentrations by ingreglight availability; and
diversion of surface flows from the canal, whichulcbpossibly damage the
hydrologic balance of the canal while encouragindasirable algal growth.

Key Words: Canal, Hydrologic Model, Sediment Transport, SedinModel, Algal Growth,
Algal Model, Computer Model, Kennet & Avon Canaly& Kennet, England



Notation
Sorage Subscripts

alg = parameter is related to dry algal mass

coh = parameter is related to inorganic cohesive sexim
non = parameter is related to inorganic non-cohesedensent
sed = parameter is related to inorganic sediment

Inflow and Outflow Subscripts

abs = parameter is related to flows abstracted froencnal

bio = parameter is related to algal growth

boat = parameter is related to boat traffic

dep = parameter is related to inorganic sediment dépaosi

evap = parameter is related to evaporation

ext = parameter is related to external flows entetiregcanal

leak = parameter is related to flow through leaky Igekes

lock = parameter is related to lockage flow

lockmove = parameter is related to movement of lock gates

prec = parameter is related to precipitation

runoff = parameter is related to runoff from the surrongacatchment
seep = parameter is related to seepage through the weatia

w,lock = parameter is related to ‘weir’ flow over the tipa lock gate
weir = parameter is related to flow through the ovevflgeir in the reach

Variables and Parameters
Cehi = conversion constant to convert Chlorophyll-a snasdry algal mass

(mg dry algal mass/mg Chl-a)

Cd.weir = weir coefficient (Q)

CSooat = concentration of inorganic sediment disturbedbgt movement
(mg/m3)

D = water depth in a reach (m)

Diock = height of lock gates above bottom of upstreamatceeach (m)

Eboat = efficiency of boat movement (humber of boats mgwn opposite

directions/total number of boats) (@)



ED = euphotic depth, the water depth at which igji& intensity is 1% of

the value just below the water surface (m)

Fooat = frequency of boat movement (boats/s)
Hsides = height of sides of overflow weir ‘box’ (m)
Huweir = distance from overflow weir crest to the bottohthe canal (m)

I = inflow of water (m3/s)

ISS = inflow of solids (mg/s)

K = maximum supportable algal population (mg diyahimass/m3)
Ks. = Michaelis-Menten constant for light-limited grsw(J/m2s)
L = length of reach (m)

Leak = leakage rate (m3/g)

LI = light intensity (light available to algae) 4¥s)

L iock = length of lock gates (m)

L weir = length of overflow weir crest (m)

Q = outflow of water (m?3/s)

QSS = outflow of solids (mg/s)

S = storage of water in a reach (m3)

SS = storage of solids in a reach (mg)

Seep = seepage rate (m3/m?23s)

t =time ()

TP = total phosphorus concentration (mg/m3)

Vep = volume of water in the euphotic depth (ms3)

Viock = lockage volume (m3)

Vb = velocity of boat (m/s)

Vi = velocity of water (m/s)

W = reach width (m)

Ws = fall velocity of inorganic sediment (m/s)

M = (in algorithm description) specific growth ratkealgae considering

temperature, light availability, and phosphorusilabdity (1/s)
Mmax = specific growth rate of algae based on tempegatnd light
availability (1/s)

Mmax, T = specific growth rate of algae based only on tertpee (1/s)
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1. Introduction

1.1. Problem Statement

There are many canals and navigable waterwaysitttited Kingdom with the
potential to contribute poor quality water to natistreams (Swanson et al. 2004).
During the heyday of canals, circa 1840, nearlyddhles (6600 km) of inland
waterways existed, including both canals and ritless were made navigable
(Hadfield 1981). Over the subsequent years, scand lorry traffic led to a decline
in canal use, and by the time of the 1968 Transpctitwhen all existing canals in
Britain were classified into commercial waterwagsjiseways (for amenity use
only), and remainder waterways, only 2000 mile(BRm) remained (Kennet and
Avon Canal Trust Ltd. 1981). Of these, 570 mil@s7/ km) were classified as
‘remainder’ waterways: not legally abandoned, mitfmancially maintained by the
Government. In these waterways, private groups) as the Kennet and Avon Canal
Trust, frequently put forth their own money to admite to the maintenance of the
canals. The Government maintains 1071 miles (Kn2dof cruiseways. Thus
private citizens and Government officials alikelwnefit from computer models
that can help them make choices about the best@maince activities to pursue in

inland waterways in light of environmental concerns

The Environment Agency and local stakeholders waneed specific concerns over
pollution in the Kennet and Avon Canal, and in jgaitar about the water quality
problems it is causing in the neighboring River Kernthat originate at the river’s
confluence with the canal just below Copse Lockj@Fe 1). Prior to the start of this
research project, suspected issues contributitigetavater quality problem in the
canal included elevated algal growth, boat tratiieg lock operations. All these
issues contribute to an elevated suspended sadsentration in the canal. As no
computer model existed that could account forredse sources of pollution, the goal
of this research project was to create such a caodel, capable of being used both
in the Copse Lock area of the Kennet and Avon Candlother navigational canals

with similar water quality issues.
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Figure 1. Location of the Kennet and Avon Canal. Ildngerford is not large enough to be a
‘populated place’ but is an important location for monitoring of the canal and natural streams.

1.2. Research Objectives

Primary Objective: Determine and quantify the effect that canal opemathave on
water quality, specifically suspended solids cotreions, to include both inorganic
sediment and algal processes. The desired outphis@rimary objective is a
generic computer model of canals capable of repteggthese effects. The
following tasks will be used to accomplish thiseaatijve:
Task 1:ldentify the sources of sediment in a target cmat interacts with a
river;
Task 2:Quantify the hydrological and water quality interags between the
canal and the natural landscape; and
Task 3:Develop and evaluate a computer model of canalegsss and

canal/river interactions.

Secondary objective:Recommend a course of action for the Environmergnag to
address the water quality issues in the Kennettaoth Canal and the River Kennet
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by simulating alternative management scenarios thiigmew computer model. The
following tasks will be used to accomplish thisextjve:
Task 1:ldentify possible management scenarios for the iKeand Avon Canal,
Task 2:Create mathematical representations of the managesoenarios that can
be simulated with a computer; and
Task 3:Enter the mathematical representation of each neaneagt scenario into

the canal model to determine the water quality ichgoaf each scenario.

These tasks have been accomplished and objecteElyntreating a standalone
receiving water model capable of simulating the plax processes inherent to a
canal. The guiding principle in developing theaasithms and needed inputs for the
canal was to generate a model that could be gasibmeterized without intensive
monitoring studies. Thus, wherever possible, titended inputs for the new canal
model are drawn from readily available literatuadues, existing agency databases, or

physical characteristics easily measured by a xperée

1.3. Thesis Layout

This thesis contains nine primary sections andtexhdilly a reference list and

appendices. The content of the remaining sectsastlined below.

Section 2contains a review of literature and backgroundnmiation on canal
operations and the study area.

Section 3provides an overview of data sources used to petexine the model.
Section 4details algorithm development for the model.

Section 5provides information regarding the testing andfieation of the model.
Section 6explains the use of an overland flow model to dewelnoff inputs for the
new canal model.

Section 7provides a specific example of the model’'s appiicato the Kennet and
Avon Canal through evaluation of the model outputomparison to observed data
and subsequently in evaluating potential managewmmins for the Kennet and
Avon Canal.

Section 8summarizes the project and describes the impabioork.

Section 9provides ideas for future research that would eoédnis work.
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2. Literature Review and Background

Information

Before embarking on this study, it is necessamyrésent a background in basic canal
operations, the mechanisms involved in sedimeniadgal generation and transport,
existing canal modeling efforts, and details of shaly area that served both as an
example of typical canal processes and as a testfoathe new canal model.

2.1. Overview of Canal Processes

Canals are essentially a series of impoundmergadfres’) separated by locks
(Willby et al. 2001). Locks consist of a pair @ftgs that are a fairly standard distance
apart for a given canal; the maximum acceptable¢ siza for a given canal is set

based on the dimensions of the locks on the canal.

2.1.1. Locks

The purpose of a lock in a canal is to move a broat one water elevation to
another. The elevation change made possible kg labows the reaches between
locks to be fairly flat and easily navigable; tlften in contrast to a natural stream
in the same topography, which would be too stedgetoavigable. The interior of a
typical lock is shown in Figure 2; schematics typical lock are given in Figure 3.
From a plan view, it is evident that the lock gdtesn a convex angle against the
direction of water movement. From an elevatie@wiit can be seen that past the
upstream lock gates the bottom of the lock dropgkedevel of the downstream reach.
The downstream lock gates (e.g., Figure 3) holatsldoors near their bottoms to
allow water to drain out of the lock as needede $hiices for the upstream gates are
located at the bottom of the canal wall (Figurev@ter flows through the sluice in
the side of the canal and into the lock from amapgin the side of the lock wall. As
a boat moves through a lock, it is necessary topbetely fill or drain the lock (as
appropriate) so the water level on both sides ®fgdites to be moved is equal;
otherwise the water pressure behind the gate® igreat for individuals to push the

gates open.
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Figure 2. Interior of a typical lock. Note cill.
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Figure 3. Plan (a) and elevation (b) views of a tygal lock.

Canal users open and close the sluice doors asitbeg through the lock from one

elevation to the next (Figure 4). Before entetimglock, the user opens the sluices

on the same side of the lock as his boat is cuyréattated, leaving them open until

the water level equalizes, then closes the sluiééter the boat enters the lock, the

opposite sluices are opened and again the boatex wviil the water level in the lock
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equalizes with that of his destination reach; fintlie sluices are closed, the gates

opened, and the boat moves on (closing the gatesdhkim) (Corrie 2002).

Boat Lock Gate

g v
Upstream Sluice =
Entry & Exit Water Flow

Step 1. Open sluice on upstream side to allow |Step 2. Close upstream sluice, open lock gate.
water into the lock.

Y

Step 3. Move boat into lock, close upstream IpckStep 4. Open downstream sluice gates to drajn
gates. water out of lock.

v v

Step 5. Close downstream sluice, open Step 6. Move boat downstream, closing lock
downstream lock gates. gates behind.

Figure 4. Typical lockage cycle for a boat moving @wnstream.

Lockages (the filling of a lock with water) are ajor concern to canal engineers, as
the significant amount of water lost from canalctess due to lockages must be
balanced by an external supply of water to the Icahlae total amount of water lost
during boat passage through a lock depends ortdteeaf the lock when a boat
approaches, which in turn is dependent on the tilrethe previous boat traveled
compared to the direction the current boat is mgyiigure 5). Boats moving
upstream must enter a drained lock, and boats maownstream must enter a full
lock; likewise, boats moving upstream leave alfdk, and boats moving
downstream leave a drained lock. Thus, if boatgemo sequence, heading the same
direction (e.g., cases 3 and 4 in Figure 5), eaet passage draws a full lock volume

from the upstream reach and deposits a full lodkme in the downstream reach. If
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the boats moving through the lock are alternatingctions (e.g., cases 1 and 2 in
Figure 5), each boat passage will cause eithectkavolume to be drawn from the
upstream reach or a lock volume to be depositédemownstream reach. Itis
evident that having boats move in alternate dioastithrough a lock is an ideal
situation, but it is difficult to force this in @al-world situation. Instead, canal
engineers recommend that narrow boats travel tegétihough a canal, sharing locks.
This halves the amount of water needed for eadkithaéal boat, as the lockage only
occurs once for the pair of boats, rather than doiceach individual boat.
Occasionally locks must be left empty after uses tequires an additional movement
of water in each of the cases in Figure 5: boatgimgodownstream would always
experience case 4 (they could not experience gase@ boats moving upstream
would experience case 1 with an additional drairadghe lock at the end.

Overview of poss ble boat effects on water movement
Case 1: Boat moving upstream after boat moved dosam:
- — il
Lockage from upstream
Case 2: Boat moving downstream after boat movetiagoa:

m-ila -l

Lockage to downstream

Case 3: Boat moving upstream after boat moved egostr

R B

Lockage to downstream Lockage from upstream

Case 4: Boat moving downstream after boat movedsdiream:

- — il

Lockage from upstream Lockage to downstream

Figure 5. lllustration of possible water loss scenis during lockages. (Rectangular containers
indicate locks, black shape is a boat, blue fill iicates water level.)
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In addition to water losses through lockages, |lak®rol another important flow
route through the canal: leakage. Excepting atgfesiod right after they are
installed, lock gates are typically leaky (Figude &his occurs for many reasons.
The wood itself is weathered away after use and&xe to the high pressure of the
canal water. Additionally, boats with single ridéend to push their way through the
lock gates by pushing the bow of the boat agalresttosed gates to force them open
and pass through. This permits the driver of that lbo exit the lock without leaving
the boat to open the gates, but causes signiftamige to the lock gates.

Figure 6. Typical leaking lock gates. Note reinfazed center of gates where boats push in the left
image.

2.1.2. Reaches

The reaches (impoundments) between the locks tae lwing; in a gently sloped
landscape they may exceed 1.5 km. In a steem@iithe natural topography,
however, they may be short. The shortest sectartee Kennet and Avon Canal (the
canal chosen to test the new model) are in betéasds in the steep flight of locks
approaching the summit reach from the west, whereanal ascends approximately
75 m through 29 locks over the space of approxiip&@&m (Kennet & Avon Canal
Trust, 1999). The longest reach in the study arethe Kennet and Avon Canal is
just over 1.5 km long. The canal sides are fretjyetevated above the surrounding

landscape, but also occur flush with the neighlaprapography.

Overflow weirs in a canal reach are typically l@zhin a side wall near the
downstream lock (Figure 7). These weirs will tyghg discharge to the next lower

lock or canal reach, although occasionally they tmgyass a reach or discharge into a
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neighboring body of water, depending on the neédseocanal or the constraints of

design the engineers considered at that point dwanstruction.

Figure 7. Typical overflow weirs on the Kennet andAvon Canal.

Unless the canal is lined by an impermeable matevater will seep through the
canal walls. This can be a significant source affervloss, particularly in new canals
where the pores in the soil lining the canal wi#ise not yet been clogged by fine
particles (Minikin 1920).

The water level in a reach is generally controbgdhree major factors: one input
control and two output controls. First, a relayarge and constant source of water
feeds the summit reach of the canal; this may Ibepeal from a reservoir or may
come from a natural feeding stream. Although thece water is only directly input
to the summit reach, it moves downstream througlettts from each reach to
govern the total water input to each successivehreisufficient input to the summit
reach will cause the water depth in all reachelop. Excessive input to the summit
reach has little effect on water depth, as it idlchanneled away by the second
primary control on water depth: the overflow weifSiven a sufficient input of water
to the summit reach, the water level in each redahg the length of the canal is
governed primarily by the height of the overflowinia each reach. The overflow
weirs are designed to carry all excess water atimdesired depth to the next
downstream reach. Thus, during normal steady-sfaeating conditions, the
overflow weir determines the water level in theclteaHowever, should the input at
the summit reach be too low, the water level wiiglbeneath the overflow weir crest
and the overflow weir will no longer govern the walievel in the reach. The last
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major factor affecting water levels in the reachasit traffic. The boat traffic directly
affects water movement from one reach to the nextt@boats move through locks at
the upstream and downstream end of each reachtheAsoats move through the
locks, the volume of water needed to fill and/ompéynthe lock is removed from the
upstream reach and deposited in the downstrearh.réathese lockages are
excessive, they may drain the water level in tlaemes below the height of the
overflow weirs, thus constituting a significant éah on water levels during the peak
boating season. These three factors in a candesigned to balance each other: the
source of water is designed to be large enougbuateract the water loss through
expected lockages, leakage, and seepage; anddheavweirs allow water to
bypass the locks while boats are not travelingévent flooding or undesirable
overtopping of lock gates.

2.1.3. Solids Considerations for a Canal

The generation and transport of solids in a caaalle considered a function of three
primary processes: the underlying hydrology, brfit, and algal growth. With the
exception of evaporative and seepage losses, sualidsxit the reach at all locations
that water exits the reach. The concentratiorotifis in the exiting flow may vary: in
general, discharges that involve the whole watefilprcan be assumed to hold solids
at the average concentration of the reach, whetisakarges from the top of the
water profile will hold a concentration lower thtdre average concentration of the
reach. The release of water into a reach durioglage event or at the outlet of the
overflow weir bypass is noticeably turbid; thusy aolids associated with the
underlying hydrology flow can be considered welked at the upstream end of the

reach.

Boat passages generate sediment independentlg @bt of water in the reach.

This sediment generation is twofold: first, the toypapellers stir up sediment as the
boat traverses the reach; and second, when thehss¢s through the lock gates at
either end of the reach, the movement of the latkgnear the canal bottom stirs up
additional sediment. If the boat speed is highughgit may additionally cause a
wake that erodes earthen bank walls (Parchure, &0fl1); however, in general canal

users are advised not to move so quickly that thigyt generate a wake.
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Finally, algal growth can be an important contrdsub solids concentration in the
reach. Algal growth is negatively correlated withreased flow rate (Dickman 1969;
Sgballe and Kimmel 1987); canal reaches are eafignthpoundments, with a low
flow rate that encourages algal growth. Additibpnadlgal growth is enhanced by
light and nutrient availability and water temperat(Eppley 1972). Historically, the
construction of canals eliminated trees close ¢ovthter; typical usage patterns since
their construction tend to keep the area surroundinanal clear, historically for
horses to pass on a towpath, and more recentlydtikers and bikers to use former
towpaths recreationally. As a result, light avaiiity is typically high in a canal.

This in turn leads to increased water temperat@ieof these factors combine to
provide a beneficial habitat for algal growth. Ehalthough one might expect to see
a decline in solids concentration in the still watecanals not experiencing boat
traffic, it is common to see an increase in sotidscentration in canal reaches as a

result of algal growth.

All of these processes are described in more deté#ile section on algorithm

development (Section 4.2).

2.2. Inorganic Sediment

2.2.1. Types of Sediment

Inorganic sediment is typically classed into thgeeeral types: sand, silt, and clay.
The divisions between these types of sedimentasedon size: sand particles range
from 0.02-2.0 mm in diameter, silt particles rarigen 0.002 to 0.02 mm in diameter,
and clay particles are less than 0.002 mm in diemdturther classification is
possible: for example, sand can be broken intodared (0.02-0.2 mm) and coarse
sand (0.2-2.0 mm); and larger particles can benddfiincluding gravels (>2.0 mm)
and boulders (>1 m) (Brady and Weil 1996).

There are many soil properties tied to the parscte distribution, or texture, of the
soil. Clays and silts have a larger charged saréaea per unit weight and thus will
hold more tightly to nutrients and pollutants thet sand. Small particles such as
clays are easily splashed up by rainfall and cam f@ seal on the soil surface,

reducing infiltration and increasing surface runaffater rainfall events. The voids
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between sand particles are larger than betweerpaldigles, and thus infiltration is
increased in sandy soil. Due to the minimal vdidsveen clay particles and their
ability to be compacted into a nearly watertiglyela compacted clays are often used
as a sealing layer in landfills, reservoirs, andats (Brady and Weil 1996).

In terms of water quality, the various particleesizan be generally grouped into two
categories: cohesive (particle size < 0.06 mm)raordcohesive (Soulsby 1997).
These categories of sediment behave differentlyenguspended in water: cohesive
sediments, due to their high surface area and ehhaye a tendency to attract each
other and group together to form flocs (a processéd ‘flocculation’). This process
is affected by both physical and chemical paramsetehysically, increased sediment
concentration increases the likelihood that a cokgzarticle will randomly

encounter another particle in the water, thus emirey flocculation (Mehta et al.
1989; Lau and Krishnappan 1992); to a certain éxieareased flow velocity can
increase flocculation by moving particles abouthstd they encounter each other, but
too vigorous a flow can have a negative effecttbgssing the weak flocs so that they
break apart (Baugh and Manning 2007). Water teatper and salinity affect the
charge of the cohesive particles and thus theddray to flocculate (Mehta et al.
1989; Lau 1994). By contrast, non-cohesive sedisleave no tendency to flocculate
and will behave independently of other particlespguinded in the water column.

2.2.2. Sediment Transport and Fall Velocity

Sediment transport in streams has been well studdecbmmonly accepted approach
to modeling sediment transport utilizes the Kroretfeniades method. This is used
by the receiving water model in the Hydrologicaih8lation Program-Fortran (HSPF)
(Bicknell et al. 2001), for example. In this metdhsuspension is calculated using a
relationship developed by Partheniades (Equatiqrahyl deposition is calculated
using Krone’s Equation (Equation 2) (GerritsenleR@00). These equations use the
relation of the bed shear stress to critical skaass for deposition and scour to allow
the total deposition or scour to scale from zertheomaximum possible deposition or

an unlimited scour as the bed shear stress changes.

Cos _ T g 5 whenr, >71_, 1)
dt T h

ero
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dC
_ dep = 1-& M when Tb < Tdep (2)
dt T e h

Where: G, = concentration of sediment eroded (kg/m3);
Caep = concentration of sediment deposited (kg/m3);
Ched = suspended sediment concentration close to lggohfk
t = time (s);
T, = stress at bed (N/m?);
Tero = threshold stress for erosion (N/m2);
Tgep = threshold stress for deposition (N/m?);
h = water depth (m);
ws = fall velocity (m/s); and
E, = erosion rate (kg ifs?).

Gerritsen and others (2000) Suggess = Tero = 0.06 N/m? and &= 1 kg n’s™ for

their system, which consolidated all particle silsses into one for simulation. The
scour calculation involves the estimation of arseo rate per unit area, which can
then be divided by the total depth to obtain asierorate per unit volume of water.
This erosion rate will be site-specific and dependerthe material of the streambed.

Because the flow in a canal reach is typically lsequr due to flow velocity is
negligible. There is some scour due to the propattéon of boat traffic, which will
be discussed in greater detail later (Section #Mdig, erosion in a canal is typically
independent of hydrology. Because the water ieigdly stagnant, the deposition of

sediment in quiescent waters (Equation 3) is mopbntant to the canal model.

Partheniades’ deposition equation is actually @ifpdorm of the more general

equation (Equation 3) (Vanoni 1975).

ac+aﬁc)_o @)

o oz
Where: C = concentration of sediment (mass/Iefgth
t = time (time);
w = fall velocity (length/time); and
z = vertical position (length).

If wC represents the total mass settling flux (thathis,rate of sediment deposited
over a unit area) and resuspension forces areegnarass conservation states that for
a unit volume (the unit area multiplied by the afézl deptlz) the decrease in total

sediment concentration over time (the first terneqtiation 3) must be balanced out
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by the amount of sediment that has deposited @bersl term in Equation 3). If fall

velocity is assumed not to change with dep?h:( ws) and flow is insignificantt, =
0), Equation 3 can be simplified to Equation 2 teedaine the total change in
concentration over a deplth Equation 3 also assumes that sediment concemtrati

does not vary across the width of the stream.

The final component of Equations 1 and 2 is the séigass. To simplify calculations
in the Krone-Partheniades formulae, the relatignshithe actual bed shear stress to
critical deposition and scour shear stresses & ttsestimate the amount of scour or
deposition that would happen. If the bed sheasstrs zero (that is, in perfectly still
water), Equation 2 is equal to Equation 3 and sedifiadis at the maximum velocity

for still water (w). However, if there is some water movement, n@sasion may

occur, and the relationsh([i—rr—bj reduces the total deposition according to this
dep

water movement. Likewise, if the bed shear stestsreaches that needed for

erosion, the shear stress term in Equation 1 is aekno erosion occurs. As the bed

shear stress increases above the threshold vahsgr increases in an unlimited

fashion. Later researchers (e.g., Gerritsen @0&I0) modify the Partheniades

formula to limit the total erosion according to #&timated sediment load available to

be eroded.

The critical term to define in Equation 3 is the falocity, a key parameter into
which much research effort has been invested. gnvoary factors should influence
the fall velocity: the weight of the sediment, lgethe primary force drawing the
sediment down; and the viscosity of the water, ¢péie primary force resisting the
fall of sediment. The weight of the sediment caméscribed using a combination of
the acceleration due to gravity, the diameter efgddiment (if sediment is assumed
to be spherical), and the specific gravity of tedisient. Among others, Soulsby
(1997) has experimented with equations using thesgonents to represent
observed data. It is generally accepted thatahedlocity of non-cohesive sediment

Is straightforward, commonly expressed as Equati(Bodilsby 1997).

w, = %(\/10.362 +1.049D; —10.36) (4)
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Where: w = fall velocity (m/s);

Vv = kinematic viscosity of water (m2/s);
d = diameter of sediment (m); and
D- = dimensionless grain size (Equation 5).
o(s-1)7"
D. = V—2 d (5)
Where: ¢ = acceleration due to gravity (m/sAy a
S = specific gravity of sediment (unitless).

Cohesive sediments such as silt and clay tenatadlate in high sediment
concentrations, thus increasing fall velocity owiat one would normally expect
using equations such as Equation 4, which assuraegrtins of sediment will fall
without interaction with each other (Vanoni 1979he experiments of numerous
researchers show that settling velocity for cohegiarticles can vary with sediment
concentration, temperature, water velocity, anthggl(Mehta et al. 1989; Lau and
Krishnappan 1992; Lau 1994; Johansen and Larse8; Miburn and Krishnappan
2003), which makes the fall velocity of the sildarlay particle size classes difficult
to predict in a simple model. However, Equatios & simple empirical model for
cohesive sediments used by many researchersJelhgnsen and Larsen 1998). This
equation clearly ties fall velocity to overall sedint concentration and attempts to
encompass all other factors through the use ofipticitive and exponential
constants. If sufficient detailed site-specifisebvations of fall velocity and
concentration are available, Equation 6 has beemdftaibe a good representation of
reality (Johansen and Larsen 1998; Gerritsen @08l0; Baugh and Manning 2007).
w, =k[C"™ (6)

Where: k, m = constants estimated from regresasg@inst observed data.

Ideally, the settling velocity used in a water diyainodel should be measured on site
or used as a calibration parameter for clay amgaiticle size classes, enabling the
characterization of Equation 6. However, practagglications of this method have
obvious problems: when modeling an entire canaksygor a canal and its
contributing catchment area), it is less likelytthmdelers would have the resources
to properly characterize Equation 6 with site-spedéta. Due to the difficulties in
parameterizing equations such as Equation 6, Mar(@®@4) and Baugh and
Manning (2007) have developed and tested an erapiriodel for cohesive sediment

mass settling flux (MSF) using data from threessitewestern Europe (Equation 7).
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A key feature of Manning’s work is the separatidrc@hesive particles into
‘macroflocs’ (flocs with diameter > 16@m) and ‘microflocs’ (flocs with diameter <
160um). This separation allows a more precise estimaifaverall fall velocity.
Knowing that cohesive sediment fall velocity is degent largely on sediment
concentration and bed shear stress, Manning dex@laget of empirical equations

for the fall velocity of macroflocs (Equation 9) amdcroflocs (Equation 10). The

total mass settling flux (as before, equal to @) can then be calculated based on the
relative contributions of macroflocs and microfld&PMuo) to the total

concentration of suspended particulate matter (Stelkesponds to C in previous
equations).

||t 1
i |:(1 1+SPM ratio ] EQSDM wvs,macro )j| ¥ {1+ SPM ratio (SDM HNS'minO )j| (7)

Where: MSF = mass settling flux (mg/m?2s) sQw
SPM = suspended particulate matter concentrétngyil) = C;
SPMaiio = ratio of suspended macroflocs to suspended flocs
(Equation 8);
Ws macro= Settling velocity of macroflocs (Equation 9) (nsn/and
Ws micro = Settling velocity of microflocs (Equation 10) (n'sh

SPM ., = 0.815+ 0.00318BPM - 0.000000148PM * (8)

ratio

0.644+ 0.0004718PM + 936[7F —13.1[F? 004<7<07

W, o = 1 396+ 0.000346.8PM — 438[F + 13300° 06<7<15 (9)
118+ 0.0003038PM - 0.491[F + 0.057[F> 14<71<5
Where: T = shear stress (N/m2).

_ {0.244+ 3257 - 3710°  004<r7< 055 (10)

06501 %+ 051<71<10

The macrofloc equations fit the measured data arntiR? of 0.9-0.99. The microfloc
equations fit the measured data with an R2 of @.75- The SPM;i, equation fits
Manning’s data with an R2 of 0.73. Manning’s irttemas that the equations should be

universally applicable.

2.3. Algae

In addition to inorganic sediment, organic solid8 iwfluence the overall solids

concentration in a reach. Organic solids in a ktaregy include detritus from the land
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surface, fecal material from people and animals adcess to the canal, and
vegetation growing in the canal. Out of all thesarces, the growth of algae (a form
of vegetation) in a canal reach is of greatest eancUnlike other sources of organic
material, algae are living and will reproduce ie thater, potentially providing an

increasing impact on water quality in a canal.

2.3.1. Abundance and Chemical Composition

The algae (or phytoplankton) in a body of watelidgfdy consist of a multitude of
species. Some species are adapted to high nutoadttions, some to low, and thus
there is a gradual progression in the abundancedofidual species as the growth
season progresses from the high nutrient conditvbtise spring to the low nutrient
conditions of the autumn (Rodhe 1948; Fogg 196Bach of these species has a
slightly different chemical composition. Howeven the whole, it has been found
that the chemical makeup, in terms of carbon (@)ogen (N), and phosphorus (P), is
generally uniform in a multi-species populatioratgae (GoeN16P) (Fleming 1940;
Sgballe and Threlkeld 1985); that the relative aamce of these elements in algal
biomass is very similar to the relative abundarfdhese elements in sea water
(Redfield 1958); and that the relative abundandbese elements in algal biomass
may be more closely tied to environmental condgitman to species composition
(Fogg 1965).

When monitoring for algae, water is typically arrdg for the presence of
chlorophyll-a (GsH7,0sN4Mg) (Chl-a), rather than biomass or volume of alzglls.
Thus, a conversion is required when modeling thesjport of biomass if one is to
compare model results to observed data. Numenatheis have provided estimates
for the relationship between chlorophyll-a and eitlive biomass, dry weight, or
carbon. These are summarized in Table 1. Utditive various factors shown in
Table 1, the ratio of the dry weight of the celctdorophyll-a content varies from 6.7
(111 mg biomass/mg Chl-a * 0.06 mg dry weight/nvg lbiomass) to 1861 (186.1 mg
C/mg Chl-a * 10 mg dry weight/mg C). Using the ergight:C estimate of Fleming,
the average reported dry weight:chl-a ratio is &@/dry weight/mg Chl-a; the
median value is 65. The dry weight is desired psavides an estimate of algal
contribution to measured suspended solids condentsa which are estimated
through oven-drying of the solids sample.
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Table 1. Estimators of the proportion of chlorophyl-a (Chl-a) content in algae.

Mass Ratio Condition Ratio Value Source
(Thomas and
Batch Culture 11.8, 19 Dodson 1972)
Chemostat 34.9,61.8,53.6, |(Thomas and
24.0, 15.8 Dodson 1972)
Vigorously 25 (Antia et al. 1963)
Growing
C:Chl-a Unhealthy 60 (Antia et al. 1963)
B 9-186.1 (Ber_man and
' Pollingher 1974)
-- 30, 60, 90, 120 (Eppley 1972)
. 51 (Wienke and
Cloern 1987)
B i (Strickland and
25-100 Parsons 1968)
(Berman and
Algal Bloom 303 Pollingher 1974)
. o . (Berman and
Biomass:Chl-a Otherwise 244 Pollingher 1974)
i ) (Berman and
All Conditions 111-1000 Pollingher 1974)
(Berman and
Biomass:C -- 10 Pollingher 1974;
' Vollenweider 1974
-- 37 (Fleming 1940)
— -- 1.7-10 (Soeder et al. 1974
Dry Weight:C - 23 (Fleming 1940)
Biomass:Dry Weight| -- 16 (Fleming 1940)

The varied relationship between chlorophyll-a aimiass is dependent not only

upon the specific type of species present (BermanPallingher 1974; Malone et al.
1979), but also upon the environment surroundirgaigae (Mullin et al. 1966).

Thomas and Dodson (1972) found that chlorophylkéagbgal cell increased as

growth rate increased; Antia and others (Antia.€t263) found that chlorophyll-a

per algal cell decreased with decreased nutriestadoility. Thus, although an

estimate may be made for an average conversiorebataigal mass and chlorophyill-

a concentration, the true relationship will be gdrand will cause observed

chlorophyll-a data to appear scattered around amyeted chlorophyll-a

concentrations calculated from algal weight; in ¢lvaluation of several nutrient-

chlorophyll models, Brown and others (2000) foulmak the best model had an
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interval of 30-325% in predicting chlorophyll-a c@mtrations at the 95% confidence

level.

It has been suggested that the type of nutrienitdargrowth phytoplankton are
experiencing can be defined according to the w@tioutrients in their bodies
compared to the nutrient ratio in the water: tlasN:P molar ratio in the water of 20
is considered ideal (Cooper 1937), and Dillon argleR (1974) suggest that N:P
ratios above 12 are indicative of phosphorus-lichitenditions. These correspond to
the ratios of N and P in phytoplankton biomassesavauthors (Fleming 1940; Antia
et al. 1963; Vollenweider 1974; Reid and Hamilt@®?2) describe the ideal
phytoplankton N:P molar ratio as somewhere betvi€eand 20. As phosphorus is
commonly the limiting nutrient in the environmeséveral researchers
(Vollenweider, 1976; Schindler, 1978; Jones andhgann, 1976; Dillon and Rigler,
1974) have found phosphorus to be the key factectfig algal abundance, with
variations in phosphorus levels accounting for leetaw83 and 95% of the variation in
algal concentration in the waters studied. Theagqos developed by several authors
to describe this relationship are listed below @&gapns 11 — 17) and plotted in Figure
8.

Equation 11 was developed by Dillon and Rigler @97
log,,[Chl - a] =1.449l0g,,[P] -1.136 (11)

Where: [Chl-a]= concentration of summer averaderophyll-a (mg/m3);
and
[P] = total phosphorus concentration (mg/m3).

Equation 12 was developed by Jones and Bachma@6).19
log[Chl - a] = 146log[P] - 1.09 (12)

Equation 13 was developed by Schindler (1978)
log[Chl —a,,,] =1.213log[P,,,] — 0.848 (13)

Where: [Chl-g,]= average annual chlorophyll-a concentration (n%jy/and
[Pand = mean annual total phosphorus concentrationr(if)g/

Equation 14 was developed by Walker (1984).
log[Chl - a] = log[P] - 055 (14)
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Brown and others (2000) generated both annual @qua5) and growing season
(Equation 16) equations.
log[Chl - a,,,] =1.0530g[P,,, ] - 0.369 (15)
log[Chl - a] = 1.03l0g[P] - 0.299 (16)
Pridmore and McBride (1984) provide Equation 1pad of their predictive model
for algal growth.
log[Chl -a,,,] = 1.178log[P] - 0.389 (17)

Where: [Chl-ga] = maximum chlorophyll-a concentration (mg/m3).

800
— = Eq 11 - Seasonal Average .
700 — =—Eq 12 - Seasonal Average /
= Eq 13 - Annual Average /
= = Eq 14 - Seasonal Average /
600 Eq 15 - Annual Average 7 -
— - Eq 16 - Seasonal Average ey ‘
- - - Eq 17 - Seasonal Max VPR
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Figure 8. Relationships between phosphorus and chitaphyll-a concentrations.

2.3.2. Growth and Transport

In general, the growth of algae in a reach is ddpehupon many factors, including
water temperature; flow rate; and the availabiityight, nutrients, carbon, oxygen,
and silicon (Goldman et al. 1968; Eppley 1972; @iland Rigler 1974; Jones and
Bachmann 1976; Vollenweider 1976; Schindler 197&)el et al. 1990; Reid and
Hamilton 2007). Light, water temperature, and mpiasus concentration have a
positive effect on algal growth in typical enviroantal conditions. In contrast, flow

rate is inhibitory to growth in a reach in two wafisst, algae grow best in still water;
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and second, what algae do grow in moving waterhb@lmore rapidly flushed out of a

reach with increasing flow rate (Fogg 1965; Kimraeal. 1990).

Eppley and Sloan (1966) (Equation 18) and lated&pf{1972) (Equation 19) found
that a cap on the maximum specific growth rateafgae under ideal light and

nutrient conditions could be defined according tiev temperature (Figure 9).

4 =0.52511.086' (18)
4= 0.85111.066 (19
Where: 1 = maximum specific growth rate (doublings/dayj¢a
T = water temperature (°C).
16
14
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Figure 9. Maximum specific growth rate based on war temperature.

Equation 18 was developed based on the work oinga(ll955), who evaluated the
relative growth rate oAsterionella formosa collected from Lake Windermere,
England in 1952. However, Eppley and Sloan (1966hd this equation to
overestimate growth rate at low and high tempeeattor their culture dDunaliella
tertiolecta. This likely provided the impetus for the lat&velopment of Equation 19,
which was created by analyzing about 200 sampbes & wide range of researchers;

as such, it is more representative than the 1966&texm, which was developed based
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on the work of one researcher on one species atal§ppley (1972) found that the
specific growth rate increased exponentially up temperature of 40°C, and though
his work focused primarily on organisms in the $eareported no noticeable
variability in growth rate for freshwater organisfeempared to marine organisms),
nor any variability between species. Where obgskgrewth rates fall below the rate
suggested by Equation 19, Eppley suggested that fabtors — for example, light or
nutrient availability — were limiting the growthteasuch that it did not achieve its
potential.

Solar radiation (light) is crucial for the growthalgae — phytoplankton, being plants,
require sunlight to produce energy. A common tased when discussing light
availability for algae is the euphotic depth — tlepth below which photosynthesis is
not possible. This depth is typically defined las depth at which the light intensity is
1% of the value at the water surface (Reynolds 1B8d and Rast 1997). Beer’'s
Law (Equation 20) gives a relationship useful ifileg the euphotic depth. If the
light intensity at the euphotic depth is 1/10ff the light intensity at the water
surface, then Equation 20 applied when the depthledhe euphotic depth simplifies
to Equation 21.

1(z) = 1(0)e™ (20)

Where: 1(z) = lightintensity at depth z (percent)
I(0) = light intensity at water surface (100%);
n = light extinction coefficient (M); and
z = depth (m).

(In0g -In()) _ 460517
u Ui
Where: g, = euphotic depth (m).

eu

(21)

Many researchers have investigated the final ppétlee equation: the light
extinction coefficient. The total light extinctimoefficient has been estimated
between 1.56-7.93 Tn(Reynolds 1984; Lee and Rast 1997); attempts abseebeen
made to develop regression equations to dynamipadigict the light extinction
coefficient based on the concentration of varigpes$ of solids; these equations all
follow the general formula given in Equation 22heTlight extinction rate is

dependent, at a minimum, on the light extinctioe tuthe water itself, shading from
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suspended solids, and self-shading by other allyway equations attempt to
quantify the effects of organic matter as welllish of the coefficients for Equation

22 found by various researchers is given in Table 2

n=0,, +n,[SS]+1,[Alg]+7,[oM] (22)
Where: n,, = base light extinction coefficient due to wateing);
ns = light extinction due to inorganic sediment (mg
[SS] = concentration of inorganic sediment (mg/L)
Na = light extinction due to algae (m2 mg Cha
[Alg] = concentration of algae (mg/L);
No = light extinction due to organic matter (m2 My

[OM]= concentration of organic matter (mg/L).

Table 2. Regressed coefficients for Equation 22 pgented by various authors.

Na(m2 mg

Nw (M) Ns (M2 mg?) Chl-a) No (M2 mg*) | Source
0.02-0.2 0.006-0.02 (Reynolds 1984)
2.99 12.0 0.020 2.25 (Lee and Rast 1997)
0 52 0.031 174 (DiToro 1978)
1.337 19 0.015 54 (Blom et al. 1994)
0.627 25 0.021 49 (Buiteveld 1995)
0.877 25 0.022 8
0.513 44 0.023 27
1.020 76 0.017 58
-0.259 10 0.035 g | (Bakema 1988)
1.666 50 -0.027 83
0.865 137 0.012 75
§ 62.6 0.0335 45.4 (Zhang et al. 2006)

" Includes effects of water, sediment, and orgaritten

T Also included a term for color, 0.00113 (platinewbalt units): m*

¥ As cited by Van Duin et al. (2001)

T Also included a term for absorption due to GilairB80 nm, 0.050 (absorption coefficiehti*
§ Ns Na No regressed separately with intercepts of 1.608M23L, and 4.3433 T respectively

The relationships presented in Equations 21 arah®iZTable 2 can be used to define
the amount of light available for algal growth. ¢@rthe light availability is known,
the growth rate can be calculated or modified feomaximum rate. Some
researchers have used Michaelis-Menten kinetidefioe the effect of light intensity
on algal growth rate (Equation 23) (e.g., Epplegt 8toan 1966; Bicknell et al. 2001).
This relationship requires definition of a ‘halftseation’ constant, the value of light
intensity that yields a growth rate equal to hiadf maximum growth rate possible
under the remaining environmental conditions (eegnperature). The growth rate

multiplier based on light availability increasesakly at first, when light availability

43



is low and limiting, but reaches an asymptote afywwhen light availability exceeds
the maximum usable by the algae under the remasmngonmental conditions
(Figure 10).

LI

GRM =—— (23)
K, +LI

Where: GRM = growth rate multiplier (unitless);
LI = light intensity (J/m2s); and
Ks, = half-saturation constant for light-limited grdwtJ/mzs).
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Figure 10. Michaelis-Menten relationship for lightintensity given a half saturation constant of
23.012 J/msas.

Bicknell and others (2001) suggest a value fgrdf 23.012 J/m?3s; Eppley and Sloan
(1966) suggest a value fog Kof 10.46 J/mz3s.

As was described in Section 2.3.1 on algal aburglahe maximum and average
supportable algal populations, as represented loyaghyll-a concentration, are
closely tied to phosphorus concentration. Somearefers, recognizing this, have
used the supportable population based on phosphoneentration as a cap on algal
growth, slowing the rate of growth as this maximsupportable population is
approached and causing death to occur should tkemam supportable population
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be exceeded (e.g., Pridmore and McBride 1984) (kmuad4). Other researchers
(e.g., Bicknell et al. 2001) again use MichaelisAtm kinetics to predict a growth
rate limited by phosphorus concentration. Thedliaatage of the Michaelis-Menten
model is that although it can slow the rate of gigwt cannot cause a decline in the
algal population if the phosphorus level drops, tmg if death is not considered
separately, the population would, at best, stagmatieer than dropping to a level
supportable by the current phosphorus concentrafian this reason, if death is not
considered separately, Equation 24 is preferable.

K-B

GRM =—— 24
" (24)
Where: K = maximum supportable algal concentrabiased on current
phosphorus level (mg/m3) (Figure 8); and
B = algal concentration (mg/m3).

Finally, flow rate has been shown to have a sigaift effect on algal biomass
(Sgballe and Threlkeld 1985; Kimmel et al. 1990idRend Hamilton 2007). Algae
grow preferentially in more stagnant water, anadeased flow rates flush the algae
out of a water body. Equations 25 (Lucas et &092@nd 26 (Pridmore and McBride
1984) show how some researchers have attemptexrate flow rate with algal
abundance or growth rate. Equations 25 and 26areeptual models that follow the
same basic principle of mass conservation: thegdanbiomass must be equal to the
inflows minus the outflows, plus growth. For Luca®del, the effect of flow rate is
incorporated into the time available for growth &osk: a higher flow velocity causes
the time for growth to reduce, which reduces thewam of biomass that can grow; it
also reduces the amount of time available for I8 ey emphasize that their model is
developed assuming plug flow and uniformity of @ammental conditions along tkxe
direction. Pridmore and McBride’s model incorgesathe flow rate through a
flushing of organisms, which reduces the biomasgentration available to grow.
They developed their model for impoundments witbrshetention times, where they
could assume the inflow and outflow rates were kand that the volume of the
impoundment did not change. These are slightleint approaches to the same
problem. Lucas and others tested their modelioa datasets collected from six
locations; where their underlying assumptions afdlow and uniformity were met,
the model predicted well, but for systems whereatbsimptions were violated (in

two tidal lakes), the model did not predict adeglyat Pridmore and McBride tested
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their equation on two hydro-electric impoundmentdlew Zealand with retention

times of 3.2 and 8.4 days and volumes of 70 anch45

Bout = Bin EX[{M Xj (25)
u

Where: By = algal biomass concentratignyChl-a/L or cells/L);
Bin = algal biomass concentration entering the systemiet
(x=0) (ug Chl-a/L or cells/L);
x = distance downstream from inlet (m);
Mgrowt—= algal specific growth rate (1/d);
Mioss = sum of specific loss rates due to biological phgsical
processes (1/d); and

u = characteristic velocity along the primamywldirection
(m/d).
d _Q
— ==(b-B)+ 26
Ty D-B)+ 8 (26)
Where: B = average phytoplankton concentratiomipoundment
(mass/length?3);
b = average phytoplankton concentration in inflo
(mass/length?3);

t = time at which B is measured (time);

Q =flow of water (Ilength3/time);

V = impoundment volume (length3); and

L = net growth rate of individual algal cells (tif)e
As previously mentioned, Pridmore and McBride cegwgh in their model through
consideration of a maximum growth rate supportalglehe phosphorus concentration
(Equation 27). Equation 27 also allows a negagiaavth rate, should the existing
population exceed the population supportable bytimeent phosphorus
concentration.

K-B

M= :umax(Tj (27)

Where: pmax = maximal specific growth rate of phytoplanktordan
existing light and temperature conditions (tijieand
K =theoretical maximum phytoplankton concembrat
(mass/lengtf), determined from Equation 17.

Algae tend to remain suspended in the water col(fFogg 1965; Malone 1980);
because they are suspended, they move throughralbgid system as the water

moves. This was captured in Pridmore and McBridgigation (Equation 26), which
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simply assigned the concentration of algae to mimd outflow of water to
determine the mass of algae transported. Thusahsport of algae is rather

simplistic in nature; the complexity lies in thesdiction of their growth.

2.4. Canal Process Modeling

2.4.1. Canal Modeling

Although many hydrodynamic models exist for rivergsystems, few canal models
exist (Heatlie et al. 2007). In particular, whiledeling efforts have been undertaken
for irrigation and drainage canals (Sutcliffe arsadk® 1987; Misra et al. 1991; Lal
2001), there seems to be a dearth of researchnailsaased for navigation. Some
well-known canals (e.g., Venice and Suez) have bsasteled, but have very

different drivers on hydrology than do inland watays. One study (Heatlie et al.
2007) does model a navigational canal similar éodtudy region, but with a different
goal. In addition to these large-scale modelinglists, there are a few monitoring and
regression studies that have gathered data offgpestevance to the current

modeling effort.

Venice, ltaly, is located on a series of smallndsinside a lagoon. A network of
nearly 160 canals forms the ‘streets’ of the ci§nowledge of the sedimentation
rates within the canal network is of vital importanto ensure that dredging happens
as needed to keep the canals navigable. Coraatheds (2007) undertook a study to
develop a detailed model of the Venice canal nétwoorder to predict
sedimentation rates therein. They coupled a feléenent model using shallow water
equations with a 2-D link-node model to represhatdystem. The finite element
model was used to represent the flow in the lagddwen by tidal action; outputs
from this model were then used as boundary comditfor the link-node model of the
canal network. Simulation of water levels withstebupled system was excellent;
sediment simulation was acceptable, though nobed,deing heavily dependent on
parameters (such as lagoon sediment input, builgliagion, and sewage outfalls) that
were difficult to quantify. Additionally, the mobies did not attempt to quantify
sediment sourced from “boat traffic or other angagenic influences” (Coraci et al.
2007). Due to the nature of the system, it wasweoessary to include a
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representation for catchment contributions or foarctures (e.g., locks) commonly

found in inland navigational canals.

In a similar manner to Venice, where the hydrodyiearare primarily a function of
water levels in the lagoon, the hydrodynamics ef$tuez Canal are driven primarily
by the mean sea level in the water bodies at eadloEthe canal (Abril and Abdel-
Aal 2000). Abril and Abdel-Aal used a 1-D modeted on the momentum equation
to represent hydrology within the Suez Canal. Wthke authors acknowledge that
boat movements will have an effect on sediment eptmations, they report that the
primary influence on sediment concentrations inShez Canal is the water
movement caused by tidal changes in the velocityatér, which affects settling and
resuspension within the canal (Abril and Abdel-2800). Therefore they make no

accounting for boat traffic.

A recent study used the ISIS model (Wallingfordt@&vafe 2008) to characterize the
Manchester Ship Canal in northern England (Heatli&. 2007). This canal
contained five ponds and three riverine interacjdhe primary focus of the
modeling study was the use of the canal for floodtiol. The authors developed a
method to represent an automated sluice contrégsywithin ISIS and successfully
represented the hydrology in the canal. Althougdytproposed using the sediment
module of ISIS at a later date to evaluate chaimg#eod risk due to dredging
activities, they did not run the sediment moduléhigir study (Heatlie et al. 2007).
British Waterways also used ISIS to assist in te#worts to quantify a range of
Manning’s roughness coefficients for use in hydraniodeling of canals (Dun 2006).
The British Waterways study was conducted on siegtgions of canals — that is, the

study segments did not include locks.

2.4.2. Modeling of Boat Traffic Effects

Murphy and Eaton (1983) evaluated the effects at braffic on macrophyte growth
in several canals across England. They foundoagtrorrelation between boat
movements and turbidity measured at 55 sites{®01, correlation coefficient =
0.67) (Equation 28) for an average channel 1 krg,|a@ m wide, and 1 m deep
(Murphy and Eaton 1983).
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In(t) = 06 0n(T)- 168 (28)

Where: t = mean turbidity as TSS (g/m?); and

T = annual traffic (movements/(hayear)) (Equation 29).

T= 10[LI[R (29)
w Ll
Where: L  =lockages (lock operated throughrfgland emptying cycle)
per year,;

R = boat to lockage ratio;

w = mean canal width at measuring point (m); and

d = mean canal depth at measuring point (m).

Hilton and Phillips (1982) also investigated baatffic effects on turbidity. They
reported that suspended sediment concentratianaffitked waterways originated
both from elevated phytoplankton levels and tutijidenerated by boat movements,
and that the division between the two was stiliéed of research. They recorded
continuous and nearly-continuous turbidity at twesson the River Ant, and found a
visible correlation between boat activity and tdityi. With the assumption that
settlement follows an exponential decay model, theyeloped Equations 30 and 31
to predict suspended solids mass and concentrativafficked waters. At a given
point in time, these equations sum the individwaltdbutions from each boat that has
passed, taking into account the deposition thabhesrred since the time each

individual boat passed.

p=n -
Tow =T e (30)
p=1
= —k(r_tp)
T ..=T, DZe +T, (31)
p=1

Where: Toa = total mass of suspended solids in the watemeolaver 1
meter of bank length (g/m);
T = mass of solids induced by a single boatagesgg/m
travelled);
= number of boats;
settlement rate coefficient;
= time of sampling, counted from arbitrary stagttime;
t, = time of passage of th& poat, counted from the same
arbitrary starting time ag
Tmean= concentration of suspended solids (g/m3);
To = T/A =suspended sediment concentration genelated
passage of a single boat (g/ms3);
A = cross-sectional area of river, m?; and
Tg = background suspended solids concentration wiene is no
boat activity (g/m3).

n
k
T
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Although Equations 30 and 31 are designed for nredstoncentrations of suspended
sediment in g/m3, the data available to the reseasc(and the final values they
report) were given in turbidity units of FTU. Hilt and Phillips (1982) tested their
equations on two reaches on the River Ant, anddoatues for k of 0.0146 and

0.012 and values forplof 0.156 and 0.148 FTU. Due to the differencethereaches
tested, they did not expect the values for k agptbvary much if the model was
extended to other rivers. The researchers cautitrad time steps of 5-60 minutes
were tested in their model development, but lotigee steps were not, and the model
might not be suitable for time steps of greatentbae hour. Finally, Hilton and
Phillips concluded that solids resuspended by traffic were unlikely to build up

over time, as their model suggested that even cwrat®ns generated during times of

peak boat traffic should return to normal withibd &ours.

2.5. Study Area

The Kennet and Avon Canal was chosen as the siteefoonstration of this model,
predominantly due to the tense political climateuaud the canal and resulting need
for a computer model capable of predicting solatds from the canal. The canal
discharges into the visually pristine River Kenmegating water quality problems
that have outraged local anglers (Kennet Chalkstrig®nitoring Group 2008). The
Environment Agency is considering numerous managéoions to address the
water quality problem in the River Kennet causedhgycanal, but they desire a
model capable of predicting the outcomes of thegi®ies before committing funds to
any restoration efforts. The use of the Kennet/Aavah Canal as the study site has
the added benefit of the availability of varied tiglavater quality data collected by
the Centre for Ecology and Hydrology (CEH).

2.5.1. Description

The full length of the Kennet and Avon Canal rud® km from Bristol to Reading in
southern England (Corrie 2002); the study aredhigrresearch project extends 21 km
from the summit reach eastward to Copse Lock, wtiereatural course of the River
Kennet merges with the canal (Figure 1, page #22)Figure 1, although the town of
Hungerford is not large enough to be a ‘populatede’ by mapping standards, it is

an important sampling location where the River Dtbe,River Kennet, and the
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Kennet and Avon Canal run nearly parallel befoeedbnvergence of the former two;
thus Hungerford is noted in Figure 1 to aid infdatiscussion.) Copse Lock is the site
of concern for anglers, the point where the slugasfiment carried by the canal enters
the pristine River Kennet (Figure 11). Up untiktpoint, the river and canal parallel
each other, but have only minimal interaction, ffisient to cause water quality
problems in the river.

Figure 11. Confluence of the Kennet and Avon Canatith the River Kennet. The canal enters
from the lock visible in the top right of the photg the river enters from the bottom right of the
photo.

The study section of the canal contains 26 lockd (hus 25 reaches between the
locks, plus the summit reach, for a total of 2&hess), starting with lock number 55
(Crofton Top Lock) to the west and ending with loaknber 80 (Copse Lock) to the
east (Figure 12, Figure 13). To the south and weltungerford, the canal parallels
the River Dun; to the east of Hungerford, afterBhm joins the Kennet, the canal
parallels the River Kennet. Two major surfaceastre contribute flow to the canal in
this section: Froxfield Stream deposits approxityadequarter of its flow into the
canal through a control structure (the remaind®w$lin a culvert underneath the
canal to join the Dun), and Shalbourne Brook cbntes all of its flow to the canal,
though a large portion of it is removed via a wmirthe opposite side of its entry
point on the canal (National Rivers Authority 1992dditionally, generally small

amounts of water are drawn at various points freenRiver Dun and the River
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Kennet and deposited in the canal (National Riverthority 1992). The majority of
the flow in the canal is provided via the summéaie, to which the Crofton Pumping
Station (Figure 12) pumps water at a variable (lad¢ minimum of 125 L/s (personal
communication, pumping station engineer, 15 Sepéerab09)) year-round. The
water pumped at Crofton is drawn from nearby WiN@ater, a manmade reservoir

designed for this purpose.
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—— Natural Streams Kilometers

Figure 12. Locks on the Kennet and Avon Canal.
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Figure 13. Elevation and water depth along the studsection of the Kennet and Avon Canal.
Distances and elevations approximate. Numbers caspond to lock numbers.

Though the major flows come from the aforementiowater bodies, runoff from the
land surface does have the potential to enterdahalras a result, it is important to
understand the nature of the drainage area sunmgtite canal and the river. This
area is predominantly agricultural (Figure 14) haatloamy soil texture, roughly 30%
sand, 45% silt, and 25% clay (Jarvis et al. 19@8yid et al. 1984).
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Figure 14. Land uses in the Kennet Catchment. Databtained via Dr. Andrew Wade (University
of Reading), originally from the Institute for Terr estrial Ecology.

2.5.2. History

As might be expected with a nearly 200-year-oldcttrre, the Kennet and Avon
Canal has had a colorful history. After experiaegdinancial difficulties that delayed
its completion, it experienced its heyday in thdyei800s, followed by a substantial
decline beginning in the mid-1800s when the ne&@lsat Western Railway was
completed, with net deficits recorded beginning&77. Around the time of the
world wars, the improvement in road transport detd another blow to the canal,
and throughout the 1900s it struggled to maintsirxistence (Clew 1973). Various
sections of the canal became impassable in thesl@d®to lack of maintenance; 13
km of canal between Newbury and Reading were clos&850 (Clew 1973; West
Berkshire Heritage Service 1999). The entire caagbened in 1990 thanks to the
volunteer efforts of the Kennet and Avon Canal Trugoday it exists primarily as a
recreational canal, with very little of the commaldraffic that dominated its early
years (Neal et al. 2007); however, the reopeninf®ftanal has caused difficulties
with local anglers (Halcrow Group Limited 2007),aprofitable fishery developed

on the pristine River Kennet in the years of theata disuse.
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2.5.3. Water Chemistry Assumptions

Certain assumptions were made in Section 2.3.Rdrnnvestigations of relevant
processes for canal modeling. First, it was assutmat phosphorus would be the
limiting nutrient in any system studied. Secondyas assumed that Eppley’s
relationship for temperature (Equation 19) would/bkd (that is, that the water
temperature would be below 40°C at all times).alDaim Neal et al. (2006b) support
both of these assumptions for the Kennet and AvamaC

The average N:P weight ratio for the Kennet andriA@anal is 28.8, yielding an N:P
molar ratio of 63.7. This is much greater than‘ttieal’ molar ratio (20) given by
Cooper (1937) and the P-limited ratio (12) giverlbyon and Rigler (1974),
indicating that in terms of nutrients, algal growdtP-limited. Measured water
temperatures in the Kennet and Avon Canal range fr® to 22.7°C, well below the
40°C threshold established by Eppley (1972) foruthe of his equation to predict

maximum algal growth rate (Equation 19).

2.6. Summary

Many of the components needed to create a canatlnoadently exist: sediment
deposition has been characterized, a multituderofidilae for algal growth are
available, and observations of canal processes@mslltation with experts provide a
good background on the hydrologic processes that bmiconsidered. However, no
model currently exists that specifically addressethe issues needed for a water
quality study of an inland navigational canal: arfcular, the issues of boat-
generated sediment, lockages, and algal growtharcluded in existing models.
The selected length of the Kennet and Avon Carc@ilides boat traffic, lockages,
overflow weirs, leakage, algal growth, and inteiats with the surrounding natural
environment and as such provides a suitable sdtimgevelopment and testing of a

new computer-based canal model.
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3. Data Collection & Analysis

3.1. Introduction

The development of the canal model required data fnlumerous sources. Sources
of existing data included other researchers, gowent agencies, and internet
databases. Other data were not available andohael ¢ollected specifically for this
study.

3.2. Field Surveys

Two field surveys were conducted to collect daterfithe canal that were not
available from an existing source. The first adgl surveys was held in August 2008
and the second in September 2009. Water qualitypkes were collected on both
occasions. In August only, latitude and longitutgfermation for the canal was
collected; in September only, weir dimensions weaiéected. On both occasions,
consultation with knowledgeable persons providethér information on the canal.

3.2.1. Water Quality Samples

Water quality samples were collected from the canah effort to quantify the
amount of sediment disturbed by the passage oflauwat the opening and closing of
lock gates. Samples were collected immediatelgreednd after boat passage and
likewise immediately before and after lock gate emoent. During the August
sampling, the boat and lock samples were oftemtakseries — that is, before a boat
approached the lock, after the boat passed buté#fe lock gate closed, after the

lock gate closed, and then the reverse processedmhat exited the lock.

The water quality samples were collected with gpéénapparatus (Figure 15). This
apparatus consisted of a 100 mL container, a wéagptll the container down into

the water column, and a float to keep the sampdorgainer at the correct depth (0.3
m) while sampling. The container was lowered (@ably from a bridge,

occasionally thrown from the side of the canalpitite center of the canal, held under

water for a few seconds, and retrieved. The sampteimmediately transferred to
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100-mL container with a screw lid and labeled wiith time and date of collection

and a unique identifying code used later duringtatory analysis.

Figure 15. Sampling apparatus.

In total, samples were collected surrounding tresage of 24 boats: 10 in August
2008 and 14 in September 2009. Samples were tadlstrrounding 14 lock

movements in August 2008.

3.2.2. Physical Characteristics

As lock locations and dimensions were not forthaggrfrom government agencies, it
was necessary to collect information on both diydedm the canal. The location of
each lock on the study section was determined eiagmal survey using a handheld
Global Positioning System (GPS) receiver (Garmireg Vista HCx). The GPS
receiver was also used to record the track of ithédnorse towpath along the canal, as
an electronic map of the canal was not availafbleese data were imported into a
Geographic Information System (GIS) (ESRI ArcGI3)Jor analysis. The results of
both of these efforts were displayed previousl{kaennet & Avon Canal Locks” and
“Kennet & Avon Canal” in Figure 12. These data evkater used to calculate the
lengths of the reaches between each lock and évrdete to which reach various
external sources (streams, sewage treatment wooksjbuted (described in Section
7.1.2).

In September of 2009, dimensions of lock gatescuedflow weirs (bypassing lock

gates) were measured using a 100-ft measuring fdptes were also taken regarding
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any instructions to leave locks empty after ushe d@etails of these measurements are
included in Table 3 and in relevant sections thhamug this report. On average, lock
gates were 2.6 m long; overflow weir lengths vageeiatly, with average weir boxes

at locks (e.g., left photo, Figure 7) being 1.6and with a height of 16 cm and

average culverted weirs (e.g., right photo, Figdrbaving an initial weir length of

6.3 m followed by a 62 cm diameter culvert.

Table 3. Reach and lock dimensions collected in Sempber 2009. (continues next page)

Downstream Lock| Length of One | Weir Length(s) Helght of Leave
Number Lock Gate (m) | (m) Weir Box Lock
(cm) Empty?

55 2.69 2.4 14 Yes
0.91 33

56 2.64 091 323 Yes
0.94

57 2.44 0.94 20 Yes
1.1 18

58 2.59 11 18 Yes
2.0

59 2.67 50 18 Yes
2.3 23

60 2.69 53 3 No

61 2.59 2.1 18 No
1.9 20

62 2.67 19 20 No
2.2 20

63 2.74 55 20 No
2.0 20

64 2.72 2.0 20 No
6.7 of
1.7 20

65 2.74 17 20 No
1.9 19

66 2.59 1.9 19 No
1.7 38
2.0 15

67 2.67 50 15 No
1.7 20

68 2.59 17 20 No

69 2.77 1.9 43 No
2.1

70 2.74 51 24 No

71 2.59 2.5 0 No
1.2 15

72 2.74 1.2 15 Yes
7.7 (0.66§ 74
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Downstream Lock| Length of One | Weir Length(s) Helght of Leave
Number Lock Gate (m) | (m) Weir Box Lock
(cm) Empty?

1.4 20

73 2.57 1.4 20 No
3.2 (0.74) 74
1.5 13

74 2.62 1.5 13 No
7.8 (0.46) 46
1.6 23

75 2.69 1.6 23 No
8.8 (0.74) 74
1.7 13

76 2.69 1.7 13 No
6.7 (0.61) 61
1.5 18

77 2.54 1.5 18 No
9.0 18

78 2.74 n/a 0 No
1.4 15

79 2.59 1.4 15 No
3.7 (0.43) 43
1.4 18

80 2.44 14 18 No

T Where weir height is given as the weir has no top (i.e., it is just a weir,bux).

¥ Where a number is given in parentheses, the waircbnsists of a long weir crest flowing into a box
that discharges through a culvert (Figure 16);nitmaber not in parentheses is the weir crest and the
number in parentheses is the diameter of the dulver

"The overflow weir for this section is out of sigitt private property at Kintbury Mill; estimates nge
later made from aerial photos that the weir lenvgdls 9.1 m and the weir had no top.
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Figure 16. Example of complicated weir box.

3.2.3. Laboratory Analysis

Upon return to Cambridge after collecting water gkas, the samples were
refrigerated and analyzed within three days. Samplume was measured and
samples were filtered through use of a vacuunafitin system with a 47 mm
diameter 0.44m cyclopore track etched membrane filter (Whatmamd). After
filtration, samples were dried at 105°C for two ®uThe weight of each filter paper
was recorded prior to analysis, and compared tpdisedrying weight of solids and
filter to determine the weight of dry solids in Bagample. The solids concentration
was determined as the quotient of the dry solidghteand the original sample

volume.
The concentration of sediment disturbed by boasgges was determined by

comparing the pre- and post-boat passage condensdfable 4). Likewise, the
concentration of sediment disturbed by lock gateenwent was determined by
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comparing the pre- and post-lock gate movementartnations (Table 5). In the
case where these comparisons resulted in a negatneentration change, it is
assumed that the turbulence generated by the bokisk gates temporarily drew

water of lower sediment concentration into the eesampling location in the canal.

The full details of the calculated sediment conaditns are included in Table 4 and
Table 5; in summary, excluding outliers, the averagncentration of sediment stirred
up by boat passage was 23 mg/L (median 18 mg/igerar8 mg/L to 70 mg/L); and

by lock movements, 7.3 mg/L.

Table 4. Sediment concentration increases due to &ibpassage.

Collection Period Boat Width Sediment Concentration
(mg/L)
2008 Wide 36.8
2008 Narrow 8.5/04
2008 Two Narrow 14.0/-1.7/-2.8
2008 Narrow 315
2008 Narrow 12.1
2008 Narrow 23.3/8.9
2008 Narrow 147.8
2008 Not Recorded 149.8
2008 Not Recorded 22.3
2009 Wide 259.3
2009 Narrow 3.2
2009 Narrow 10.3
2009 Narrow 27.6
2009 Narrow 4.6
2009 Two Narrow 1.8
2009 Narrow 12.1
2009 Wide 193.8
2009 Narrow 44.3
2009 Narrow 70
2009 Narrow 2.1
2009 Wide 61.7
2009 Narrow 26.8

"Where multiple numbers are listed, they reflectglastaken surrounding the same boat at different
stages of the lockage process. The first numhaken before the boat moved into the lock —is

considered most accurate.

Table 5. Sediment concentration increases due todlk gate movements (mg/L).

70.3 -5.9 19.7
5.2 -7.3 -6.3

-12.9 -1.7 -12.1
-25.0 -3.9 -6.2

0.1 87.7
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3.3. Aerial Photography

A bird’s-eye view of the canal was used to estimmageh widths, the area in the canal
affected by boat-disturbed sediment, and shadirenoli canal reach. Aerial photos
were obtained from Bing.com (© 2010, Microsoft Cangtion, NAVTEQ, Intermap,

and Getmapping plc) for use in this analysis.

Because dimensions of the canal were not forthcgifnom any Government agency,
canal widths were estimated from aerial photograptfgrmation from the literature
suggests a typical width for all 107 reaches ofddweal of 40ft (12.2m) (West
Berkshire Heritage Service 1999); this is conststath the widths measured for

individual reaches in the study length, which rahffem 7.4 m to 13.3 m.

The laboratory analysis provided a concentratiosegfiment suspended by boat
passage; in order to appropriately model sedinransport, a volume of affected
water was needed to obtain the total mass of sedisuspended. This was nearly
impossible to estimate from a ground perspectiogdver, aerial photos clearly
show the affected width to be approximately thathefboat (Figure 17). Itis
assumed, as the sediment is stirred up from thernadf the canal, that the sediment
load is evenly distributed from the bottom of tlamal to the surface, roughly in a

rectangular cross-section.
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Figure 17. Aerial photo of boat and sediment plumen the Kennet and Avon Canal. From
bing.com, © 2010, Microsoft Corporation, NAVTEQ, Intermap, and Getmapping plc.

Because the aerial photos clearly showed the treerover each canal reach, they
were also used to estimate the percentage of eaeh each shaded from the sun.
This was done by first importing the aerial phaima GIS program, then outlining

the total reach surface area and the reach susfaeenot covered by trees, then using
those areas to compute the fraction of the suidaea not shaded by trees.

3.4. Agency Data

The cooperation of several Government and privgémeies was essential to the
completion of this work. In particular, personfreim the Environment Agency,
British Waterways, the Centre for Ecology and Hyolgy, the University of Reading,
and the Kennet and Avon Canal Trust provided ctucfarmation for the

development and testing of the canal model.

The Environment Agency provided information on sggv&reatment works in the
Kennet catchment (Figure 18). These data inclloeations of the facilities and
monitored concentrations of sediment in the faesitoutfalls. Additionally, the
Environment Agency provided monitored flows in theer at the Marlborough

station (Figure 18), used to calibrate the overldmda model used to generate runoff
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inputs to the new canal model. Perhaps most imptiyt the Environment Agency
provided details of previous studies and surveysiaoted on the canal that identified
areas of interaction between the canal and the {INational Rivers Authority 1992;
Halcrow Group Limited 2007).
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Figure 18. Sewage treatment works and hydrologicahonitoring station, data from which were
provided by the Environment Agency.

British Waterways provided information on the heighthe overflow weirs in the
canal, lockage rates, and limited flow data recdridethe canal. The heights of
overflow weir crests above the bottom of the caaaged from 1.10 m to 1.53 m. An
annual count of lockages at multiple locationslmndanal (Figure 19) is shown in
Table 6; Lock 85 is outside the study area, bua ffa@m this lock were used to
estimate lockages at the lower locks on the stuelg.aA representative distribution
of lockages throughout the year based on data dedhfporm multiple canals in
England was also available, shown in Figure 2@wFdata on the canal were only

available for the modeling period at the Picketfieleir bypass (bypassing Lock 71).
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Figure 19. Location of information available from British Waterways — lockage data were
available from the labeled locks, and flow data wer available from the bypass at Lock 71.

Table 6. Lockages by year for four locks on the Kamet and Avon Canal.

Lockages
Lock 2000 2001 2002 2003 2004 2005
60 1862 1976
71 1938 1892 1822 1915 2407
76 2367 2443 2345
85 2261 2423 2750 2858 2950 2831
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Figure 20. Weekly distribution of lockages.

Dr. Colin Neal at the Centre for Ecology and Hydgt provided sediment
concentrations, phosphorus concentrations, andagtigll-a concentrations recorded
over varying periods of time at multiple statiomstbe canal and the river (Figure 21)
(Neal et al. 2000; Neal et al. 2006a; Neal et @06b; Neal et al. 2007; and
unpublished data). Observations made on the e@ral used to verify the accuracy
of the new canal model, and observations made®nihr were used to calibrate the
overland flow model used to provide runoff inputhe canal model. Sediment and
phosphorus data were also available from Dr. Narahfe Wilton Water reservoir

supplying the canal.
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Figure 21. Centre for Ecology and Hydrology (CEH) ampling locations.

Dr. Andrew Wade and Mr. Attila Lazar (PhD candidatethe University of Reading
provided information on sewage treatment work flaes and flow-velocity
relationships for the River Kennet needed for theoff model. They had previously

gathered these data for their modeling effortgHerriver.

Mr. Mike Lee, Hon. Engineer for the Kennet & Avomi@l Trust, provided a detailed
map of the canal that included the lengths andhdept the locks. He also provided
background information on the canal and the opamaif the Crofton Pumping

Station.

3.5. Summary

The data collected as described in this sectighefeport provided the needed inputs
for the final canal model described later in Secto Estimates of sediment disturbed
by boat passage provide a valuable contributidhdditerature, which is noticeably
deficient in that regard. Communication with loeaperts and agencies provided a
much-needed background to help understand the,garsddition to the data needed

for parameterization and testing of the canal model
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4. Canal Model Development

4.1. Introduction

As has been mentioned previously, the goal ofghogect is to develop a computer
model capable of predicting the multiple processeque to a canal model, while
retaining an ease of parameterization to make thaeirusable by agency personnel
who may not be familiar with the intricacies of hglbgic modeling and usable in

areas where intensive monitoring is not available.

4.2. Algorithm Development

Solids generation and transport in canals diffesmifwhat one might expect in a lake
or river. Rivers have a high flushing rate ancelakend to be stagnant enough to act
as settling basins; however, canals are somewhehe imiddle, essentially a series of
impoundments with a ‘short’ water transit time.tiidugh canals have a much lower
flow rate than rivers, it is not so low that théiwvidual ‘impoundments’ can be

considered completely stagnant.

Boat traffic in canals dominates both the hydrolagg sediment generation and
transport in canals. Boat traffic serves two fioret of interest — first, it increases the
flow rate over an otherwise low rate as the boatsave large volumes of water from
each impoundment (‘reach’) as they pass througkslasecond, the boats themselves
stir up noticeable quantities of solids (Figure Adge 63). The subsections of Section
4.2 describe the key processes in canal operagiohshose that are considered as part
of the canal model, illustrated in Figure 22. dmsnary, the suspended solids
concentration in a reach is a function of the ulyiteg hydrology, boat movements,
and factors affecting algal growth. It is additilyg affected by sources and sinks
external to the model. Three types of solids balltracked in the solids calculations:
biological (i.e., algae), inorganic cohesive seditnand inorganic non-cohesive
sediment. The specific processes modeled include:

« Water and solids flow through the overflow weirgi) Queir, [SSyeir, QS Sveir)

« Water and solids flow occurring with lockagesck] Qock, 1SSock, QRS Sock)
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Water and solids flow associated with overtoppihbpok gates (f,iocks Quw,locks
1SSw jocks QS lock)

Water and solids flow associated with lock leak@dgg, Qeak 1S Seak
QSSear)

Seepage of water through the sides of the canalQ

Sediment disturbance caused by boat propellergdip&d lock movements
(1ISSockmove

Biological solids generation in terms of algal gtbiSS;io)

Deposition of sediment along the length of the he@&2SSep

External influences on water and solids quantitiehie canal reaches{l
Qabs lrunofty lprea Qevap 1SSunoft, ISSxe QSS9
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Equation 32 is the basic governing equation foryarology calculations:

%2 1)-f) (32)
dt
Where: S = water storage in the canal reach (m3);
I = water inflow to the reach as a function ofdifm3/s);
Q = water outflow from the reach as a functionmkt(ms3/s);
and
t = time (S).

This is a basic continuity equation in use by nuwuasrexisting hydrologic models
(e.g., HSPF (Bicknell et al. 2001) and INCA (Wadele2@02)); however, the
characteristics of the inflows and outflows will bagure to the canal model.

Similarly, equation 33 is the basic governing egumtor the solids calculations.
- 1ss()- Qssf) (33)

Where: SS = sediment storage in the canal reagh (
ISS = sediment inflow to the reach as a funatibtime (mg/s);
and
QSS = sediment outflow from the reach as a funaifdime
(mg/s).

The components of inflow (I(t) and ISS(t)) and oomfl (Q(t) and QSS(t)) are
described in the following sections. Note that iohe@ategory of flow, the outflow of
water and solids from the upstream reach(es) bectimaasflow to the downstream
reach. This is done individually for each compdraroutflow and inflow; thus,
Quweirs Qocks Quw.locks and Q.o for an upstream reach are routed separatelysitplbck
lw.lock, @Nd Jeak, respectively, for the downstream reach. The sgiidcesses follow

the same pattern.

4.2.1. Simplifying Assumptions
The basic system simulated is a series of reagh##sn which solids are assumed
completely mixed (except as detailed in the follogvsections). Each reach has four
basic state variables — water storage, cohesivensatlistorage, non-cohesive
sediment storage, and algal storage. Equatioms833 are applied to the state
variables in each reach to determine the inflowsauttlows at each time step.
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It is assumed that the primary sources of sedinmethie reach are the boats and
upstream canal reaches, as opposed to runoff emaxttinputs; thus, the potential
distribution of runoff and external inputs along ttanal length is not considered in
the deposition calculations.

It is assumed that the potential elevation of tueat sides above the neighboring
topography does not affect the potential for rutofénter the reach. Although
surface runoff may be retarded by elevated eamfadis, interflow and groundwater

flow into the reach may still occur.

It is assumed that the water temperature in thel @ahaot be so hot as to kill the
algae in a reach and that the diversity of algat®s is great enough that the general
algal response to increased phosphorus concemsai@ positive one. Although
some researchers like Rodhe (1948) have found W sumaber of species that were
adversely affected by high concentrations of phoggs the hot water and low
diversity conditions required as habitat for thepecies are considered unlikely to
occur in an average inland navigational canal. tMesearchers have found a positive
relationship between algal growth and phosphorusertdration, as described

previously in Section 2.3.2.

A few minor processes assumed insignificant in acgigiavigational canal will not

be modeled. Because boat operators are instrootdd cause a wake, the erosion of
banks by wake effects is not considered. Becaus#aw rate in the canal is low,
scour of the sides and bottom of the canal is aosiclered (except in conjunction

with boat propellers and lock gates).

4.2.2. Hydrologic Algorithm

The hydrologic algorithm for the canal model quiaesi the relationships unique to
canals: lockages, weir flows, over-lock flows, seefdagses, and leakage. Because
the reaches between locks are designed to be fexeldue to the slope of the stream
is insignificant in comparison to these other floasd thus a typical hydrologic

model based on slope and roughness is inapplifabtbese purposes.

72



The components of hydrologic inflow (I(t)) are p@tation, runoff, external sources,
weir flows from upstream reaches, over-lock-gate flinesn upstream reaches,
lockages from upstream locks, and leakage fronregst locks. The components of
hydrologic outflow (Q(t)) are evaporation, externias@actions, seepage, weir flows,
over-lock-gate-flows, lockages to downstream locksl, laakage through
downstream locks. Most of these flows are time-ddpehand many also depend on
the water storage in the reach. The methods byhndach of these processes is
represented in the canal model are describedsrstution.

4.2.2.1. Weir Flow

An overflow weir is typically positioned in the sidéa canal wall to maintain a
desired water level in the canal reach. It may thkeorm of a box cut in the side of
the canal or it may be a long weir with no significaverhang (Figure 7, page 29, left
and right images, respectively). The hydrologyhaf weir is governed by basic weir
flow and orifice flow equations; while the weir openisgiot completely submerged,
Equation 34 for weir flow is used; if it becomes s@oged, Equation 35 for orifice
flow is used. Daugherty (1937) developed equatioas3an orifice flow equation for
low head conditions and as such it provides a sminatisition between typical weir
flow and orifice flow equations. The smooth tramsitis necessary for the use of
Newton’s Method to solve the system of equationsofilesd in more detail in
Section 4.2.6). Water that exits a reach througleia will become an inflow to the

next downstream reach.

Quar = %Cd,weir (Lweir —02H )\/Z_QH v?;ér (34)
2 15 15
Queir zgcd,weir L yueic \/Z(Hweir _(Hweir - Hs‘des) ) (35)

Where: G uwei= Weir discharge coefficient (unitless);
g = acceleration due to gravity (m/s?);
Lweir = length of weir crest (m);
Hweir = depth of water above weir crest (m); and
Hsiges= height of sides of weir box (m).
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Figure 23. lllustration of typical canal overflow weir.

4.2.2.2. Lock-Associated Flows

The locks in a canal have several effects on flawaddition to maintaining the reach
impoundments while lock gates are closed, the mimgibus effect is the water flow
associated with a boat passage (Figure 4, pagevB@&h drives the primary outflow
of the reach when boats are present. Not as obwamithe flows that occur due to
leakage and overtopping of the lock gates.

During boat passage through a lock, a volume oémequal to the volume of the lock
will be either taken from the upstream reach, depddo the downstream reach, or
both (Figure 5, page 27). Equation 36 describsssttenario.

E et
Qlock = |:(1_ Eboat )+ ;)a :|* Fboat |]\/Ior:k (36)

Where: Eoat = efficiency of boat movement: that is, what pamtof canal
traffic follows case 1 or 2 in Figure 5 rather traase 3 or 4
(unitless);

Fooat = frequency of boat movement (boats/s); and
Viock = Volume of lock (m3/boat).

The term (1-Boa) in Equation 36 represents the boats moving thrdhg lock
sequentially in the same direction (that is, césand 4 in Figure 5, page 27); the

term Byoaf2 in Equation 36 represents the boats moving tjirdbe lock sequentially
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in opposite directions (that is, cases 1 and 2garé 5). An entire lock volume is
lost from the reach every time a boat passes gbmgame direction as the previous
boat to pass the lock, but the same volume isolioistevery other time a boat passes
going the opposite direction of the previous bogtdss the lock.

Recalling Section 2.1.1, leakage occurs througk trates that are weathered or
damaged by use. A leakage rate must be estimataduection of depth for input to
the model; this leakage rate becomes the compah&pt) related to lock leakage,
Qieak (Equation 37).

Q. = Leak OMin(D,D, ) (37)

Where: Leak = leakage rate (m3/m/s);
D = water depth in canal reach (m); and
Diock = height of lock gates (m).

The inclusion of depth in Equation 37 allows thectiiarge rate to scale based on the

depth of water behind the lock gates.

On infrequent occasions, water may overtop the gatks, causing weir flow (Figure
24). ltis likely this would only happen in theseaof extreme rainfall and flooding;
however, a canal experiencing management or desapiems may also experience
over-lock-gate flow. When it does occur, this @agpping of a lock gate will

experience non-contracted weir flow (Henderson 196 given in Equation 38.
2
Qujock = 3 Cy wer Lo v 29H |sz (38)

Where: Lok = length of lock gates (m); and
Hiock = water depth above lock gates (m).

Note that because there is no ‘top’ to the locle geir flow, it will not switch to
orifice flow at any point. Water that overtops tbek gates is assumed to enter the
downstream reach in short order, either becauslethdtself is already full, or

through leakage in the downstream gates.
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Figure 24. Water overtopping lock gates during a pgod of high flow.

4.2.2.3. Seepage

Seepage (Equation 39) is dependent on a seepagandithe wetted surface area of
the reach, which in turn can be determined by tbdehfrom the storage in the reach.

Quepy = Seep DWSA (39)

Where: Seep = rate of seepage (m/s); and
WSA= wetted surface area of the reach (m?2).

Put briefly, this equation uses a constant rateepage, ideally determined based on
the characteristics of the material lining the ¢affdis seepage rate is applied to the
entire water-covered surface of the walls and Imotdd the reach (the wetted surface

area).

4.2.2.4. External Sources and Sinks

There are several processes that occur indepegpddrtie flow rate and flow depth
in the reach. These include precipitation, runpdfint source inputs, abstractions, and
evaporation. All of these processes must be iapw time series of values.
Precipitation and evaporation are described by t@musa40 and 41, respectively.
| e = PREC OSA (40)
Quep = PEOSA (41)
Where: PREC = precipitation rate (m/s);

SA =reach surface area (m?); and
PE = potential evaporation (m/s).
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Evaporation can only happen when there is watdraneach (i.e., storage is greater
than zero); this should always be the case in pgslp modeled canal but regardless
is checked in the model before applying the equati®oint source inputse(l),
hydrologic abstractions (), and runoff (kno) must be obtained from appropriate
sources; these will likely be regulating agenc@sldy; and Qpsand a separate
catchment model forhor. The sources used for the current applicatiordatailed

further in the section on model application (Sectfiol, page 126).

4.2.3. Inorganic Sediment Algorithm

Inorganic sediment is tracked in two classes: dobeand non-cohesive. With the
exception of fall velocity, these two classes afisent can be described by the same
basic equations. The components of inflow (ISS¢@))jnorganic sediment include
boat generated sediment in addition to inputs assatwith the water inflows to the
reach. The components of outflow (QSS(t)) for gamic sediment include deposition

in addition to the outputs associated with the watgflows from the reach.

4.2.3.1. Deposition

The inorganic sediment in the reach will undergpa$ition during each time step.
The inorganic sediment deposition comprises £s& component of QSS(t). The
basic deposition formula is given as Equation 42.
dsSs _ _wsSS
dt D
Where: w = fall velocity of sediment (m/s).

(42)

It is evident that the solution to Equation 42 ggeh relationship wherein deposition
causes the remaining sediment in suspension ty @éxg@nentially with time.

Because the solution to Equation 42 actually yidhgsremaining suspended sediment
after deposition has occurred, the deposited sediload (QS&, (Mg/s)) equals the
existing suspended sediment load less the SS atdduirom Equation 42. Although

Equation 42 is readily solved analytically, the rariwal solution is unstable when the

time increment is large; therefore, the actual coiddae model include$— e’ asa
term of QSS(t) rather than including the pure défgial form as a decay term as

given above.
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The fall velocity (w) used in Equation 42 is calculated differently dohesive and
non-cohesive sediments. Non-cohesive sedimentdikity is a straightforward
function of particle diameters (Equation 4, Sec2o®). Because in-situ measurement
of fall velocity for cohesive sediments is not greal for large-scale modeling
projects, the relationship developed by Manningdd@will be used to estimate the

fall velocity for cohesive particles (Equations X0). This estimates the overall fall
velocity based solely on suspended cohesive sedicoagentration and shear stress
near the bed. The adaptation of Manning’s methodsse in the canal model is

described in greater detail in Appendix A.1.

4.2.3.2. Boat-Associated Processes

As aptly pointed out by Copeland and others (208d3ts do not introduce sediment
into the canal, but rather resuspend the sedirhabhtias been previously deposited by
other means. In the canal model, it is assumedtpéentiful supply of sediment
exists in the canal, both as a result of earthealosalls and from sediment carried

into the reach from the land surface and extermatces.

Boats will suspend a plume of sediment (Figureptj7 63) as they travel down the
reach. This plume is primarily generated by sadihe canal bottom caused by the
turbulence generated by the propellers. An eséirofithe sediment concentration
generated by boats must be made, for exampleesit of on-site sampling as
described in Section 3.2.1. Once this estimapeasided, the sediment generated by
a boat is a straightforward calculation (Equati@i. 4

1SS, = Freacn UCS, o UL OD OB, (43)

Where: kach= rate of boat passage in the reach (boats/s);
CS0at = suspended sediment concentration generateddiy bo
propellers (mg/m3sboat);
L  =reach length (m); and
Bwia = boat width, assumed to be equal to the widtbediment
disturbance in the canal (see Section 3.3) (m).
Because the s, variable introduced earlier is a property of lqakst reaches, it is
necessary to calculate.fznbased on theyb,s at the upstream and downstream locks
in order to determine the frequency of boat movdnrethe reach itself. These
values may not be the same, for example, if treeewinding hole in a reach where

boats commonly turn around and return from wheheg tame. As a boat traverses
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the reach, it will cause sediment production althregentire length of the reach, and
thus the concentration stirred up by the boat iftiplied by the volume of disturbed
water in the reach (estimated as the product afhréength, reach depth, and boat
width, as was described previously in Section Bi3)rder to obtain the total sediment
load generated by boats as they traverse the reéaclncentration is used to
generate a sediment load because it is consideveg @asily measured than the
multitude of parameters needed to directly computead (for example, by using the
model of Maynord and others (2004) to compute leadiigenerated by boat

propellers).

Boats will also affect the sediment passing throwgirs on the reach. The flow
through overflow weirs or over the top of lock gaie typically only a few
centimeters deep. When the reach is unaffectdzbhts, the concentration of
sediment in the top few centimeters of flow will logver than the average
concentration in the reach. However, as a boagsathe lock gates or the overflow
weir, it will stir up sediment and cause a fullyx@ad solution again, which will begin
to deposit as the boat moves farther away fronpthiet of interest (Figure 25). This
means that the concentration of sediment shortéy &bat passage in the top few
centimeters of flow will be elevated compared taatvould be expected considering
only suspension and deposition operating on sedigr@ering the upstream end of

the reach (this latter process will be describetth@énext subsection).
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Figure 25. Elevation view of canal showing concerdtion profile for sediment generated by a
boat as it passes a weir. Not to scale. Brown stiag represents suspended sediment.

As time passes, sediment will move horizontally thuthe effects of water movement
and vertically due to the pull of gravity. The tieal movement is expected in
Equation 42, but the horizontal movement is ndter€fore, in order to model the
sediment suspended in the cross-section of thdloweweir, the time parameter in
the solution to the deposition equation (Equatidhmust be modified to account for
the effect of water movement. The modification terssure that when the actual
time is put into Equation 42, the model ‘seesnaetiadjusted for flow velocity. In
short, the time parameter must change to accoumtdter and boat velocities. Thus,
Equation 44 describes the sediment generated bynomaement past a point of
interest (that is, an overflow weir or a lock gat@he derivation of Equation 44 is

provided in detail in Appendix A.1.

W [1+)&!

t
BSS=Q,., j; CS,on ™ J dt (44)

Where: BSS = suspended sediment generated byhassage that is lost
through an overflow weir or over top a lock gateg(boat);
Vw = water velocity (m/s);
Vp = boat velocity (m/s); and
t3 = time for boat-generated sediment concentratdrecome
negligible at the crest of the weir or top of tbel gates (s).
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The boat suspended sediment (BSS) is the total sedlimad passing over the weir
sill or lock gate between the time when the boaspa (t = 0) and the time when the
concentration above the weir crest or lock gateivess negligible (t =}. This end
time, &, is determined by setting the exponential pathefsolution to Equation 42 to
nearly zero (i.e., 0.0001). TypicaMalues will be much less than the model time step
(t3 ~ 0.5-1hr for cohesives, 0.5-1min for noncohesivesdel time step = 1 day). It
should be emphasized that individual boat traffinet modeled; rather, Equation 44
is used to calculate the contribution from a repnégtive boat on the reach, and.F

is used to determine how many BSS’s should be dedlun each time step. The
sediment disturbed by each of the passing boaissismed to fall below the crest of
the weir within one model time step; in a typicahal, there is no boat traffic for the
last several hours of the day, such that all sedimgenerated by a boat will deposit
below the crest of the weir before the next dayingego this assumption is consistent
with reality. The model set up does allow smalimetsteps, but these should be
chosen with care and attention to the expectecegdir . The BSS will be
incorporated into the weir transport in Section3.2, where it is transformed to a

rate (per time) through incorporation of the fregeyeof boat passage.

4.2.3.3. Weir-Associated Processes

There is significant turbulence associated withitiflew of sediment to a reach from
upstream sources, whether the source is the outffdhe upstream overflow weir,
leakage, or lockage. However, because the deptlatefr over the weir is often of the
order of only 5¢cm or less (compared to a canalldepapproximately 1.5m), it is
necessary to consider that the solids that wehg riuiked at the upstream end of the
reach may have settled out of the top few centimeatkthe water column and thus
not have the potential to exit the reach via thertbow weir (Figure 26). This is

considered in Equation 45.

~Ws L=Xyeir

-1 At o
QSS,., =F... 0BSS+Q,,, DSS S?m CgHuer Vo (45)

Where: At = model time step (s); and
Xweir = distance from upstream end of reach to weirtlongm).

Note that FoatiS used in this case to affect BSS rather thannfused in Equation 43)

because most overflow/bypass weirs are locatedalesg to the downstream lock
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gate, and therefore the frequency of boat pasdape downstream lock gate is most

representative of the boat traffic past an overflosir.

In Equation 45, the first term accounts for the et stirred up by boats that passes
through the weir. This term accounts &irboat-generated sediment (h3s3 that can
possibly pass through the weir, as the time fol 8%, sediment to deposit below
the weir height is considered as part of BSS. Hoersd term accounts for the
sediment from sources other than j§8hat passes through the weir during periods
not affected by boat traffic. The (Lg)/vy term in the exponent represents the time
it takes water to travel the length of the reactd thus the time that sediment entering
the reach at the turbulent upstream extent hasttie ®ut of the water column. Thus
ISSy0atiS Subtracted from the total sediment store insé@nd term so as not to
double-count the sediment generated by boat tréféitwas already considered in the
first term. In practice, the second term of thaapn is nearly always zero for the
reach lengths considered in the Kennet and AvoralCand thus it may be
appropriate in most cases to simplify Equation 4t¢tude contributions from boat

passage only.

AV
€2 *e
(15
© O : 5o
2¢ - 23
- R ° . G).@c-
@
T o
. e 3
*

Figure 26. Elevation view of reach showing an ideikd settling pattern for sediment traveling
downstream. Brown dots represent sediment.

4.2.3.4. Lock-Associated Processes

As a lock is being drained to allow boat passagegemis typically released with great

turbulence into the downstream reach. The sedithabimoves downstream with
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this water is assumed fully mixed, due to the tiebce in the released water. The
sediment that moves with the water that fills theklis also assumed fully mixed, as
the water that fills a lock is drawn from near bwtom of the water column (Figure
4, page 26) and the water entering the lock alseremvith a high turbulence. Thus,
the sediment leaving the canal reach via lockagksiavso at the average
concentration of the reach, as described by Equdtto

SS

QSock = Qlock DE (46)

When the lock gates open to allow boats to passrtain amount of sediment will be
stirred up as the bottoms of the gates move atheslsottom of the canal. The

sediment will be disturbed in the pattern outlimedigure 27.

Side of
cana

Area of sedimenr
disturbance

Lock L|OCk

gate

I—Iock

Figure 27. Plan view of lock gates and sediment disbance caused by gate movement.

The orange area of disturbance in Figure 27 istba that the lock gates disturb as
they move from their closed position (shown) tartifidly open position. When the
lock gates are fully open, they are flush with sige of the canal. Assuming a
significant amount of turbulence is generated siegiment can be assumed fully
mixed in the volume of water with the footprinttbe orange area in Figure 27. If the
sediment disturbed by the gates is considered tofest itself as a constant
concentration over the volume disturbed (with trenge footprint in Figure 27),

Equation 47 describes the sediment input to thehrbs lock gate movement.
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1SSioaamove = Fooat ¥ CSioak * Lok LW * D (47)
Where: C®ck = concentration of sediment generated by lock gate
movements (mg/m3/boat).
This ISSyckmove Must be calculated for each lock bounding thehrgasing the Foat
and Lock applicable to each lock. The variables* W * D represent the affected
volume, while C®c is @ measured increase in concentration of sedias=ociated
with lock gate movements and.k equates to the frequency of lock movements,

which occur whenever a boat passes.

Leaking flows through lock gates draw from the entvater column; thus, sediment
leaving through leaky lock gates will do so at éiverage concentration of the reach,
as described in Equation 48.

QS = Quu I (48)

Sediment moving with water that overtops the loateg will follow a similar pattern
to that moving with water associated with overflawirs (defined previously as
Equation 45), considering both the deposition dirsent originating from upstream

(second term) and the resuspension by boats tgmst) (Equation 49).

L
Q w,lock — boat |:JB$+leock D&Demook Y (49)

The components of this equation mirror the comptsehthe similar overflow weir

equation (Equation 45) with BSS from equation 4i6udated using Kk instead of

HWeir-

4.2.3.5. External Sources and Sinks

Point source (IS&) and runoff (ISGnor) Sediment inputs must be estimated from
agency data and a separate surface model, regggct@nce estimated they can be
used without modification. The sediment associatgld abstractions is calculated
according to the average concentration in the réaghation 50).

Q$abs = Qabs D% (50)

Note inclusion of the position of the intake pipeuld unnecessarily complicate the

model inputs and is not considered.
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4.2.4. Algal Algorithm

Algae will generally leave the reach at any poiatev exits; thus, the components of
outflow (QSS(t)) for algae follow all but the evapbon and seepage outflows for
water. Research has shown that algae tend totkegpselves suspended in the water
column (Fogg 1965; Malone 1980); for this reasapasition of algae is not
considered and algae are considered fully and umlfosuspended in the reach, to the
depth that light penetrates. Algae will entertbach (1ISS(t)) with incoming water

via all routes except precipitation and runoff. eTdontinuity equation (Equation 33)

for algae is modified to include a growth tequsS.

4.2.4.1. Outflows

The profile of algal concentration in a reach mightconsidered to be the opposite of
the sediment profile: where sediment deposits hod keaves the top of the water
column with a low-to-zero sediment concentratidgaa can only grow to the depth
that light penetrates in the reach and thus walvéea portion of water with low-to-
zero concentration at the bottom of the water pofiThe outflow of algae from a
reach can be divided into two categories: the owthat draws from the entire water
column, and the outflow that draws only from ttghtisaturated portion of the water
column. Before proceeding, it is useful to defihe euphotic volume, a4, as in
Equation 51.

S ED =D
ED :{ (51)

L W OED ED <D

Where: \&p = volume of water in the euphotic depth (m3); and
ED = euphotic depth (depth of light penetratidescribed in more
detail in Section 4.2.4.2) (m).

Where the outflow draws only from the light satedhportion of the water column,
the algal outflow is simply a product of the conitation of algae in the light-
saturated depth and the flow rate through a givén(Equation 52).

Qss=Qr> (52)

ED

Where: QSS = generic algal outflow term (mg dgaehimass/s); and
Q = generic water outflow term (m?3/s).
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The algal outflows that fall into this category atestractions (QS§&), weir
overflows (QSQeir), and lock gate overflows (QRRcx)-

The remaining algal outflows (through lockage (@&Band leakage (QS%S)) draw
from the entire water column and must be treatédrdntly. The turbulence
associated with lockages implies that the algaerew and leaving a lock will be
thoroughly mixed in the lockage water and can Ipeagented by Equation 53.

SS

QSock = Qlock DE (53)

Calculation of algal loss through leakage is somswmore complicated and can be
represented by Equation 54.

QSS,, =Min(Max(ED - H,, ,0), D, ) (Leak i (54)

ED

The term Max(ED-Hc,0) accounts for the effect of over-lock-gate fl( iock); If
over-lock-gate flow is occurring, the euphotic deptight not extend below the top of
the lock gate (and thus no algal outflow would oabwe to leakage) (case (a) in
Figure 28); if there is over-lock-gate flow but EDgreater than the depth of flow
over the gate, algal flow through leakage would/@dcur for the portion of the
euphotic depth that extends below the top of tk gate (case (b) in Figure 28). If
there is no flow over the top of the lock gatg.Hs zero and the algal outflow occurs
over the entire euphotic depth (case (c) in Fi@®& this latter case is the typical one,
as Quock IS typically zero. The Min term addresses theeaalsen the calculated
euphotic depth exceeds the height of the lock gatiis case, the result of the Max
term must not be allowed to exceed the height@idbk gate, or the leakage rate will
be overestimated when calculating algal outfloNoté that when ED<« the
leakage rate applied to the algal concentratioadalculated in Equation 54 (rather
than using Qak from the hydrologic calculations) to encompasgy dné flow that

contains algae.)
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tED Hlock

Hiock - Q/t ED _HIO{k =C
ED

Lock Gate
Lock Gate
Lock Gate

(a) (b) (©)
Light-saturated water

Water with insufficient light availability

Figure 28. Possible euphotic depth (ED) and overlaaepth (H,oc) scenarios: (a) ED<Hhg; (b)
ED>Hck>0; (C) Hioek = O.

4.2.4.2. Algal Growth & Revised Continuity Equation

The continuity equation, with an added growth rages been used by previous
phytoplankton researchers to model algal growthteartsport (e.g., Pridmore and
McBride (1984)). Equation 55 is the revised forhiEquation 33 applicable to algal
growth and transport.

dd_sts = 1SS(t) - QSS(t) + 1 [5S (55)

Where: p = algal growth rate §.

The factors affecting algal growth have been presipdiscussed (Section 2.3.2). In
keeping with the primary factors found in the lgemre review, phosphorus
concentration, temperature, light availability, astention time are considered in the
new canal model. A maximum growth rate is firdtakated based on water
temperature and then modified according to theratbetrolling factors to obtains’

in Equation 55. This general method (starting fimase rate and modifying it) has
been used in riverine models (e.g., HSPF (Bicketedl. 2001)). The specific

methods used to calculate growth rate are uniqtieetcanal model, as detailed

below.
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The maximum growth rate limited by water tempermatas given by Eppley (1972)
(Equation 19) is modified for the canal model telgia growth rate per second
(Equation 56).

In2
= — "~ [0.85111.066" 56
Hmaxt = 86200 (56)

Where: T = water temperature (°C); and
Hmax 7= Maximum growth rate based on temperatuf® (s

It is anticipated that daily water temperatures & unavailable; thus, the canal
model expects the user to provide parameters tacteize Equation 57 (Beer 2001)

to provide water temperature for use in Equation 56
. (20m
T :Tmean +ng DSln(% DX+Tphasej (57)

Where: Tean= mean annual temperature (°C);
Tmag = Mmagnitude parameter for the temperature equétion
x  =julian day; and
Tonase= phase parameter for the temperature equatidra(rs).

This sinusoidal curve provides a good fit to daikected on the canal — see, for

example, Figure 29.
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Figure 29. Equation 57 fit to observed data from te Kennet and Avon Canal.

The maximum growth rate for algae in the canah&ntlimited by light availability as
described by Bicknell and others (2001) (Equati8h 5

My CLI

= 58
/'lmax K SJ + LI ( )

Where: pmax = maximum growth rate based on temperature amhd lig
availability (s%);
LI = light intensity (calculated as per the methio Appendix
A.3) (J/m3s); and
Ks; = Michaelis-Menten constant for light limited grihw(J/m?2s).

Finally, the growth rate is limited according togsphorus availability based on the
equation developed by Pridmore and McBride (1984jug@tion 59) (the original
equation was given in the literature review, Equa@7).

TP1.178 D _ $
2449 " ol
H = Hinax TP1_178 = (59)
DCchl
2.449

Where: TP = total phosphorus concentration; and
Ccni = conversion from chlorophyll-a mass to dry alg@mass
(mg dry algal mass/mg chlorophyll-a).
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Equation 59 provides a final growth rate to be usdeiquation 55. This final growth
rate takes into account the primary algal growthdes of phosphorus availability,
water temperature, and light availability. Theeeffof flow rate is captured in the
inflow and outflow loads (ISS and QSS), which depanthe inflow and outflow

rates of water for the reach.

4.2.5. Summary of Model Inputs and Variables

The parameters for the model are based on realqathygd measureable
characteristics; however, it is anticipated thahynaf the inputs will be difficult or
prohibitively expensive to measure; in this lattase, it will be necessary to estimate
values from the literature and/or alter the par@metring calibration. Table 7
summarizes the inputs that are anticipated to déilsemeasureable for a catchment;
Table 8 summarizes the inputs that will likely needbe estimated from the literature
and calibrated. In these tables, some variablpsapghat have not previously been
discussed in Section 4.1; these are required foesaf the background calculations
discussed in Appendix A. Finally, Figure 30 sumizes the state variables that track
along each time step and other variables calcufabed them. As previously
mentioned, there are four state variables that thercore of calculations in the canal
model: hydrologic storage (S), non-cohesive sedirmtmage (SQr), cohesive
sediment storage (&g, and algal storage (§g. All inflows and outflows are based

on these four core variables.

Some of the variables have quite a wide range basditerature information. The
Sensitivity Analysis section (Section 5.3) will prde some useful information on
parameters to which the model is sensitive and tihwghich more attention in

development should be given.

90



Table 7. Measureable Canal and Catchment Charactestics. (continues next page)

Variable Name | Description Units Source

PREC Precipitation m/s Met Office

PE Evaporation m/s Met Office

| Runoff (surface and mé/s Hydrologic model

runoff subsurface) (e.g., HSPF)

| External sources (e.g. mé/s Regulatory

ext STWS) agencies
External abstractions Regulatory

Qabs m3/s .

(e.g., WTWs) agencies
Reach Characteristics:
L Reach length m GIS analysis
Canal regulatory
wW Reach width m agency, aerial
photos, or measure
Location of overflow
- Canal regulatory

Xweir weir along reach m
length agency or measure
Height of overflow

: Canal regulatory

Dueir weir above reach m
bottomn agency or measure

Lo Length of overflow m Canal regulatory

werr weir crest agency or measure
Height of sides of Canal regulatory

Hsides ; m
overflow weir box agency or measure
Height of top of lock

Canal regulatory

Diock gate above the reach | m
bottom agency or measure
Mean water o

Tmean temperature C Measure
Radiation coefficient . .

Estimate from site
to account for canal g .

Crad - %) visits, aerial
shading from hotoaranh
vegetation etc. P grapny

Lock Characteristics:

Flag whether lock is Canal regulatory

Empty intended to be left %] agency or signs on
empty after use canal
Volume of lock

: . Canal regulatory

Viock drained during a m3

agency
lockage
Liock Length of lock gates m Canal regulatory
agency or measure
Concentration of non-
CSoknon cohesive sediment mg/m? Measure

stirred up by lock gate

movement

91



Variable Name | Description Units Source
Concentration of
cohesive sediment 3

CSock,con stirred up by lock gate mg/m Measure
movement

Foon Frequency of boat boats Canal regulatory

passage

agency or measure

Sediment & Algal Constants:

Measure or pick
from typical range

diam Median sand diametef m (0.06-0.2mm)
(Jarvis et al. 1979)
Measure or use
sg Specific gravity of o typical value (2.65)
sand (Simons and
Sentlrk 1977)
Concentration of non-
CSyoat.non cohesive sediment mg/m3 Measure
stirred up by boats
Concentration of
CSyoat con cohesive sediment mg/m3 Measure
stirred up by boats
Vb Average boat velocity| m/s Canal regulatory
agency
Sediment inputs from Hydrologic model
IS Sunot overland flow mg/s (e.g., HSPF)
Sediment and algal Regulatory
ISSox inputs from external | mg/s agencies
sources (e.g., STWSs)
TP Total phosphorus mg/m3 Measure
concentration
RAD Solar radiation J/im?/s Met Office
Magnitude parameter E]S(‘)tlr:irtlgtg db\)//vzitel?g
Tmag for temperature °C temperature data t(
equation (Equation 57 . .
a sinusoidal curve
Phase shift parameter E]S(‘)tlr:irtlgtg db\)//vzitel?g
Tpohase for temperature radians

equation (Equation 57

temperature data tq

=4

a sinusoidal curve
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Table 8. Estimated Canal and Catchment Characterigts.

Variable I Recommended
Description Source
Name Value
Evaporation correction
factor, accounts for o .
Ce differences in pan 0.7 (Minikin 1920; Schwal)
. . et al. 1993)
evaporation vs. evaporatian
over larger surfaces
Cd.weir Weir discharge coefficient 0.611 (Henderson 1966)
See Rate of seepage through | 1.75x 10°to | (Minikin 1920; Dun
P canal walls 1.24 x 10’ m3/mz2/s 2006)
Efficiency of boat
movement (i.e., how often Estimate by watching
Epoat does a boat approach a lock 0.5 locks for a while or
with the needed water entfy talking to locals
level)
. | (Dun 2006) (see also
3 =
Leak Lock gate leakage 0'0381 T fs - Minikin 1920; Pinkett
weir 1995)
Fraction of boats moving Estimate by watching
Up/Down | upstream vs. downstream 0.5 locks for a while or
through a lock talking to locals
. Critical shear stress for the 0.06 ka/m/s2 (Krone 1962) (as cited
cd deposition of sediment ' 9 by Mehta et al. 1989)
Cq.drag Drag coefficient 0.0025 (Soulsby 1997)
Base light extinction Reynolds.(1984) gives
L S 1 1.02-1.22; Van Duin et
EXTB coefficient used in light 1m I .
availability calculations al. (2001) give 0.513 (¢
1.666
Dugdale and Maclsaa¢
. - (1971) give 0.033
Ks. Mlchaell_s Menton constant 23.012 J/m?#/s | Ly/min or 10% of
for light limited growth L
radiation on clear day
in mid-March
Factor to convert 60 ma drv aloal | "2"9e of 10-372 as
Cehi Chlorophyll-a mass to dry massg/m yChgll-a calculated from
weight biomass g published data
Light extinction coefficient \/_an Duin et al. (2001)
LITSED . 0.000025 m3/mg give 0.00001-0.000137
due to sediment
m2 /mg
. N - Van Duin et al. (2001)
2
LITALG Light extinction coefficient| 0.00002 m?/mg give 0.000012-

due to algae

Chl-a

0.000035 milg Chl-&

T(Fleming 1940; Redfield 1958; Antia et al. 1963;/@wvan et al. 1968;
Thomas and Dodson 1972; Berman and Pollingher 19@ddler et al.

Strickland and Parsons 1968;
1974; Vollenweider 1974,

Malone et al. 1979; Malone 1980; Sgballe and TletdIkR985; Wienke and Cloern 1987)

"Note that the leakage rate needs to be a flonpetenit depth (m3/s/m); because the expected depth
in the reach is R, divide the overall recommended leakage rate @@L m3/s by the R for each
upstream section.

¥Note Van Duin et al. (2001) incorrectly give urifsmg/L for Chl-a concentration; the units for Ghl-
concentration should hegy/L in their article.
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Source s used to calculatg Target

I ext 9 abs
| runoff Qmp
Lprec
Lueir '}
Lw lock
lieak Qleak
Liock Qiock
1SS SSi,
&fu noff
I %Si_eﬂ)
=2 ~welr
Qeak S] on QSS\/_,Io_ck

1SSock QSSea ’
ISSyoat
19%0a SSi.
IS Sockmove ook ‘
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Figure 30. Relationships between state variables (&er Storage (S), Non-cohesive Sediment
Storage (S&n), Cohesive Sediment Storage (&g, Algal Storage (Sgg)) and inflow and outflow
variables. Color of line indicates classificatiorof target variable.
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Many of the relationships in Figure 30 are obvioasnections: all outflow variables
for a given classification of storage (water, namesive sediment, cohesive
sediment, or algae) are dependent on the stat@olaffor that same classification of
storage; solids outflows through various exitsdgpendent upon water outflows
through the same exits, as the rate of water flomugh the route determines the rate
of loss through each exit. However, some of theneations may be less obvious.
For examplep is dependent on S SSon, and S§g, as all of these state variables
affect the light availability for the algae. Qfsfor cohesive sediments is dependent
on SSonhand S§y because these state variables affect flocculatnohthus the fall
velocity used to calculate Q@ Algal growth rate|f) and QS&pare dependent
upon S because they are affected byctmeentration of sediment and algae, not just

the total quantity of the sediment and algae inréaeh.

The web of relationships in Figure 30 complicatémimight otherwise be a
straightforward solution to the system of equatioRer examplejt is dependent
upon SQ, but S§gin turn cannot be determined untils known. Likewise, S§
affects QS&p which is driven by SGr, but SQon affectsp and thus S, These

issues force a nested approach to solution, destiibthe next section.

4.2.6. Solving the System of Equations

Considering the various factors described in tle¥ipus sections, the components of
Equations 32, 33, and 55 are simply representeatdiog to Equations 60-65. The
subscript ‘sed’ indicates that the formulae areasgentative of both cohesive and
non-cohesive sediment relationships.

+1

lock ext runoff

Q(t) = Qweir + QW,Iock + Qlock + Qabs + Qseep + Qevap + Qleak (61)

I$wd (t) = ISSWeqr + I$W,Iock + ISSock + I$runof'f
+ I$Doat + I$ockmove + I$ext + I$eak

QSS, (1) = QSS,, + QS5 +QSS, o + QS +QSG, +QSS,, (63)

I$alg (t) = |$we|r + I$w,lock + I$ock + I$ext + ISeak (64)
Q$alg (t) = Q$war + QSWJOCK + QSock + QSeak + QSabs (65)

I(t)zlweir+|w,lock+| +| +Iprec+lleak (60)

(62)

95



Because Equations 32, 33, and 55 have no analgtbation (due to the complexity
of their components), they must be solved usingerical methods. The canal model
uses an implicit Euler method (Boyce and DiPrim&86a)3o solve the equations, as in
Equation 66 for the hydrology equations (the sodigaations follow the same

format).
Sn+1 = Sn + |:(| n_ Qn)+§| n+l _Qn+l):|At (66)
Where: n = subscript representing the previoudehttme step;

n+1 = subscript representing the current modet tstep; and
At =time that passes between model time steps (S).

The components of inflow are fixed at each tim sbeit most of the components of
outflow are dependent upon the storage at eachdiege therefore, this relationship
does not have a straightforward solution, but rbessolved via numerical methods.
Newton’s Method (Equation 67) was chosen for thigpse, for its simplicity in
application and the fact that it does not requitergknowledge of the interval within
which the solution to the equation must lie (sonmgttthat would be nearly
impossible to reliably determine for these equatjgamming 1973).

f(x)
Xy =X — ' 67
i+1 i f:(xi) ( )
Where: X1 = next guess for the zero of f(x);

Xi = current guess for the zero of f(x); and
f(x) = the function whose zero is to be deterrdine

Under certain conditions it is not possible to N&svton’s Method, and in these cases
the Bisection Method (Hamming 1973) is used. Tlueswlitions are rare and
typically involve limits of computer precision theduse Newton’s Method to jump
over the zero of the function. The Bisection Metl®not used in the general case
because of the difficulty of initially arriving #te opposite-signed estimates needed,;
however, in this particular case, such a bracketiegn inadvertently found by
Newton’s Method as it jumps from a positive to rtegaf(x), thus enabling the use of
the Bisection Method.
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The Bisection Method starts with apand % such thatf (x,) Lf (x,) <0. A value,

X, =X

X3, is calculated as;, = x, + 5 2 : then a decision is made regarding the next value

to choose based on the product of the function aha the function of xaccording
to Equation 68.
< 0, signchangen (x,, X;), setx, = X,, repeat
If f(xl)l]f (x3) > 0, signchangen (x;, X,),setx, = X,,repeat (68)
= 0, solutionfound(x,)
The f(x) function used for the bisection methothis same as that used for Newton’s
Method. Complete details on the solution to th&esy of equations are provided in
Appendix Section A.4, pg. 207.

A final consideration for solution was the deteratian of the variables for the™0
time step — that is, the initial conditions. Besathe water level in a canal is held
mostly constant by design, the initial water sterégset at the design level — that is,
L-W-Dyeir. The initial outflows for the Btime step are calculated based on this
storage. The inflows for each reach are simplyctireesponding outflows from the
next upstream reach (or 0O, in the case of the stimaach), with the exception afd
and hinofr, Which are set to the values at the first time ste a simple approximation.
Likewise, the water demands foe/gand Qpsare set to the values at the first time

step.

The initial conditions for the solids state vareblvere somewhat more complicated.
For the sediment, because boat traffic is the pyrdaver of sediment concentration
in a reach, the initial sediment storage is sé¢théostorage generated by boat
movement — that is, 1S§at time step 1. The initial storage of algaehimiteach is

calculated as half that supportable by the phosghconcentration at time step 1, that

1178
is, T2P44C DCEN . Using half the population supportable by theggfiwrus

concentration gives a reasonable order of magnitudie algal population while
recognizing the population is unlikely to be atfithest potential due to influences
from light, temperature, and water flow. The remag inflows and outflows for
solids are calculated in the same manner as tloosg/irology, based on the initial

storages where appropriate and on the value fdirdtegime stop where not.
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Experimentation with the model showed that theatéfef these choices of initial
conditions vanished within a month of simulatiomggesting that with a sufficient
‘start up’ time for the model, any inaccuraciesgrated by these simplistic estimates

of initial conditions will vanish.

4.2.7. Computer Programming

The algorithms listed in the previous section hiagen translated into computer code
using the Visual Basic 2008 programming languags(aponent of Microsoft Visual
Studio 2008, © 2007 Microsoft Corporation). A gnagal user interface was created

to aid the user in the input of the needed paramete

In programming, objects were created to repressadires and locks. The
calculations for Newton’s Method f(x) formulae hdween isolated in individual
subroutines. It is hoped that the modularizatibthe code will make it easily

portable for any future model developers who még faterest in it.
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5. Canal Model Verification

There is some discrepancy in the professional comityntegarding the definition of
‘verification’ vs. ‘validation’ of a model. In theontext of this document,
‘verification’ is taken to mean the process by whmodel code is verified to be an
accurate representation of an algorithm. Thahgsyerification process is meant to
ensure there are no typographical errors in the cbét the code functions under all
conditions without causing exceptions at run-tiared that the correctly coded
algorithms predict model variables in a logicahias. During the verification
process for this model, extreme cases were algedtés ensure that the model
algorithms continued to function as desired in@xie conditions. Validation, by
contrast, is defined in this text to mean the psed®y which a calibration is proved
valid, by using the calibrated model parametersréalict model output for a time
period separate from that used for the calibrgpi@tess and comparing that model

output to observed values.

5.1. Code Verification

The canal model code was verified in stages. Maedhogy component was verified
initially and separately from the solids componeRbr each component, a simple set
of inputs for a system of three locks and threelea was tested (Figure 31);
characteristics of the reaches and locks are listéal in Appendix B, pg. 215. In

the initial test, only meteorological inputs wemneluded — no runoff or external
source of flow was considered — this tested the dmhavior in extreme low flow
conditions. Following successful verification betextreme condition, a full-blown
scenario with more typical water levels was vedfielhis process ensured that the

model would behave properly under all conditions.

Reach2 |5 Reach3 |

Reach 1 »>

€ 39077

T 907
v
21207

v

Figure 31. Simple canal system used to verify theadel.
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To complete the verification, the relationshipsaligged in Section 4.1 were input into
an Excel spreadsheet to produce an expected eatmit. By using Excel (rather
than making calculations by hand), a long timeqeewith varying hydrologic
conditions could be tested while at the same tiraking all the intermediate steps
transparent. The results of the simple hydrolagy water quality models were
compared to the same values calculated using titieqs in Section 4.1 and
Appendix Section A.4 in a Microsoft Excel spreadshand investigation and
correction of bugs continued until all componerftsiow, outflow, and storage
calculated by the Excel spreadsheet precisely radttfiose predicted by the canal

model (with an allowed tolerance due to expectethding errors).

It was noted during verification that an inaccuratyhe first timestep was generally
rendered inconsequential to the results of thedifth and later time steps. This lends
support to the idea that, given a sufficient (eoge month) startup time, inaccuracies

in the initial state variable estimates will beslavant.

5.2. Algorithm Verification

Once the code was ensured bug-free via the praesssibed in Section 5.1, the
model output was evaluated to ensure that theittiges predicted outflows of water
and solids that made logical sense. For thistlestparameters for the top three
reaches of the Kennet and Avon Canal were usezhdore the input values were
realistic. The development of these parametelseitliscussed in detail in the

section on model application (Section 7.1).

5.2.1. Storage Variables

Water storage in a reach is expected to remaily feonstant, at a level near,[}. It
may be slightly higher in the winter (when no logkademands exist) and slightly
lower in the summer (when lockages may draw themtiavel below that of L),

but to be a properly functioning canal, the wagsel should remain relatively
constant. The canal model accurately generatedrdémd, as can be seen for the
reach above Lock 57 in Figure 32. The storag&isireach when the water level is at
Duweir IS 3600 m3.
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Figure 32. Modeled water storage in the reach aboveck 57.

By contrast, the sediment and algae storages shawdgreatly throughout the year.

During the boating season in the late spring teyeartumn, inorganic sediment

concentrations will greatly increase compared taterivalues due to the sediment

stirred up by boat propellers. Algal growth in thenmer far exceeds its growth in

the winter due to increased water temperature alad sadiation in the summer.

Thus, a nearly sinusoidal curve for solids is exgecas gradual increases in

temperature, sunlight, and boat traffic in therspgause corresponding increases in

solids concentrations, eventually peaking in midiswer and then falling off again

gradually in the autumn. The model accurately joted these trends (Figure 33).
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Figure 33. Modeled solids concentrations in reachb@ve Lock 57.

Note that Figure 33 supports the previous conctufiat inaccuracies in initial
storage estimates quickly vanish: the initial cklted algal concentration is more
than twice any other value attained during the &tmn, but after two time steps the
algal concentration converges on a stable and pppte trend for the remaining
simulation.

5.2.2. Outflows

To a large extent, modeled outflows of all the ¢ibnsnts can be expected to follow

the trends in storage illustrated previously.

Considering hydrology, it is expected that lockagdsdominate flow in the summer,
while weir flows will dominate in the winter. Theeshould be little to no lockage
flow in the winter, while weir flow will be slighyl to greatly reduced during the
summer. Flows such as leakage and seepages wilshghtly according to the
overall reach storage; abstracted flows will renw@nstant all year; and evaporative
outflows should peak in the summer and trough @winter, though they are
expected to be much lower than the rest of thdawst Ideally over-lock flows will

be insignificant year-round, but if present thegwdld peak in the winter and be
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unnoticeable in the summer. These expected tr@mdset by the model, as

illustrated in Figure 34.
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Figure 34. Modeled hydrologic outflows for the reak above Lock 57.

For clarity, Figure 34 shows only the outflows 8805, so that the seasonal trends are
evident. As expected, lockage outflows increagbénspring, peak in the summer,
and are negligible in the winter. They also chaimge step-wise fashion due to the
estimation of Foa; Which is held constant on a weekly basis du@éeéaesolution of
the input data. Weir outflows are fairly constartile boat traffic is not present, but
experience a short-lived peak at the beginningefioating season when inflows to
the summit reach have increased to their highensemhevels but the boating traffic
is not yet plentiful enough to for lockages to dechéhe full increase in inflow.
Seepage and leakage are relatively constant yeadyevhich is expected as the
overall reach storage is nearly constant. Evaparaisses increase in the summer
but are nearly non-existent in the winter. Lockegaverflows never occur, as
expected. For this particular reach there arebstractions, so the abstracted flows

remain zero year-round.

Solids outflows should also follow a seasonal tre8dlids outflows must match the
overall availability of solids, so in general allisls outflows in the winter months
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should decline as the solids storage in the reachres. Additionally, solids should
move with the water — so the trends in the distrtdsuof hydrologic outflows to
various pathways should match the distributionahils through the same pathways,
with the exception of weir outflows of inorganiadsment. Although weir outflows

are significant year-round for water, most inorgasediment will settle out of the top
of the water column from which the weir overflovadis, so weir overflows should

be minimal for inorganic sediments. Finally, inangc sediments experience an
additional outflow route through sediment depositidue to the length of the reach in
question (322 m) and the fall velocity (~0.0005 fofscohesive sediment, ~0.026 m/s
for non-cohesive sediment) and slow moving watér@e9 m/s), a sizeable amount
of inorganic sediment, particularly the non-cohesrariety, is expected to deposit out
of the water column at each time step. These sranel accurately reproduced in the
model for non-cohesive sediment (Figure 35), caleesediment (Figure 36), and

algae (Figure 37).
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‘0 Abstractions = Deposition » Leakage x Lockage e Lock Gate Overflow x Weir Outflow‘

Figure 35. Modeled non-cohesive sediment outflowsofn the reach above Lock 57.
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Figure 36. Modeled cohesive sediment outflows frothe reach above Lock 57.
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Figure 37. Modeled algal outflows from the reach ative Lock 57.

The small peak in inorganic sediment concentrats@®n in January is due to a small
amount of boat traffic associated with the New Yealiday. Aside from this
holiday, winter boat traffic is at or near zeros éxpected, inorganic sediment

outflows through the weir are negligible compare@utflows through other routes.
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Algal outflows make a nearly perfect mirror of thveerlay of relative hydrologic

outflows (Figure 34) and algal concentration (Fe&8B).

5.3. Sensitivity Analysis

A sensitivity analysis was conducted on the keyapeaters of the model to identify
those parameters most influential on various asp#Eatnodel output. This is a useful
exercise for multiple reasons: first, it adds cdefice to the verification process to see
the model respond to various changes in model peteamin an expected fashion;
second, it allows current and future users of theehto identify parameters that may
be most useful in calibration; third, in applicatiof the model to find solutions to
water quality problems, a sensitivity analysis using model parameters similar to
those correct for a target canal suggests whidrteffnay be most successful.
Considering this latter benefit, the sensitivityablsis was run using an abbreviated
and slightly modified set of input parameters frtima final application described in
Section 6. It should be understood that the peecdues of sensitivities observed
will change with a different set of inputs, andelise future model users would
benefit from running a new sensitivity analysistonsized for their own situations.
However, the relative importance of the paramedessussed in this section should

provide a useful guide for all future users of t@al model.

5.3.1. Procedure

The sensitivity analysis was conducted for a thieseh system based generally on
the top three reaches of the Kennet and Avon Cavlabifications were made to the
parameters later used in Section 6 to make thetsggsanalysis more representative
of the full range of influential parameters, prithamoving abstraction demands and
external inflows to occur in these three reachesrw/they previously did not. The
model time span was set to a period of one yeah#sensitivity analysis. Both the
limited number of reaches and limited time spanewsrosen to allow the full
sensitivity analysis to run in a reasonable amaofitime: this setup allows one
scenario of the sensitivity analysis to run in lésm a minute, and the full 178
scenarios to run in 2 hours. Some of the scenasaosed extreme conditions to be
simulated, slowing down execution as the numernwethods encountered greater

difficulty in convergence.
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The values of the parameters previously listedahl@ 7 and Table 8 for the baseline
scenario are listed in Table 25 - Table 28 in AgleiC. For the sensitivity analysis,
these parameters were varied by £25% and +10%rtergte a total of four sensitivity
runs for each variable. This resulted in 178 déif¢ scenarios, including the baseline
scenario and the scenario for Empty, which couldbeovaried by a percent, just
simply set to false. For each of the 178 rungissiizs were computed for the
following state variables and outflows for the d@iveam reach:

* Hydrologic Variables:

o S (hydrologic storage)

D (water depth)
Qabs (hydrologic outflow via abstractions)
Quweir (hydrologic outflow via overflow weir)
Quw.lock (hydrologic outflow via lock overtopping)
Qseep(hydrologic outflow via seepage)
Qieak (hydrologic outflow via leakage)

Qiock (hydrologic outflow via lockage)

O O O O O O o o

Qevap (hydrologic outflow via evaporation)
0 Qo (total hydrologic outflow)
» Concentration Variables:
0 [SS.r (concentration of non-cohesive sediment)
0 [SS.H (concentration of cohesive sediment)
0 [SSug (concentration of algae)
* Sediment (cohesive and, separately, non-cohesiggaiMes:
0 SS (sediment storage)
QSSps(sediment outflow via abstractions)
QSSueir (sediment outflow via overflow weir)
QSSy ek (sediment outflow via lock overtopping)
QSSiep (sediment loss via deposition)
QSSeak (sediment outflow via leakage)

o O O O O o

QSSuck (sediment outflow via lockage)
0 QSSu (total sediment outflow)

* Algae (Biological Solids) Variables:
0 SS (algal storage)
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QSSps(algal outflow via abstractions)
QSSueir (algal outflow via overflow weir)
QSSyock (@lgal outflow via lock overtopping)
QSS.a« (algal outflow via leakage)

QSSock (algal outflow via lockage)

QSSu: (total algal outflow)

1SSy (algal growth)

O O O O O o o

For each of these variables, the following staisstvere calculated:
* Mean (total simulation) (Avg)
e Minimum (total simulation) (Min)
* Maximum (total simulation) (Max)
« 1% Quartile (total simulation) (1Q)
* Median (total simulation) (2Q)
« 3“Quartile (total simulation) (3Q)
* Seasonal Means (Winter (W), Spring (Sp), Summey, (Sutumn (A))

The sensitivity of model variables to the inputgraeters was calculated according to

a simple formula used in previous model studiesuéiqn 69) (Byne 2000).

T
P-R, ) 1O,

) = relative sensitivity of parameter;

0] output (model output for variables bulleté&dee);

P input (model parameters in Table 7 and Taple

Oy = baseline output (model output for baseline yang
Py = baseline input (model parameters in Appendix C).

Where:

5.3.2. Results

The full results of the Sensitivity Analysis are@n in Appendix D. The parameters
to which the model is most sensitive are preseateddiscussed in the following
sections. A positive sensitivity {Sndicates a positive correlation between the
indicated parameter and the indicated variablénafsensitivity is greater than 1, the
change in the variable is greater, proportionahgn the change in the parameter.
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5.3.2.1. Hydrologic Variables

The key parameters to which the hydrologic variglalee sensitive are given in Table
9. A key parameter in this case is defined asvdmeh has at least one sensitivity
(S) at the -25%, -10%, 10%, or 25% level whose alisolalue is greater than or
equal to 0.5 for the mean statistic. The averagsiivities for each combination of
parameter and statistic are calculated as the wighe $ values calculated at the
-25%, -10%, 10%, and 25% levels.

Table 9. Key parameters to which the hydrologic vaables are most sensitive.

Most Average Sensitivities

Var. | Sig. .
Params. Avg | Max | Min 10 20 30 w Sp Su A

L 1.00 | 1.00 | 0.99 [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
W 1.00 | 1.00 | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00

S
Dwer’ | 0.93 | 0.80 | 0.95 | 0.96 | 0.94 | 092 | 0.91 | 0.91 | 0.95 | 0.95
Docr | 0.71 | 0.80 | 3.68 | 068 | 0.70 | 0.72 | 0.75 | 0.72 | 0.68 | 0.69
5 Duer’ | 0.93 | 0.80 | 0.95 | 0.96 | 0.94 | 092 | 0.91 | 0.91 | 0.95 | 0.95
T

Diock 0.71 | 0.80 | 3.68 | 0.68 | 0.70 | 0.72 | 0.75 | 0.72 | 0.68 | 0.69

Qabs Qabs 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00

lunot | 0.64 | 0.84 | 3.82 | 0.60 | 0.63 | 0.65 | 0.73 | 0.58 | 0.78 | 0.48
low | 2.44 | 0.60 |14.96 | 453 | 2.42 | 1.75 | 1.34 | 2.00 | 4.96 | 3.45
Qus_ | -0.50 | -0.14 | -5.50 | -0.84 | -0.50 | -0.39 | -0.36 | -0.38 | -0.93 | -0.69
Queir | Duer' | -1.84 | -2.43 [-10.90| -152 | -1.57 | -1.79 | -1.87 | -1.82 | -1.93 | -1.75
Vieew | -0.70 | <0.01 | -7.47 | -1.87 | -0.48 | -0.30 | -0.01 | -0.47 | -2.51 | -1.08
Leak | -0.92 | -0.31 | -9.19 | -1.53 | -0.93 | -0.68 | -0.67 | -0.70 | -1.65 | -1.25
Fpox | -0.68 | 0.00 | -7.43 | -1.93 | -0.52 | -0.28 | 0.00 | -0.43 | -2.48 | -1.06

L 1.00 | 1.00 | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
Qseep W 073 0721073073073 ]| 073|073 ]| 0.73 | 0.73 ] 0.73
Seep | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00

Dwer’ | 0.92 | 0.76 | 0.95 | 0.96 | 0.93 | 0.90 | 0.90 | 0.90 | 0.95 | 0.94
Qeak | Dygc | 0.74 | 087 | 368 | 0.71 | 0.74 | 076 | 0.79 | 0.76 | 0.70 | 0.71
Leak | 0.97 | 0.99 | 0.83 | 0.98 | 0.98 | 0.98 | 0.98 | 0.98 | 0.96 | 0.97

Viock 1.00 | 1.00 | 0.0O | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
Fpoat 097 | 1.08 | 0.00 | 0.00 | 1.00 | 1.05 | 0.00 | 0.93 | 0.99 | 0.99

Qlock

PE 1.00 | 1.00 | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
L 1.00 | 1.00 | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
Qevap W 1.00 | 1.00 | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
Ce 1.00 | 1.00 | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00

Quot l« | 0.87 | 0.44 | 051 | 0.70 | 0.97 | 0.91 | 0.72 | 0.84 | 0.95 | 0.98

TAverage sensitivity for [ £10% and -25%; at Ji; +25%, the weir depth exceeded lock depth and
caused an erroneous sensitivity
iOnly significant at the -25% level, when,R < Dyeir

Many of the relationships in Table 9 are expecaed, support the verification of the
model. Storage and depth are most dependent ainttemsions of the reach.
Evaporative losses are dependent only upon thasgstthat affect evaporation
(potential evaporation, the coefficient of evapmmatand factors that contribute to the
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water surface area in the reach)ds dependent on the volume of lockage and the
frequency that lockages occur (representedygy) F The $values of zero seen for
some statistics for Qx are expected, as there are some weeks of thehatdrave no
boat traffic and thus no Q. Qeak iS dependent on the leakage rate and the depth
from which the leakage can draw, and shows seitgitv external inflows only when
they decrease to the point that the water levéiérreach falls. Qepis sensitive to

the components used to calculate the wetted suai@aeand the rate of seepage; it
may be surprising that a representative of dep#s amt appear on the list fogdey

the model does show an average sensitivity of 2%, but because the wetted
surface area of the sides of the canal is smalpewed to the wetted surface area of

the bottom of the canal, it does not reach theirements set for a ‘key parameter.’

Queir Is by far the most complex variable, being thenary route by which excess
water leaves a reach. It is thus sensitive topamgmeter that is a significant
contributor to the inflow or outflow of water indglreach. Q'S strong sensitivity to
external inflows ($= 2.44) shows that changes in external inflow poada change in
weir outflow proportionally much greater than théow change. This is because any
increase in inflow rate to the canal mostly exiis teach through the weir overflow,
so that the overall storage is maintained at tis&rele level. In a properly balanced
scenario, weir overflow should be minimal, as theuit flows as designed should just
balance the outflow demand from lockage, leakagepage, and evaporation.
However, when the inflow rate increases, the owutfiemands from lockage, leakage,
seepage, and evaporation will not change; thusgdalitional inflow will leave via the
overflow weir (and perhaps over the lock gatehd flow increase is very great). A
small change in total inflow in this case resuttgaimuch greater change in weir
outflow. For example, if total inflow is 10 m3&nd under normal conditions the weir
overflow is 1 m3/s, then a 10% increase in inflaar 11 m3/s) will result in a 100%
increase in weir overflow (to 2 m3/s). Likewisecdeasing the inflow will affect the
weir flows firstly and most greatly — for the saseenario, but for a decrease of 10%,
the weir overflow would decrease by 100% (to O jn3khe maximum value for (i

Is expected to occur in the winter, when lockaged@v and most water flows
through the overflow weir, and thus the maximumi@ensitivity is unaffected by
changes in fzq; the value of which parameter is near or equakto in the winter

months.
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As expected, @ is dependent primarily upon the external inflownaiter. Indeed,
had Q. been dependent upon anything other than extarfiais, runoff, or
precipitation, it would indicate an error in the ded as the mass of water must be
conserved, so assuming a minimal change in stdoadgbe simulation period (as
would be expected in a canal), the inflows fromsallirces should approximately
equal the sum of the outflows from all sourcese Véariations in sensitivity tQk are
due to the varying predominance of runoff sourc&shough runoff sources are not
so significant on an annual basis, they contriigaificantly to the high flows, and
thus have a much greater impact on the maximgps@tistic than do the external

flows.

5.3.2.2. Concentration Variables

The key parameters to which the solids concentrataviables are sensitive are listed
in Table 10. As with the hydrology variables, paeters to which the model is most
sensitive are defined as those parameters for vihehbsolute value of one value of

S for the mean statistic is greater than or equél%o

The sensitivity of the load variables to the madput parameters mirrors the
sensitivity of the hydrology variables (Table 9ahat of the solids concentration of
the reach (Table 10); therefore, the sensitivitiethe load parameters are only

included in Appendix D, as they would be repetitneze.

Table 10. Key parameters to which the solids conctmtions are most sensitive.

Most Average Sensitivities
var. ﬁgr.a ms. Avg | Max | Min | 1Q 2Q 3Q w Sp Su A
[SShor] CShoatinon | 0.82 | 0.86 | <0.01| 0.62 | 0.79 | 0.85 | 0.13 | 0.82 | 0.85 | 0.84
Fuooat 0.61 | 0.60 | 0.00 | 0.00 | 0.71 | 0.68 | <0.01| 0.68 | 0.59 | 0.66
W -0.45 | -1.23 | -1.04 | -0.86 | -0.54 | -0.38 | -1.05 | -0.50 | -0.36 | -0.44
[SScon] | CShoateon | 0.70 | 0.02 | 0.01 | 0.39 | 0.66 | 0.76 | 0.06 | 0.70 | 0.76 | 0.73
Fuoat 0.54 | 0.00 | 0.00 | 0.00 | 0.59 | 0.63 | <0.01| 0.59 | 0.55 | 0.59
lext -1.57 | -0.44 Al -1.31 | -149 | -1.57 | -0.81 | -1.48 | -1.90 | -1.55
L 0.85 | 0.39 + 055 | 0.73 | 0.88 | 0.68 | 0.72 | 1.05 | 0.63
[SSaq] W 1.00 | 0.38 +1 0.58 | 0.80 | 1.05 | 0.67 | 0.81 | 1.29 | 0.76
T mean 0.60 | 0.05 | 0.00 | 0.36 | 0.53 | 0.69 | 0.13 | 0.54 | 0.84 | 0.47
ISSextalg 0.85 | 0.00 | 0.00 | 1.00 | 0.98 | 0.98 | 0.26 | 0.98 | 0.96 | 0.99
EXTB -0.47 | -0.05 | 0.00 | -0.39 | -0.43 | -0.54 | -0.14 | -0.42 | -0.62 | -0.45

"Because the minimum algae concentration was nearty, extreme values of ®ere calculated
whenever any change in minimum algae concentratem seen; therefore, this column is simply
marked ‘+’ or - to indicate a positive or negadicorrelation, respectively.
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It is not surprising that the sediment concentregiare most sensitive to boat-related
parameters — that is, the amount of sediment gtirpeby the boats (GSi non

CSyoatcop) @nd the frequency of boat passagg4F In a typical canal, it is expected
that boat contributions to sediment will greatlgead any contributions from runoff
or external sources (this certainly appears tthhbecase from monitoring efforts in the
Kennet and Avon Canal). Without boat traffic, &®giment that did enter the canal
from an external source would quickly settle outhi@ near-stagnant water in the
canal reaches. The sensitivity to boat width firesive sediment concentration
occurs because the primary driver of sediment qunagon — the concentration of
sediment disturbed by boat traffic — is depend@oinuthe width of the boat rather
than the width of the canal. The same load ofrsedt will be disturbed regardless of
the canal width, so that the overall fully-mixecdhcentration will be lower when the
reach width (and thus total water storage) is higAde sensitivity to reach width (S
=-0.42) is not quite as great for non-cohesivarsedt because it falls more rapidly

out of suspension.

Algal concentration is sensitive to many thingsasUrprisingly, parameters related to
temperature, light intensity, and water velocitsypkey roles as represented by mean
temperature (fean; the base water light extinction coefficient (E)T and external
flow inputs (kx), respectively. Interestingly, parameters thégafthe total storage of
water in the reach (thus the total algal load)adse important — Length and Width.
These factors affect Vgl used in equation 59 to calculate algal growth; rateother
things being equal, if Vep increases, the concentration of algae decredses, t
difference between the concentration of algae suable by the total phosphorus
concentration increases, and thus the multipliepfax increases, causing a higher
growth rate. Additionally, the greater width deaxses the concentration of inorganic
sediment, allowing more light to penetrate throtlghwater and thus allowing a

higher growth ratep(may)-

As expected the algae input to the whole systeiB:{S) are an important influence
on the algal concentration at the downstream re&else provide the ‘seed’ for the
entire system. However, it is interesting to rbe as long as there is some sort of

seed, its influence is less apparent farther ddwenéaches: during calibration of the
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full 26-reach model, it was noted that changes@input of algae to the summit
reach had minimal effect at the calibration stafi8reaches downstream. That far
downstream, as long as there is any seed at thengweach, the concentration of
algae in the reach becomes more dependent upamddbat influence the growth
rate — temperature, light availability, and nuttiamailability. Consider a case where
the total growth is limited to 10 cells in a givesach by temperature, light, and
nutrients; if the upstream reach provides 8 celtty 2 more cells can grow in the
current reach; if the upstream reach provides I6,aa@hly 4 more cells can grow in the
current reach. In both cases, the number of oetlse reach will be the maximum
supportable by the environmental conditions — 18.céor the upstream reaches, the
seed is still growing, and so considering the sameronmental conditions: if 1 cell

Is input to the reach and only one doubling timeses, the reach will hold 2 cells at
the end of the time step; if 2 cells are inputntiiee reach will hold 4 cells; it is not
until the input exceeds 5 cells that the cap imgdseenvironmental conditions

becomes important.

What is surprising in the algal sensitivities iattphosphorus and solar radiation do
not make an appearance. They are somewhat infhlierth mean algae,S 0.17 for
phosphorus and, $ 0.39 for solar radiation. However, the watenperature, ‘seed’
algal input (ISS«.ai9, and light extinction exert more control on thgah
concentration in a reach typical of the Kennet Audn Canal. This is due in part to
the choice of the top three reaches for use isd¢msitivity analysis; as will be
discussed later (Section 7.2.4.3, page 156), inpiséream reaches of the canal the
population is so low that it generally does nothethe cap imposed by phosphorus

and is rather controlled by the seed of algae iaptiie summit reach.
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6. Overland Flow Model

In order to adequately predict flow in the cantalyas necessary to use an existing
overland flow model to generate runoff inputs toe tanal model described in
Section 4. No attempt was made to improve upostieg overland flow models, nor
was it the intent of this project to develop orleate an existing overland flow model
(although some comparisons have been made re¢gettikoski et al. 2009)). The
overland flow model was simply a tool used in gatiag necessary inputs to the
canal model. The Hydrological Simulation Prograartfan (HSPF) (Bicknell et al.
2001) was chosen for this purpose due to the relsegs familiarity with the model
and thus the straightforward nature of obtainiregahtputs from HSPF that would be
needed for input to the canal model. The adeqoépyedictions of the overland
flow model was evaluated based on successful aslior of the model to points

above the first primary intersection of the camad ¢he natural river.

6.1. Subcatchment Delineation for HSPF Calibration

The area above the confluence of the River Kenitéttive Kennet and Avon Canal,
contributing to the river, was subdivided into 1®satchments in order to perform
the hydrology and sediment calibrations. The bsaakhe subcatchments were
largely dependent on the locations of the monitpstations (Figure 38). The
subcatchments also generally followed the delioegtreviously performed by Dr.
Andrew Wade at the University of Reading for hisrkvavith the Integrated
Catchments (INCA) model (Wade et al. 2002) so tihatvelocity-discharge
relationships he developed for the INCA model cdaddused to create hydraulic

function tables to represent the river in HSPF.
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Figure 38. Subcatchment delineation for HSPF calikation.

6.2. Hydrology Calibration

6.2.1. Introduction

Hydrological calibration methods for HSPF are vesitablished (Lumb et al. 1994;
EPA 1999; EPA 2000; Kim et al. 2007a). To sumnegr&hydrologic model
calibration is evaluated based on seven metrital amnual runoff, low flow
recession, total of highest 10% of flows, totalafest 50% of flows, storm peaks,
seasonal volume, and summer storm volume. Thése tao are seasonal metrics,
ensuring that success in the remaining statistic®i achieved by improper
distribution of high flows (e.g., compensating fow flows in summer by elevating
flows in winter, thus achieving an acceptable tataloff metric). The seasonal
volume metric is the difference between the sumanerwinter flow errors. The
summer storm volume metric is the difference betwtee summer storm volume

error and the total storm volume error (for allésrof the year).
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6.2.2. Calibration Station

In the case of the River Kennet, one station wasl@de for calibration above the
confluence of the river with the canal: Marlboroygigure 38). The period of record
for this station extended from 1972 to presentingenost relevant to the current
work, the period of 1997-present was chosen fabilon and validation. This
period also corresponded to the available dataddiment calibration. Calibration
was performed on data from 1997-2003, and validatio data from 2004-2009.

6.2.3. Model Parameterization

HSPF model parameters were initially estimatedgitie guidance in BASINS
Technical Note 6 (EPA 2000). This required infotima on land use, soils, and
meteorology. Land use and soils were previousgudised in Section 2.5.1.
Meteorological data were collected from the Britttimospheric Data Centre
(http://badc.nerc.ac.uk/homdbr the stations Aldbourne (precipitation) (World
Meteorological Organization (WMO) ID 266949) andpgdp Lambourn (temperature)
(WMO ID 268196) (Figure 38). The precipitation @atere converted to appropriate

units and entered as inputs to HSPF; the temperdata were used along with the
catchment’s latitude to estimate potential evapanaising the Hamon Potential
Evapotranspiration method in the Watershed Datadgament Utility (WDMUil)
program (Hummel et al. 2001) (a companion progratd$PF).

6.2.4. Results

After calibration, the HSPF metrics were satisfi@dboth the calibration and the
validation periods (Table 11). The baseflow ingas calculated as 0.94 for the
calibration period and 0.95 for the validation pdricompared to 0.94 predicted by
the UK Hydrometric Register (Marsh and Hannafor880 A comparison of
simulated and observed flows is provided in Figg@dor the calibration period and
Figure 40 for the validation period. A full list the final calibrated parameters is

provided in Appendix E.
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Table 11. Results of HSPF hydrologic calibration ath validation.

Acceptable Error for Error for
Metric Error Iliozan e Calibration Validation
9 Period Period
Total Runoff +10% -6.6% 5.3%
Low Flow Recession +0.01 0.01 0.01
Highest 10% of Flows +15% -14.1% -3.2%
Lowest 50% of Flows +10% 3.9% 1.5%
Storm Peaks +15% -13.3% -10.8%
Seasonal Volume +10% 8.1% 4.6%
Summer Storm Volume +15% -10% -3.9%
12
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Figure 39. Observed and simulated flow rates for th Marlborough station on the River Kennet —

calibration period.
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Figure 40. Observed and simulated flow rates for th Marlborough station on the River Kennet -
validation period.

6.3. Sediment Calibration

6.3.1. Introduction

Compared to hydrologic calibration, sediment calilon for HSPF is less well
defined in terms of both procedure and metricsweéier, some guidance exists. The
guidelines in BASINS Technical Note 8 (EPA 2006yeviollowed to estimate
parameters, target parameters for calibration establish the sediment loading rate
metric to assess the calibration. Additional metused to assess the sediment
calibration included the 5-day window concept idtroed by Kim and others (2007b)
to calibrate to discontinuous data; the discrepaatiy (van Rijn 1984; Winter 2007,
Neumeier et al. 2008); and the Nash-Sutcliffe medi@tiency (Benaman et al. 2005;
Mishra et al. 2007; de Vente et al. 2008; TyagileP008) based on monthly average
concentrations. As is generally accepted (Soul€9y), sediment loads and
concentrations are more difficult to predict thaxtologic data; therefore the

satisfactory errors for the sediment calibratiomenless stringent than those for the
hydrology calibration.
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6.3.2. Setting Calibration Targets

HSPF produces two key variables used in the sedioadibration: an edge-of-stream
load (model parameter SOSED) and an in-stream otrat®n of sediment (model
parameter ROSED). It was necessary to set obséavgets for each of these

variables.

6.3.2.1. Edge-Of-Stream Load

BASINS Technical Note 8 (EPA 2006) suggests ussediment loading rate as an
initial assessment of a sediment model’s perforreaand specifically the model’s
ability to predict sediment washed off the landace (as opposed to sediment
scoured from the stream). This sediment washetheffand surface will have a
greater effect on the canal model than the in-streediment concentration, and so
determination of an appropriate ‘observed’ valuetifits target and minimization of

the error in sediment loading rate was a high pyian calibration.

A sediment loading rate is a function of two prasss First, the sediment must be
detached from the soil surface — either by raindngpact or scour from surface
runoff. Second, the sediment must be carried biase runoff to the stream. This
process is illustrated in Figure 41. Sedimentaetd by raindrop impact may fall on
a portion of the land surface that has no flowirades, or it may land in flowing
surface runoff and be carried to the stream. Sewlirecoured by surface runoff may
continue to be carried by the runoff, or it maydeposited as the rate of runoff slows
due to the roughness of the land surface.
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Figure 41. Sediment transport processes on the ldrsurface. Brown dots and drops represent
sediment.

The first component of the sediment loading rdte,a@xpected soil detachment, was
estimated from the Pan-European Soil Erosion RsseaAsment (PESERA) map
(Kirkby et al. 2004) for the area contributing tocé monitoring station used in
calibration (see Figure 21, page 67). To deterrtfiedinal target sediment loading
rate, it was necessary to multiply this detachnbgra sediment delivery ratio to
determine how much of the detached sediment redbbedream. The sediment
delivery ratio is the ratio of sediment that reactiee edge of the stream to the total
amount of sediment detached from the land surfd¢® sediment delivery ratio for
this purpose was estimated based on the methodedflR1962) (Equation 70).
log(SDR) = 1.91349- 0.33852[log(10 (W) (70)

Where: SDR = sediment delivery ratio (unitless)d a
W  =drainage area (square miles).

By multiplying the sediment detachment from PESHRAhe sediment delivery ratio
determined from Equation 70, an ‘observed’ (or magpropriately, expected) value
is obtained that can be compared to HSPF edge-@drstoutputs from the land

surface.

6.3.2.2. In-Stream Concentration

Data from the Centre for Ecology and Hydrology tiate collected from the five
stations on the River Kennet above the conflueridkeoriver with the canal (Figure
38) were used as targets for the in-stream poaidhe sediment calibration. These

stations have varying periods of record as predant&able 12. Because most
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stations had a limited number of samples, calibratd a multitude of spatially

distributed stations was performed in lieu of akration and validation at a single

station.

Table 12. Periods of sediment data available at dtans on the River Kennet.

Station Name Period of Record Number of Samples
Clatford 6/1997-9/2005 410
Mildenhall 6/1997-9/2005 417
Ramsbury 6/1997-2/2001 204
Knighton 6/1997-2/2001 204
Hungerford 8/2003-9/2005 107

It was assumed that the monitored concentratiotieegae stations were comparable in

nature to the in-stream concentrations predicteHB®RF.

6.3.3. Establishing Metrics

Kim and others (2007b) introduced a 5-day windowimeé of computing statistics

for use in bacteria calibrations. Portions of thisthod were adapted here as well, as
the difficulties and goal are the same for sedinpeatlictions as with bacteria: there
are a limited number of grab samples for a watatityuconstituent that varies greatly
both spatially and temporally. Thus, an expectatiat daily model output would be
capable of predicting the precise observed valum fa grab sample collected once a
week (at best) is not reasonable. By looking &ty window of simulated values
surrounding each observation, a more reasonablpaxison can be made. In
particular, this allows focus of the statisticstba conditions unique to the
observation dates — a particular benefit in thiecavhere the observed record misses
entire seasons. Comparing yearly or simulatiorgtlaverages that capture all seasons

to observed values that only represent some seasurid be erroneous.

In practice, the simulated values for two days kefone day before, the day of, one
day after, and two days after each observationwate averaged to create a series of
simulated 5-day window values — one 5-day windowedor each observation date.
Then the average and median of this series wecelagd to compare with the

average and median of the observed data.
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The discrepancy ratio used by several researchergaiuate sediment prediction
capabilities is simply a ratio of an observed vdtua simulated value — either on a
daily (that is, each observation day) or monthlgialf it is desired for all observed
values to fall within a factor of 2 of the simuldtealues, then the desired discrepancy
ratio range would run from %2 to 2. The factorsdugedefine the limits on a desirable
discrepancy ratio range in the literature fromtd.820. Having established the
desired factor, the next step is to determine virdaation of discrepancy ratios fall
between the limits imposed by the desired faciomically, as the desired range
decreases, so does the fraction of calculatedegiaocy ratios that fall between the
limits imposed by that range. As an example, Syu{8997) suggests that the best
models are able to have 70% of their discrepaniysr&all between 0.5 and 2. van
Rijn (1984) provided an example of an acceptabldehthat had 76% of its
discrepancy ratios falling between 0.5 and 2; 3@#nfy between 0.67 and 1.5; and
94% falling between 0.33 and 3. To evaluate th@H8odel calibration,
discrepancy ratios were calculated for monthly agersolids concentrations. The

desired factor was set at 2 (providing a desiredeaf 0.5 to 2).

The Nash-Sutcliffe Model Efficiency (NSE) (Nash &itcliffe 1970) is perhaps one
of the best known methods for evaluating predictbflow from a hydrologic model.
As mentioned in the introduction, this metric isafrequently used to evaluate a
water quality model’'s predictive capability for smeént. The formula for the Nash-

Sutcliffe Model Efficiency is given in Equation 71.

N

z (Xoi Xy )2

NSE=1-12% (71)

i (Xoi B ;()2

i=1

Where: NSE = Nash-Sutcliffe Model Efficiency (Uegs);

N = number of observations;

Xoi = value of observation(mg/L, in this case);

Xs = simulated value corresponding to observaitipng/L); and
X = mean of observed values (mg/L).

By comparing the error between the observed andlated data (numerator) to the
error between the observed value and the mean absgrved values (denominator),
the NSE allows the modeler to determine whethentbdel simulation is a better

predictor of the observed condition than a simgie of the mean of observed values.
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If the NSE is greater than zero, the error in tharator is lower than the error in the
denominator, and the model is a better predictoeality than the mean of the
observed values; if the NSE is less than zeroetta in the numerator is greater than
the error in the denominator, and the mean of eleskevalues is a better predictor
than the model. This can be used on individuaéolaions or an aggregate of
observations — for example, an average daily viduthe month. This average daily
value each month is what was used in this casedlo@e HSPF’'s predictive
capabilities.

The satisfactory error rates are summarized in€laBl Because the prediction of
sediment is inherently less certain than the ptediof hydrology, the allowed error
bounds are less restrictive for the sediment caiitn than they were for the
hydrology calibration. In addition to the metrlcted in this section, a visual

assessment of the goodness-of-fit was also condlucte

Table 13. Satisfactory errors for the metrics useéh the calibration of the overland flow model
for sediment.

Metric Evaluation Criterion  |Abbreviation
Sediment Loading Rate (tonnes/halyn)  +30% SLR
5-Day Window Average (mg/L) +30% 5DA
5-Day Window Median (mg/L) +30% 5DM
Discrepancy Ratio (using factor of 2) max DR
Nash-Sutcliffe Model Efficiency max NSE

T That is, maximize the percent of values with @dipancy ratio between 0.5 and 2

6.3.4. Results

The sensitive parameters listed in BASINS Techriwwzte 8 (EPA 2006) were
targeted for calibration and adjusted until theyt the allowed errors for each metric.
The final calibration results are listed in Tab#e Xraphs of simulated and observed
data are provided in Figure 42.

Table 14. HSPF sediment calibration results.

, Error
Station SIR 5DA 5DM DR NSE
Clatford 4% -17% 2% 29% 0.11
Mildenhall 3% 26% 24% 59% -0.17
Ramsbury 1% 5% -20% 60% -0.19
Knighton -2% 7% 14% 62% -0.01
Hungerford -6% 29% 2% 65% -1.77
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Figure 42. Results of HSPF sediment calibration fofive stations on the River Kennet.

Overall the sediment predictions are good, paridylin the middle region, at
Ramsbury and Knighton. After calibration, the 368for targets for sediment
loading rate, 5-day average, and 5-day median mete The magnitudes of the
sediment loading errors were all less than 109%;ithespecially important, as the
sediment loading from the land surface is the ronstial export from the overland
flow model to the canal model. The percents ofrjsancy ratios that fall between
0.5 and 2 are generally high, with the exceptiothefvalues predicted for Clatford.
However, the Clatford station shows the best NagielHfe model efficiency. Given
how well all other calibration targets were meg goor Nash-Sutcliffe model
efficiency results for the remaining stations argpssing. However, as was

previously mentioned, expecting a metric based wpsimgle value for the entire
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simulation to perform well when one is comparing@iated results to observations
based on (non-continuous) grab samples is optinidbte that the 5-day window
metric, which compares a grab sample collected angeek to simulated values for a
window surrounding the collection date, has vergdyeesults. Additionally, the
visual comparison shows that the model is accyratedicting the average
condition. The peaks predicted by the model wdadpen in association with storm
events, and given that grab samples are not typicallected during storm events,
one would not expect the monitored data to caguch peaks. The inclusion of the
storm peaks in the simulated record forces a mar@bie condition than the ambient
measurements would suggest, which in turn causesé&an of observed values to
appear to be a better predictor than the simulasalts. Considering all these issues
and that all other metrics used to evaluate thiregion are good, the calibration is

acceptable. The final calibrated parameters fdPH&re given in Appendix E.
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7. Canal Model Application

To further demonstrate the use and reliabilityhef bew canal model, it was applied
to the Kennet and Avon Canal in Southern Englaedddbed in Section 2.5.1, pg.
21).

7.1. Inputs for Canal Model

The list of required inputs for the model was poenly discussed (Section 4.2.5). In
practice, these inputs can be generally divideal ilmtee categories: inputs from the
overland flow model (runoff and sediment transpibiterunoff), time series inputs,
and physical canal characteristics. In this sactiloe runoff inputs are treated
separately, as they required greater effort invig\parameterizing and calibrating a
separate overland flow model. The time step ferddinal model was set to one day
to match the resolution of available input data.

7.1.1. Runoff Inputs

7.1.1.1. Modification of HSPF

The HSPF model as used in calibration (Sectiom8) quired subcatchment
delineation for the River Kennet to Hungerford, kgt station available before the
confluence of the River Kennet and the Kennet amonACanal. To produce
appropriate runoff inputs for the canal model, $rmabcatchments were created to
contribute to each lock and were then further diditb separate drainage to the canal
from drainage to the river to ensure the correabfiicould be apportioned to the
canal. The first step in doing this was to usedigéal elevation model (DEM)
provided by Dr. Andrew Wade at the University ofadang (originally generated by
the Centre for Ecology and Hydrology) to create sedycatchments with outlets at
each lock location (Figure 43).
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Legend
¢ Kennet & Avon Canal Locks

-+ Kennet & Avon Canal

—— Natural Streams
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Figure 43. Intermediate subcatchment delineation,ausing a break at each lock location.

After this was completed, the subcatchments wdreadpng the line of the canal.
The resulting polygons were then classified asrdauting to the canal or
contributing to the river depending on whether tfedlyon the canal side or the river
side of the divide, respectively. This is illus&@in Figure 44, the final division is
shown in Figure 45. It was assumed that any ageaden the canal and the river

contributed to the river, as the canal was typycslightly elevated above the river.
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Figure 44. Close-up of subcatchment delineation aocaing to whether it contributes to the river
or canal. Drainage area that intercepts the candlefore the river contributes to the canal; the
remainder contributes to the river.
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Figure 45. Final subcatchment delineation, splittig the intermediate subcatchments according to
contribution to the canal or river.
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After delineation, the previously calibrated paréene described in Appendix\izere

applied to the new subcatchments.

7.1.1.2. Data Used in Canal Model

The total runoff and sediment transported froml#imel surface were exported to text
files from HSPF for each of the new subcatchmeant&gure 45. These text files
represented the total volume of flow,(}#) and mass of inorganic sediment (kas)
delivered from the land to each reach of the caimathe case where a direct transfer

of water from the River Dun or the River Kennet waade to the canal, the
concentration of sediment in the water in tiver predicted by HSPF was used to
determine the load of sediment (kgBthat should enter the canal at those points. The
transfers of water (and thus sediment) from theeRun or the River Kennet to the

canal occurred in the reaches above Locks 68,itb74a.
7.1.2. Canal Data Processing

7.1.2.1. Time Series Processing

In addition to time series inputs also requiregmvided by the catchment model
(e.g., precipitation, evaporation, runoff), the @lamodel required the following time
series of data: solar radiation, total phosphauternal inputs (water, sediment,
algae), external abstractions, and frequency of imm&ements. This section

describes the development of each of these tinesser

7.1.2.1.1. Solar Radiation

Solar radiation data were not readily availabletfher study area. However, solar
radiation (exclusive of cloud cover) is a standartttion of the latitude of a given
region. Therefore, the relation developed by Hala others (1954) as
implemented by the WDMUil program (Hummel et @02) was used to estimate
solar radiation data for the study area. This wetlequires input of latitude and
cloud cover. Although the latitude of the studgaais approximately 51°2d, solar
radiation was estimated at 50°N as this is a limomaof the WDMULil program.
Cloud cover was estimated based on available hajigsnshine available from the
MetOffice for a nearby station in Oxford (51%M2 (MetOffice 2010) combined with
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sun rise and set tables published by the UnitegtStdaval Observatory (U. S. Naval
Observatory 2010).

7.1.2.1.2. Total Phosphorus Concentration

Total phosophorus concentration was estimatedroorahly basis from data
collected by Colin Neal at the Centre for Ecologg &lydrology (Neal et al. 2006b)
at the stations shown on the canal in Figure 2de ghosphorus concentration in each
reach on the canal was estimated using data freroltisest observation station. The
phosphorus concentration for each month of sinutataried by reach and was the
average of observed values for that month colleotedl the observation period. The
average of observed monthly values was used ireathe actual values both
because the observed record had many holes andseeites minimized the effect of
isolated extreme values, which were likely not esgntative of the entire observation
period in which they were taken. There were tlstagons that did not have a record
that included a minimum of one observed sample eamtth; where their records
were incomplete (i.e., months with no observed)dataaverage of the concentration

at all other stations was used to patch the migsiogth.

7.1.2.1.3. External Inputs and Abstractions

External inputs and abstractions of water weraregted primarily from a field survey
conducted in 1992 (National Rivers Authority 1992¢nceforth ‘the NRA report’).
The exceptions were the input from streams dirdotihe canal (Froxfield Stream
and Shalbourne Brook) and pumping from Crofton PagnStation to the summit
reach (see Figure 12, page 52 for stream and pgnspation locations). These flows
are significant contributors to the canal, and swenturrent information was used in

their estimation.

The major input of water, pumped by the Crofton Bung Station from Wilton
Water Reservoir into the summit reach, was vatedughout the year based on
personal communication with the Hon. Engineer igr Kennet and Avon Canal and
with engineers at the Crofton Pumping Station. réhe a constant ‘baseflow’ from
the pumping station that is pumped year-round topensate for leakage, seepage,
and evaporative losses; this was estimated as /E25Additionally, a higher flow rate

is pumped in the boating season to compensatedkages; this was estimated as 80
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L/s. The concentration of sediment in the feedewtbom Wilton Water was
estimated as the monitored concentration of sedimeahe reservoir (Neal et al.
2006b).

The concentration of algae in the feed water froMdV Water was not available;
however, visual inspection confirms that algaepesent (Figure 46), and thus a
method was devised to generate algal inputs frarieed water. First, the seasonal
average TP concentration recorded by Colin NeaalMeal. 2006b) was used to
calculate the seasonal maximum, mean annual, ancheuaverage chlorophyll-a
concentrations using the relationships describegeiction 2.3.2. The seasonal
maximum and summer average concentrations caldulsieg these methods ranged
from 208 to 424 mg Chl-afinthe mean annual concentrations ranged from 8820
mg Chl-a/m3. After calibration, 208 mg Chl-a/m3sa@hosen as the maximum

chlorophyll-a concentration.

Figure 46. The outlet of Wilton Water Reservoir nexto the Crofton Pumping Station. Note algal
mat.

Next, the solar radiation data previously colledmddirect input to the model were
processed to create a time series indicating #aién that each solar radiation daily
value was of the maximum solar radiation for thewation period. Then the
chlorophyll-a concentration was distributed throogtthe year according to this

fractional solar radiation time series. This rgsdilin the maximum concentration
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occurring in the summer (at the time of maximunaschdiation) and the minimum

in the winter. The chlorophyll-a concentration veasiverted to algal biomass using
the conversion factor used in the rest of the st (G, estimation of which was
described in Table 8. Finally, this value was pligd by a fraction to account for

the fact that the intake to the pumping statioloésited well beneath the water surface
and likely at or below the euphotic depth. Reasgmihat 1% or less of the algae
would be expected to inhabit a depth where 1%sw ¢ the incident light was
available, and through experimentation with a feffecent fractions during

calibration, 1% was chosen as the fraction for pligose.

HSPF was used to estimate the flows from Froxf&téam and Shalbourne Brook
(for locations of these streams, see Figure 12 p&) The NRA report indicated
approximately three quarters of the flow from Fiekf Stream (51 L/s of a total
streamflow of 66 L/s) passed through a controlcstme (Figure 47) that diverted the
majority of the Froxfield Stream flow to the Riveun through a culvert passing
underneath the canal. As a result, output fromH®IPthe drainage area
contributing to the reach above Lock 71 was dividete quarter became input for the
canal model, and three-quarters was redirecteuet®iver Dun. This division was
applied to both water and sediment outputs from HS®&halbourne Brook enters the
canal in its entirety, but an excess is taken offi@ opposite side of that reach (above
Lock 74). The input of water and sediment waswstied from HSPF runoff, and the
output was set at the abstraction level indicagethb NRA report (0.5 L/s). The
concentration of sediment in the abstracted watey @stimated as the concentration

of sediment in the canal reach.
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Figure 47. Control structure to divert Froxfield Stream flow away from the canal.

On a few occasions — above locks 68, 75, and 78tenis drawn from the River Dun
or the River Kennet. The volumes of water inputhi® reach at these points were set
at the values given in the NRA report: 0.014 nG/803 m?/s, and 0.207 m?3/s,
respectively. The concentration of sediment invilager from these external sources
was set equal to the HSPF-modeled concentratigediment in the corresponding

river sections of the model setup shown in Figlie 4

Two sewage treatment works enter the canal: Grediign and Kintbury. These
discharge to the canal above Lock 66 and Locké&$hectively (see Figure 18, page
64). The volume of water entering from Great Bedwsas estimated as 203.8 m3/d
as given by Neal and others (2005b). The volumgatér entering from Kintbury
was not readily available from any current soubeg,was estimated as 9 L/s by the
NRA report; this value was used in the canal mo@ncentrations of sediment in
the sewage treatment works outfalls were availabla the Environment Agency and

were used as input to the canal model.

Whenever water was abstracted from the canalcatit;ms defined by the NRA
report, it carried solids with it at a concentrateqgual to the concentration in the
reach from which it was abstracted. Total absitvastwere minimal, amounting to a
total of 0.14 m?/s over the entire length of thedgtsection of the canal.
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7.1.2.1.4. Boat Movements

Frequency of boat movement was estimated basedtarsdpplied by Glenn Millar at
British Waterways (Langridge 2004). These dattuinhed total lockages for the year
for Locks 60, 71, 76, and 85 on the Kennet and ARanal as well as a typical
weekly distribution for lockages averaged from dadan multiple canals around
Britain (Section 3.4). The annual data for thekbbon the Kennet and Avon Canal
were distributed to all locks on the study reackeolaon proximity to the monitored
locks and the location of winding holes. In coesation of winding holes: a boat
heading a particular direction in a canal will beced to continue in that direction
until it reaches a winding hole, a point in thealamide enough to permit a canal boat
to turn around. There are seven winding holekénsection of the canal being
studied (Figure 48) (based on data extracted fromi€(2002)). Using these data, it
can be said with confidence that any boat traffigezienced by Lock 60 must also be
experienced by locks 55-64; any boat traffic exgrered by Lock 71 must also be
experienced by locks 72-74; and any boat traffigegdenced by Lock 76 must also be
experienced by locks 77-78. For the intervenirg$o best judgment and calibration
were used to determine how to allocate the knovat bmvements. It was assumed
that most boat traffic would originate from the te@sd turn around to return there),
so that boats passing through lock 60 would alss garough locks 61-80; boats
passing through lock 71 would also pass througksl@@-80; etc. Thus, locks 65-71
and 75 were given the boat movements of Lock 71l@cids 79-80 were given the

boat movements of Lock 85.
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Figure 48. Schematic of winding hole locations irhe study area.

The resulting annual lockage data were distribtheaughout the year based on the

weekly distribution provided by Glenn Millar. Anallockage data were available
only for 2000-2005; data for 1997-1999 were estadats the maximum observed (as

the hydrology of the canal clearly demonstratedaased lockage losses prior to
2000, causing a depression in total weir flow, Fégdi7). Data for 2006-2009 were
adjusted within the observed range given in 2000620 achieve a successful
validation. Because the lockage data were onlyknimom 2000-2005, most

confidence was held in model output from that perio
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Figure 49. Observed flows collected at the bypasseiwr for the Picketfield Lock (Lock 71).

7.1.2.2. Reach and Lock Data

Where possible, the data for the locks and reaslees estimated as suggested in

Table 7 and Table 8. Further details on the eséisnare supplied in this section.

The reach data were determined as follows:

* Length: measured in GIS as the GPS-delineated tibvmgistance between
locks

* Width: measured from aerial photographs

*  Xweirr Measured with tape measure

*  Duyeir: estimates provided by British Waterways (Fox 2010

¢ Lueirr measured with tape measure

* Hsiges measured with tape measure
Diock: €stimated to be 17.8 cm abovgep(visual observation suggested the
top of the lock gates was the width of a railroadabove the permanent water
level)

*  Cyweir Set at 0.611 as suggested by Henderson (1966)
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« Seep: calibrated to 3.72 x 1@n3/m?/s; this is three times the value given by
Dun (2006) and approximately one fifth of the vafiien by Minikin (1920)
for old canals

* Tmean average of water temperature data collected #ipteupoints in the
canal by Colin Neal (Neal et al. 2006b)

* Cg estimated from aerial photos based on the fraaifacanal visible (not

covered by trees)

Data are summarized in Table 15 for each reacheoténal.

Table 15. Reach parameters for the Kennet and Avo@anal for input to the new canal model.

Reach

ending Length | Width Duweir L weir Hsides Diock Tmean | Crad
in Lock | (M (m) (m) (m | (cm) | (m) °C) | @)

95 18 10.0 1.37 2.44 0.14 1.55 11.5 1.0
56 270.7 9.0 1.42 1.83 0.33 1.60 11.5 0.92
57 322.1 7.9 1.42 1.88 0.20 1.60 115 0.89
58 290.8 8.8 1.21 2.19 0.18 1.39 11.5 0.85
59 283.3 8.1 1.17 4.01 0.18 1.35 115 0.92
60 273.2 7.9 1.10 4.52 0.23 1.28 116 0.95
61 287.0 11.9 1.53 2.06 0.1§ 1.71 11)6 0,94
62 663.9 10.5 1.47 3.86 0.2( 1.6b 11,6 0,90
63 399.6 8.6 1.21 4.47 0.20 1.39 116 0,79
64 1145.8 10.5 1.17 10.6Y 0.20 1.35 1116 0/69
65 954.1 11.4 1.40 3.45 0.2¢ 1.58 11,6 0,88
66 821.9 10.5 1.23 5.51 0.14 1.41 12)0 0,86
67 485.1 10.2 1.37 3.96 0.15 1.5b 12)3 0,73
68 1494.7 9.5 1.44 3.45 0.2¢ 1.62 12,3 0,92
69 317.6 13.3 1.37 1.88 0.43 1.5b 12,3 0,95
70 355.9 7.4 1.36 4.22 0.24 1.54 123 0.87
71 1297.9 8.8 1.37 254 o© 1.55 12.3 0.86
72 811.6 9.5 151 10.21 0.15 1.69 12/4 0,83
73 489.7 10.7 1.38 6.00 0.2¢ 1.56 124 0,94
74 1065.3 10.0 1.34 10.81 0.13 1.52 124 0/91
75 1648.1 10.7 1.30 11.99 0.238 1.48 12{1 0}71
76 1176.4 10.7 1.12 10.06 0.13 1.30 12{1 0}72
77 1008.3 10.0 1.50 12.04 0.18 1.68 12{1 0160
78 1573.6 10.7 1.55 914 o 1.73 12.3 0.69

79 2483.8 10.0 1.54 6.56 0.15 1.7 12{3 0{79
80 743.4 10.2 1.19 2.90 0.1§ 1.3) 12,3 074

T Estimated as the distance from the feeder fronft@rd®umping Station to the lock gates; water west

of the inlet of the feeder flows to the west sid¢he canal.

¥ Weir was not visible from public land; estimatedrh aerial photos.
o Weir was open to the air (no top).
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The lock data were determined as follows:

Empty: based on instructions recorded in the faldach lock gate (e.qg.,
Figure 50)

Enhoai Calibrated to 0.67

Viock: Calculated from lock dimensions provided in a rfrapn Mr. Mike Lee
(Hon. Engineer for the Kennet and Avon Canal)

Liock: measured with tape measure

Leak: set at 0.0301 m?3/s based on 2.6 ML/d giveDiny (2006); doubled for
locks that were observed to be especially ‘leakythie field (e.g., Figure 51)
CSocknon& CSiock con Set at 7.3 mg/L (7300 mg/m?3) (the median of rdedr
values), allocated to non-cohesive (2000 mg/m3)cniesive (5300 mg/ms3)
forms based on an area-weighted average soil &ekiltthe catchment as
determined from Jarvis et al. (1979; 1984)

The lock data are summarized in Table 16.

FASE LEAVE
LOCK EMPTY

AFTER USE

Figure 50. Example of instructions regarding lock eptying at a lock on the Kennet and Avon

Canal.
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Figure 51. Example of leaky lock gates.
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Table 16. Lock parameters for the Kennet and Avon @nal for input to the new canal model.

Lock Number Empty Viock (M3) Liock (M) (rrl;;j;l;s)
55 TRUE 173.02 5.38 0.0439
56 TRUE 229.27 5.28 0.0212
57 TRUE 201.52 4.88 0.0211
58 TRUE 219.38 5.18 0.0498
59 TRUE 223.54 5.34 0.0257
60 FALSE 205.85 5.38 0.0273
61 FALSE 200.55 5.18 0.0197
62 FALSE 180.79 5.34 0.0409
63 FALSE 211.49 5.48 0.0249
64 FALSE 240.35 5.44 0.0257
65 FALSE 234.86 5.48 0.0215
66 FALSE 226.91 5.18 0.0245
67 FALSE 210.11 5.34 0.0220
68 FALSE 180.96 5.18 0.0208
69 FALSE 208.36 5.54 0.0220
70 FALSE 212.99 5.48 0.0221
71 FALSE 212.76 5.18 0.0220
72 TRUE 248.53 5.48 0.0199
73 FALSE 249.93 5.14 0.0218
74 FALSE 241.73 5.24 0.0224
75 FALSE 172.76 5.38 0.0231
76 FALSE 209.91 5.38 0.0538
77 FALSE 149.87 5.08 0.0201
78 FALSE 174.45 5.48 0.0194
79 FALSE 175.27 5.18 0.0195
80 FALSE 181.76 4.88 0.0506

7.1.2.3. Constants

The various constant parameters (those that deamgtby reach, lock, or timestep)
were determined in the following fashion:
e (g setat0.7 as suggested by Schwab et al. (1993)
» diam: set at 0.0002 m as a mid-range point fronrdhge given by Jarvis et
al. (1979)
* sQ: set at 2.65 as a standard accepted for flag@diment (Simons arfgentirk
1977)
* Tcq Set at 0.06 kg/m/s? as given by Krone (1962)itesl by Mehta et al.
(1989)
*  Cyadrag Set at 0.0025 as suggested by Soulsby (1997)
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*  CSyoatcon& CShoatnon total calibrated to 13500 mg/ms3 based on field
measurements; distributed as described fag.eshand CRck non (Section
7.1.2.2)

* Vp 1.79 m/s provided in a map from Mr. Mike Lee (H&mgineer for the
Kennet and Avon Canal)

» EXTB: calibrated to 1.67/m, within the ranges gil®nReynolds (1984) and
Van Duin et al. (2001)

* K setat23.012 J/m2s based on the recommenddtDugulale and
Maclsaac (1971)

*  Tmagand Thhase Set to 6.54 and 4.46, the best fit parameterBéar’s (2001)
model as fit to water temperature data collectethéncanal by Colin Neal
(Neal et al. 2006b)

* Ccn: set at 60 as a midrange of data calculated frasbources in Table 8

* LITSED: set at 0.000025 m2/mg based on range regdoy Van Duin et al.
(2001)

e LITALG: set at 0.00002 m?/mg Chl-a based on rarggorted by Van Duin et
al. (2001)

7.2. Canal Model Calibration & Validation

7.2.1. Hydrology

Very little hydrology data are available on the Kehand Avon Canal. The only data
available are flows over a weir that bypasses Fiele Lock (Lock 71) (Figure 19,
page 65). As the dataset for comparison is seepanly a calibration was
performed for hydrology on the canal; this calitmatconsisted of a visual evaluation
coupled with a comparison of observed and simulatedage and median values.
This particular bypass flow is heavily influencegibput to the reach from Froxfield
Stream, one-quarter of which flows into the caredrthe top of the reach (Section
7.1.2.1). Thus, errors in the overland flow mqgolelpagate to this section of the
canal model. Due to the lack of detail availalyid the concern of error propagation
from the overland flow model, the acceptable eimdhe average and median

comparison was set at +15%.
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The visual comparison of observed and simulatecsgypveir flows around Lock 71
is presented in Figure 52. It is evident fromfilgare that there is generally a good
agreement between the observed and simulated flrawtscularly in the years where
good lockage data are available (2000-2004, sekBab There is more confidence
in the model predictions for this 2000-2004 periaslweir flows are noticeably
influenced by lockages (with an & -0.68 (Table 9)); thus, with greater confidence
in lockages, there is greater confidence in wewfl The good agreement of the
modeled and observed data is further supportetideitror in the average flow rates

(10%) and median flow rates (9%).
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Date

‘0 Simulated = Observed‘

Figure 52. Simulated and observed flows at Picke#ld Lock (Lock 71).

The successful calibration was obtained with minipzsameter adjustment from the
initial estimates. The parameters adjusted werénghut rates to the summit reach at
Wilton Water and the seepage rates. Consultatidntihwe literature, agencies, and
canal engineers yielded a wide range of estimabsdtb the summit reach, from an
unlikely maximum of 250000 gal/hour (Kennet and Av@anal Trust Ltd. 1999) (316
L/s), to rate of 14 ML/d (162 L/s) reported by it Waterways (very patchy data,
only through 1998), to 2500 gal/min (189 L/s) ar2% 1/s reported by canal
engineers. Consultation with the engineers alggeasted a variable rate, with

additional pumping capacity of 80 L/s for the summenths. Each of these rates
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was tried in the canal model, and the constantl12%with a supplement of 80 L/s in
the summer was accepted as it best matched thevetddeow data. This rate was the
one in which there was most confidence, as it \Wwasate reported by the engineer
who operates the pumping station. Seepage estmtaded at the low end of the
range reported in the literature (Table 8) and vgeaelually adjusted upward until a

successful calibration was obtained.

7.2.2. Total Solids

7.2.2.1. Observed Data

Total solids data were available at seven sitehercanal (Figure 21, page 67),
collected by the Centre for Ecology and Hydrolodgwyn initial data collection period
spanned 1997-2002, with six individual station®rdmg data for 2-5 years within
that time window (Neal et al. 2006¢). A secondasifection period covered five
stations for the period 2008-2009 (unpublished datained from Dr. Colin Neal,
Centre for Ecology and Hydrology). Samples weléected at a sole station,
Hungerford, for 2003-2007. The observed data diddifferentiate between organic
and inorganic solids; thus the observed data wemgered to total simulated solids
concentrations (non-cohesive sediment, cohesivieneadl, and algal dry mass) in the
canal at these seven locations. It was assumeththabserved data were
representative of the average concentration ofisati the reach. The data from
1997-2005 were used in calibration; the data fr@®622009 were used in validation.

A summary of the data available at the seven stai®given in Table 17.

Table 17. Observed solids data available from the éhnet and Avon Canal.

Number of Number of
Station Name Period of Record Samples in Samples in
Calibration Period | Validation Period
Feb 2000 — Feb 2002
Crofton Oct 2008 — Oct 2009 >0 48
Great Bedwyn Feb 2000 — Feb 2002 50 0
. Feb 2000 — Feb 2002
Fore Bridge | ¢t 2008 — Oct 2009 S0 48
Dun Cottage Feb 2000 — Dec 2001 49 0
Hungerford Feb 2000 — Oct 2009 238 130
. Feb 2000 — Feb 2002
Kintbury Oct 2008 — Oct 2009 >0 49
Copse Lock Oct 2008 — Oct 2009 0 47
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7.2.2.2. Calibration Methods and Results

The metrics considered for solids calibration aatidation included the 5-day
window average values (5DA) and a visual comparisbme percent of discrepancy
ratios falling between 0.5 and 2 (DR) and Nash-8tdenodel efficiencies (NSE)
were also calculated. The criterion for calibrataceptance was an error in the 5-
day window average value prediction of £30%; duthtopreviously mentioned
uncertainty in boat movements after 2005, the roitefor validation acceptance was
an error in the 5-day window average value preaiictif £40%. As with the runoff
model calibration and validation, a larger DR aadjér NSE are desired, while a
minimal-magnitude 5DA is desired. The resultshef successful calibration and

validation of the canal model for the Kennet andAanal are shown in Table 18.

Table 18. Results of suspended solids calibrationrfthe canal model.

Station Name Calibration Validation
5DA DR NSE 5DA DR NSE

Crofton 15% 28% -0.74 25% 54% -0.26
Great Bedwyn -8% 24% -0.14 n/a n/a n/a
Fore Bridge -29% 46% 0.12 -15% 56% 0.38
Dun Cottage -17% 63% 0.69 n/a n/a n/al
Hungerford 1% 63% -0.22 19% 62% -0.03
Kintbury 5% 49% -0.04 -1% 69% 0.48
Copse Lock n/a n/a n/a -26% 66%0 0.44

n/a: data not available at this station in the giesgied period

The model agreement is further demonstrated inrEi§@ for calibration and Figure
54 for validation. In Figure 54, the predictios Copse Lock appear low, relative to
the observed values, compared with the predictdnise other stations. This may be
a result of multiple factors, including the lackdzta available for the calibration
period which prevented locally specific calibratimimodel parameters. As with all
the data, there is difficulty in comparing grab gdes to daily average simulated
values (and the 5DA metric, designed to overconsedifficulty, performs well);
additionally, surface runoff may be impacting thheaa and maneuvering at the
winding hole in the reach above Copse Lock may nibedin that boat traffic is under
or over estimated and that peaks of sediment coratem may be produced in

association with maneuvering efforts.

144



500

o O
< M N

(1/6w) uomenuasuo)d
Sp1j0S papuadsng

n < M N -
(7/6w) uoirenuadsuod
spIjoS papuadsns

,
000000
o O O O O
N < M N
(7/6w) uonenuadsuod

SpIjoS papuadsns

N
ﬂ_u N N
= <Q <
(] c [
L] (55} g
lar] lar]
c
> 48 || S g =
= ° = I T > i
© . . 3 £ G 5 g
% i o ] m . ]
=)
= an k=
o 3 X
S
o
© 3 8 3
T T T m T T m T T m
o O O O O O
S O & & & i 88888¢°n~ 88888 °n~
n s M N < n < M N - n < M N -
(7/6w) uonrenuadU0D (7/6w) uorenuad’uod (7/6w) uoirenuasuod
spijos papuadsns spljoS papuadsns SpIjoS papuadsns
N
& &
c c [] 1
c 10
S S S o
4 JE ..
8o
— Q = !
- S o s B = g8
c = =] < o 3
o I = . | K =
= - Law} m (D] W o
@] [@)) T O
[ . ()] Law)
@) 5 5
L T |1 " ‘¢4 &3
o 8 -
< T T = -
T T o 5] c o
2888g-°S" 2g8g8g88gc°~ ok

» Observed

+ Simulated

Figure 53. Calibrated model results compared withgspended solids concentrations measured in

the Kennet and Avon Canal.
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Figure 54. Validated model results compared with sspended solids concentrations measured in
the Kennet and Avon Canal.

During the calibration of the solids model, thenpatry factors adjusted were the
sediment stirred up by boat movements and thelbolk#&ge ratio (note that lockage
data were provided by British Waterways, but hada@onverted to number of boats
by use of an unknown boat:lockage ratio). The lhmztage ratio was suggested to be
2 by British Waterways; however, if this were tlase, it would mean that each boat
entered a lock going the opposite direction oftibat before it. A 100% efficiency of
this sort seems extremely unlikely, and observatimade while visiting the canal did
not support an estimate of 100% efficiency. Thanefthis value was adjusted
downward to a boat:lockage ratio of 1.5, corresjogtb a 67% efficiency in lock
usage. This matched the sediment data well andwagsorted by visual

observations. The observed values of sedimentecration disturbed by boats
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varied widely (Section 3.2.3 and Appendix Tablethg initial value chosen was the
median of the non-extreme values collected in $eipée 2009, 12 mg/L; the values
collected in September were considered more reliabtause they were collected
from a bridge, rather than near a lock where baatuavers to enter the lock, the
movement of the lock gates, and the increased dfowater due to lock filling may
have had an unanticipated effect on the resultsweyder, 12 mg/L proved to be too
low, and was increased to 13.5 mg/L in the findibcation; an increase of this nature
was supported by the samples collected in Augu38 2@hich suggested an overall

median of 18 mg/L.

7.2.3. Algae

Chlorophyll-a data, considered to be representatiadgal concentration, were
available at only 2 sites on the canal during thlécation period (Crofton and
Hungerford, Figure 21, page 67), again collectetheyCentre for Ecology and
Hydrology (Neal et al. 2005a). All stations at alinsuspended solids data were
collected during the validation period (Table 1l8pecollected chlorophyll-a data
(unpublished, received from Dr. Colin Neal at tren€e for Ecology and
Hydrology). Because the model predicts algal dagsrather than chlorophyll-a
concentration, the conversion factor used for egoatin the model (), Table 8,
page 93) was applied to the algal mass outputriergée a time series of simulated
chlorophyll-a concentrations. As this chlorophglte algal mass ratio varies with a
multitude of conditions (Section 2.3.1), and asaelgre living organisms, a great deal
of scatter is expected in the observed data cordgarhe modeled results. It was
assumed for comparison purposes that the meashi@oghyll-a data were

representative of the average chlorophyll-a comaéinh in the relative reaches.

As with suspended solids, the primary focus ofalgal calibration was the 5-day
window average value coupled with visual inspectidhe 5-day window average
was allowed to have an error of up to 50% durirggdalibration period, in
consideration of the increased uncertainty assetiaith algal prediction. During

the validation period the allowed error rate waseased to 60% to allow for
increased uncertainty caused by lack of knowledgamg water quality conditions in
the Wilton Water reservoir (and thus lack of knadge of the ‘seed’ of algae entering

the summit reach). The discrepancy ratios falbetyveen 0.5 and 2 and the Nash-
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Sutcliffe model efficiency were also consideredheTesults of the successful

calibration and validation are shown in Table 19.

Table 19. Results of algal calibration for the canamodel.

Station Name Calibration Validation

S5DA DR NSE 5DA DR NSE
Crofton 28% 56% 0.24 -21% 54% 0.36
Fore Bridge n/a n/a n/a -24% 44% 0.25
Hungerford 22% 53% 0.14 6% 58% 0.38
Kintbury n/a n/a n/a -37% 20% 0.19
Copse Lock n/a n/a n/a -28% 51% 0.84

n/a: data not available at this station in the giesgied period

The fit of the model is additionally demonstratadrigure 55 for calibration and

Figure 56 for validation. As expected, there issiderable scatter about the

relatively smooth simulated values, but the siradatalues do reproduce the overall

trend and thus will be useful in targeting sceratmaddress the solids problem in the

canal.
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Figure 56. Validated model results compared with gal concentrations measured in the Kennet
and Avon Canal.

The primary factor altered during calibration oé thigal model was the base light
extinction coefficient, which was increased froro1l.67 to address a surge in algal
growth modeled in the autumn after boat movemeartd thus shading from
sediment) decreased (no corresponding surge wasrsdee observed data).

Modeled algal concentrations were also considerathoosing the flow rate from the
Crofton Pumping Station, as this flow rate hadeagflushing effect on algal
concentrations near the summit reach (e.g., attb#on station). During calibration,
initial rough estimates associated with algae Vierder refined — the algal
concentration in the feeder from Wilton Water wasreated to be a small percentage
of the supportable population due to presumed weitbdrawal from well below the

water surface; and estimates ¢f(@vere determined geometrically through

150



measurement in ArcGIS rather than through rougbalisbservation as was done
originally. A small attempt was made to addressvkm changes in algal
concentrations in the reservoir during the valmaeriod by increasing the algal
concentration in the feed water by a factor of@fpared to the calibration period),
due to an algal bloom seen in the summers of 26682809 that local canal users

claimed to be very unusual.

7.2.4. Analysis & Discussion

In addition to the metrics included in the previsestions, there are some revealing
bits of information that can be extracted from mihedel output that will be useful in

planning efforts.

7.2.4.1. Hydrology

Figure 57 (inflows) and Figure 58 (outflows) shdwe total hydrologic flows through
various routes, summed for the entire simulatiecdl that the study section of the
canal covers the length from the reach above L&ctohe reach above Lock 80). It
is clear from these figures that leakage and vieiv,fbeing relatively constant
through the year, cause the majority of flow in Kennet and Avon Canal. Lockages
provide significant flow in the summer months, the constant flows through weirs
and leakage in the full 12 months of the year oigtvéhe lockages on an annual
basis. From a management perspective, it is thedreplacement and/or
reinforcement of lock gates designed to addresafgaproblems could have great
effect on the amount of water needed to maintaitemlavels in the canal, as the
current flow into the summit reach is just abovat theeded to satisfy the leakage and

lockage demands for the next six reaches.
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Figure 57. Relative contribution of various inflowsto the total inflow into each reach of the
Kennet and Avon Canal.
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Figure 58. Relative contribution of various outflows to the total outflow from each reach of the
Kennet and Avon Canal.
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7.2.4.2. Inorganic Sediment

The inorganic sediment behaves as one might expestcohesive inflows: Figure

59; non-cohesive outflows: Figure 60; cohesiveows: Figure 61; cohesive

outflows: Figure 62). Losses through the weirrameimal despite the major flow
being through this route; this is because most@kuspended sediment in the reach
deposits by the time it reaches the overflow weith the exception of that disturbed
by boats in the immediate vicinity of the overfloveir. A large slug of sediment
moves from one reach to the next with each lockdgejs expected as the water
used to fill the lock is drawn from the bottom bétwater profile. Additionally, this
movement happens in direct association with theérssat disturbance caused by boat
traffic. The other primary source of transfer frome lock to the next is through
leakage, which again draws from the entire wat&rma. These movements of
sediment from one reach to the next are minor mgarison with the huge amounts
of sediment disturbed by boats in passing. Likewise amount of sediment
deposited out of suspension is the primary ‘outflooate for sediment in a given
canal reach. There are only a few differenceseamotierall pattern for cohesive
sediment vs. non-cohesive sediment: the cohestiesats do have some outflows
via the overflow weir, and external inflows arewsgd to include cohesive sediments
but not non-cohesive sediments. The total amolusgediment involved in transport

Is greater for cohesive than for non-cohesive sedtnprincipally due to the soil
texture in the area (see Section 2.5.1), dominayezbhesive sediments.
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Figure 59. Breakdown of non-cohesive sediment infles to each reach in the Kennet and Avon
Canal.
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Figure 61. Breakdown of cohesive inflows to each aeh in the Kennet and Avon Canal.
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Figure 62. Breakdown of cohesive outflows from eacafeach in the Kennet and Avon Canal.
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7.2.4.3. Algae

As would be expected with a constituent that resairspended in the water column,
the movement of algae from reach to reach largalgws the same pattern as that of
the water (Figure 63, inflows; Figure 64, outflowsyveir flow dominates, followed

by leakage and then lockage. The interesting tturglean from Figure 63 is that the
total movement of algae from reach to reach is gwakprimarily by growth in the
reach. That is, at the summit reach, there anglitde algae available to transport
downstream; but in each reach, the total algadadbtaifor transport is increased by
the amount of growth in the reach. Thus, the tighsport seen in the most
downstream reaches is simply a result of the graldahhas occurred in the upstream
reaches. If this growth can be slowed, the tdgdldaransport will reduce throughout

the system.
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Figure 63. Breakdown of algal inflows to each reach the Kennet and Avon Canal.
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Figure 64. Breakdown of algal outflows from each rach in the Kennet and Avon Canal.

The components of algal growth rate at two pointhe canal were investigated to
further illuminate the factors involved in algabgrth (at the reach ending in Lock 60
(Figure 65) and the reach ending in Lock 79 (Figi6B. In both graphs, the top line
(MuMaxT = pmax.1) represents the maximum growth rate as deternbged
temperature only; the middle line (MuMaxmay represents the maximum growth
rate as further modified by available light; and tottom line (Mu 1) represents the
final growth rate used in Equation 55, as modifigchvailable phosphorus. Light
intensity (LI) is plotted on the right axis for ezénce. It is clear that the amount of
sunlight available never allows the growth rateetach its fullest potential as defined
by the temperature; this is not surprising givemlttitude of the study area, as
insolation at 51°N would commonly be half that fduat even a latitude of 25°N for
many seasons of the year (Hamon et al. 1954). diffezences in the trend in the
‘Mu’ curve for the two locations are interestingbove Lock 60, the algal population
is not great, and the growth rate is typically ual@red by phosphorus concentrations,
with the exception of the peak of summer, whenlglgaulations are at their peak
while phosphorus concentrations are at their minimmy contrast, phosphorus is
noticeably limiting further downstream above Lo& With the exception of a couple

months in the winter, the algal population contityupushes the cap imposed by
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phosphorus, as evidenced by the degree to whishieduced year-round compared to
Umax Thus, minor reductions of phosphorus in the ngash reaches of the canal will

likely have little effect on algal populations, libe same reductions farther

downstream would have a more noticeable effect.

The final component presented in the growth ragerés is the light intensity. This
follows an interesting trend that bears analy3ise light intensity is driven both by
solar radiation and by shading from sediment agdeaivithin the stream (Appendix
A.3). Thus, the light intensity reaches a troughiryy the winter months, when
incoming solar radiation is at its lowest. Lightansity peaks in the spring, when
days grow longer and boat traffic is not great.ridgithe summer light intensity
actually decreases, due to shading from the be#aittttied sediment and self-shading
from increased algal populations. The light inignsontinues to generally decline
through the autumn months as incoming solar raxhatecreases, with an interesting
mini-peak in October. In October the boat traffaticeably drops off, thus
significantly decreasing the shading due to sedipsnmuch that the light intensity
available to algae in October is actually highemtin September even though solar
radiation in October is lower than solar radiatiofseptember. This is the reason for
the perhaps higher-than-expected algal concentiatiothe autumn months seen
during model calibration. It is clear that boalffic in these crucial ‘swing’ months
(spring and autumn) will have a great influenceal@amount of light available to the
algae. A reduction in boat traffic, though benialicn terms of reductions in the total
sediment concentration, would actually increaseatbal concentration by increasing

light available for growth.
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Figure 65. Seasonal trends of growth rates and liglntensity for the reach ending in Lock 60.
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Figure 66. Seasonal trends of growth rates and liglntensity for the reach ending in Lock 79.

7.3. Kennet and Avon Canal Management Options

As can be seen in the sensitivity analysis (TabBleahd the details of the calibrated
model (Section 7.2.4), light intensity and phospisaroncentration in the Kennet and
Avon Canal are key drivers of its algal concentrati Boat traffic is most influential
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on the inorganic sediment concentration in thelrg@able 10, Figure 59, Figure 61),
but decreases in boat traffic can be expectedue ha adverse effect on the
concentration of algae in the reach. Any succéssfinagement options must address
these multiple and interrelated issues.

As has been previously discussed (Section 2.5é&)ptimary area of concern in the
studied system is the poor water quality broughinfthe Kennet and Avon Canal into
the River Kennet where the two join just below Gopsck (Lock 80). Officials at
the Environment Agency have worked with an extecoaltractor to arrive at a suite
of potential management solutions to the waterityuptoblem in the River Kennet
downstream of Copse Lock (Halcrow Group Limited 200The short list of options
presented in that report are:

1. ‘Do minimum’ - dredge reaches
Divert feeder streams
Install cross-drainage culverts
Install on-line filtration of canal flow
Reduce storm runoff entering canal
Reduce volume of poor quality water from canal irer

Control effluent discharge

© N o o B Wb

Treat canal water

9. Separate canal and river
These will be addressed individually in this sattid he results of the scenarios are
first presented with reference to dry solids (besggivalent to what has been
measured in the canal). Under existing conditeigae constitute about 15% of the
observed total suspended solids (see Figure 6 tevehgal mass is calculated based
on observed chlorophyll-a data modified by the @aion of chlorophyll-a to algal
mass used in modeling, 60 mg dry algal mass/mga_hHowever, the dry mass of
algae that contributes to the measured total suggesolids concentration is a factor
of 16 lower than what might be expected foritinaitu (wet) suspended solids (Table
1, page 38; Figure 68). This means that the waitérhigh turbidity visually
observed in the canal is composed of both the ¢dtg) suspended solids and an
additional wet weight for the live algae, so tha aictual effect visible to observers
on the canal is worse than the effect expected frentaboratory analysis of the

dessicated algae. In the scenarios discusseé iioltbwing subsections a
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comparison is done both according to changes tigtttrhe observed solely from
laboratory analysis of dried solids and changesrthght be observed visually in the

canal of sediment and live algal mass.
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Figure 67. Observed algal dry mass and total suspdad solids at the Copse Lock sampling

station.

Note that because phosphorus is not modeled, deyefiiects that might result in a

decrease in in-stream phosphorus concentratiogs {@a decrease in sediment-

attached phosphorus in the water column due toskedisnent disturbance by boats)

are not evaluated. However, given the relativelg-fluctuating nature of the

observed phosphorus concentrations, it is not eggdebat these potential side effect
phosphorus influences would be significant.
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Figure 68. Wet and dry solids concentrations modetkin the Kennet and Avon Canal.

7.3.1. Do Minimum

The Environment Agency considers a ‘do minimum’ raageh to involve dredging the
canal reaches near Copse Lock. This would haveftaet of increasing the depth of
the canal, thus reducing the amount of sedimentrthed as boats pass, both by
reducing the sediment available to disturb andolaeling the bottom of the canal
away from the zone of disturbance caused by bagtatlers. In consideration of this
latter effect: it was previously demonstrated (Fegli7) that sediment disturbance
generally happens intensively within the boat’stijd logical extrapolation of this
would be that there is a circular pattern of dis&unce around the propeller of the boat
(case a, Figure 69, includes typical dimensiongHerKennet and Avon Canal under
current conditions). If the canal can be dredgetth¢ point where this zone of
disturbance does not intersect the bottom of thalq@ase b), the amount of sediment
disturbed by boat passage might be greatly reduEsén if this amount of dredging

IS not possible, if the area on the bottom of thieat that the zone of disturbance
covers could be reduced (case c), some effect cmukken on boat-generated

sediment.
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F $Boat Draft = 0.76 1
'Water Depth=1.3m

Radius of Sediment Disturbance = 1.1 m

(b) U Water Depth > 1.86 m

A 4
77 777 777 77 777 777 7

(c) 1.3 m < Water Depth < 1.86 m

A 4
777

Figure 69. Influence of water depth on boat-disturled sediment.

To evaluate the potential benefits of this scendhie canal model was executed using
a 50% and 90% reduction in gz compared to the concentration of sediment
disturbed by boat passage under existing condifiis was applied to the entire
length of the canal). The results of these scesamn the sediment concentration at
Copse Lock are shown in Figure 70. Clearly, thuction in boat-generated
sediment would have a sizeable impact on the tiiyasolids concentration in the
canal, and thus on the total dry solids conceminantering the River Kennet.
However, without an accompanying decrease in sedier@ering the canal, sediment
inputs from surface runoff, point sources, and igash canal reaches would
accumulate over time, eventually negating the irhpathe dredging option. If the
solids are considered including the live biomasalgée, the effect of this scenario is
diminished, as the sizeable reduction in inorgaeitiment concentration permits
more light to penetrate the water column, allowantgjigher growth rate for algae, so
that the additional live biomass of algae nearimpletely replace the sediment

removed by this option.
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7.3.2. Divert Surface Flow

For modeling purposes, items 2, 3, and 5 from ktwetdist of options have the same
effect: reduce or divert surface flows to minimtke amount of sediment from the
land surface entering the canal. In the canal ithis is effected by the reduction of
runoff inputs and external inputs from the rivethie canal. As was previously
demonstrated in Figure 59 and Figure 61, runoffiisf sediment to the canal are
minimal compared to the sediment suspended bytkafét. Thus, without the
inclusion of the ‘Do Minimum’ option, this actioran be expected to have little
impact on the overall solids concentration in taeat, and in fact could have a
detrimental effect by reducing the flow rate in taal and thus providing a more
hospitable environment for algal growth, a lowetevalepth (causing higher boat-
generated sediment), and less dilution water feibat- and lock-disturbed sediment
and any remaining sediment transported from the samface. The Halcrow Group
proposal suggests that efforts might be targetetth@iKintbury Feeder (reach above
Lock 78) and Peartree Bottom Stream (reach aboek 80); thus, the effect of
removing the feeder (external) input and the strgammoff) input from only these two
sources is shown in Figure 72 and Figure 73. Remgahe considerable flow input
from Kintbury Feeder and Peartree Bottom Streansema severe reduction in flow
from Copse Lock, and thus the flow that does Idasa much higher concentration
of solids, even though the load is lower (Figurg 7Because the Kintbury Feeder
provides such a large volume of water to the cahaljnput from Wilton Water to the
summit reach must be tripled before the concewtnaif solids leaving Copse Lock
under this scenario drops to the level of the agstonditions. Therefore, diversion

of the Kintbury Feeder is considered undesirable.
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flow diversion management scenarios.

7.3.3. Install On-line Filtration of Canal Flow

The Environment Agency proposes that the on-litafion of canal flow option

would involve installing reed beds in bypass chéasund locks to filter nutrients
and sediment from the water. This addressestidtraf the water involved inykir

and thus the solids transported in J§S As was previously demonstrated in Figure
59 and Figure 61, inorganic sediment transportadwdir flow is minimal due to
deposition along the length of the reach. Thus,dhn be expected to have a minimal

effect on sediment transport and concentrationwé¥er, a large number of algae
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pass through the overflow weir (Figure 63) andridel beds would additionally filter
out the phosphorus crucial to algal growth, se @éxpected this scenario would have

a noticeable effect on algal concentrations.

To evaluate the best possible implementation sfsbhenario, it was assumed that
65% of the water in the canal would pass througked bed (assuming a reed bed
installed at each lock, with 65% of the total cwitfs due to weir flow (Figure 58)).
Assuming phosphorus is fully mixed in the watemeooh, this means 65% of
phosphorus in the system will pass through a reeld Reed beds have a reported
phosphorus removal efficiency of 3-85% (Green aptbb 1994; Gschlol et al.
1998; Babatunde et al. 2008), with most valuesntegdoetween 20-40%. For the
purposes of this scenario, a removal efficiencg@ was assumed for total
phosphorus. Thus, the total phosphorus in eadihnwas assumed to be 19.5%
(0.65*0.3) less than current levels. Additionaligdiment and algae were assumed to
be filtered out of weir flows with the reported deleed efficiency for sediment
removal, 85% (reported literature values range ff@%-99%) (Green and Upton
1994; GschloR| et al. 1998; Babatunde et al. 2008 results of this scenario are
shown in Figure 75 and Figure 76. This is the base scenario; it is of course more
likely that reed beds would be installed in (attpesly the weirs that are currently
open to the air, significantly minimizing the effex these measures. The scenario
shows a significant drop in solids effluent frompSe Lock, particularly in the wet
solids concentrations driven by algae, but requargseater expenditure than many of

the other options.
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7.3.4. Reduce Volume of Poor Quality Water from Can al

into River

This scenario differs from the previous in thginbposes to route both weir and lock
flow through a reed bed, but targets only areas@kpse Lock which would
otherwise feed directly into the river. As thigsario addresses the transport of
sediment with lockages, it has a greater potetitat the previous scenario to
attenuate inorganic sediment concentration. Tdampnt this scenario in the model,
it was assumed that all flow from Copse Lock wdntdrouted through a reed bed,
and thus sediment and algae were assumed filterteaf the flow from Copse Lock
according to the reported reed bed efficiency &liment removal, 85%. This
procedure has the added benefit of targeting tblel@m just before its impact on the
river, and can actually be evaluated in model postessing, rather than by using the
model itself. The results of this scenario arenghon Figure 77 (dry solids) and
Figure 78 (wet solids). It is interesting to ntitat this scenario produces a
comparable reduction in wet solids concentratiosh@much greater reduction in dry
solids concentration flowing from Copse Lock congahio that of the filtration’
scenario presented in Section 7.3.3; however, dheigt scenario requires only one
reed bed to be installed, rather than twenty-sixd feeds.
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7.3.5. Control Effluent Discharge

This option proposes to target the flow from theage treatment works (STW) on
the canal, either in improving discharge standarda diversion of the effluent away
from the canal to the river. The initial focus Mabbe on the Kintbury sewage
treatment works. As can be seen from Figure 5%agure 61, the inflow of
sediment from the Kintbury sewage treatment wor&presented in the figures by
ISS.« for the reach above Lock 79) is minimal, and taog improvement in sediment
discharge from the operation would have minima@&fbn the canal water quality.
However, reductions in phosphorus concentratiordcbhave a more noticeable
impact through a control on algal growth. This aopwas evaluated by reducing the

total amount of phosphorus in the reach above Z8ck

The Environment Agency has monitored the phosphooasentration in the effluent
from the Kintbury STW at an average of 5.7 mg/Lccérding to modeling efforts,
the effluent water from the STW constitutes 1.6%heftotal inflow to the reach
above Lock 79. To evaluate the potential impactgfroved phosphorus controls on
the algal concentration in the canal, the model exa&xuted, subtracting the
concentration of phosphorus due to the Kintbury S(OMI16 * 5.7 mg/L) from the
total phosphorus concentration in the reach ab@ak [Z9 (Figure 79 (dry solids),
Figure 80 (wet solids)). This is of course a lmaste scenario, removing all
phosphorus originating from the Kintbury sewagatimeent works; the actual result of
phosphorus improvements would lie between the iegistonditions and scenario
presented in the figures. As can be seen fromaidts, the impact of this change is
expected to be unnoticeable on the total dry sa@aeentration, and not very
significant in terms of the wet solids concentmatiocluding the live biomass. In the
reach above Lock 79, the algae have already besorabundant due to their growth
in the previous 24 reaches that a minor setbatkeio growth in the reach above
Lock 79 is nearly inconsequential. To evaluatepbintial impact of diverting the
STW flow from the canal, the same reduction in pihasus was enacted, and the
flows and sediment loads from the Kintbury STW wadelitionally removed from

the canal (Figure 81). Removal of the Kintbury STBWs in this manner decreases
the overall flow rate in the reach above Lock Histincreasing the hospitability of

the water for algal growth. The effect on dry dslconcentration is again
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inconsequential; for wet solids, the flow and seshirdiversion results in greater

concentrations than when only phosphorus is reduced
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Kintbury STW effluent in the reach above Lock 79.
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The phosphorus levels in the Kennet and Avon Carebenerally high and do not
noticeably increase past the Kintbury STW (locatetthe reach above Lock 79)
(Figure 83); in fact, the phosphorus concentratmserved at Kintbury and Copse
Lock are typically the lowest recorded in the cangterefore, to restrict algal growth
via phosphorus controls, it appears a systemagiooagh is needed, one that
addresses all the elevated phosphorus concensatidhe canal. This could be
accomplished by reducing phosphorus in effluerdsfall sewage treatment works
contributing to the canal, as well as installingarian buffer strips and/or
implementing nutrient management planning in neagimyg farmland to reduce
phosphorus transported to the canal in surfacefftuiitie effect of reducing
phosphorus concentration at all points in the cem@l05 mg/L (suggested as the
level needed to reduce eutrophication in lakesrasdrvoirs) (Mueller and Helsel
1999) is shown in Figure 84 (dry solids) and Figdgwet solids). As is evident,
such a project would have a small effect on thesmezable dry solids concentration,
but a much larger effect on the wet solids conediain including the live algal

biomass.
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Figure 85. Reduction in wet solids concentration ddeved by reducing phosphorus levels
throughout the canal to 0.05 mg/L.

7.3.6. Treat Canal Water

The details of implementation of this option argwain the Halcrow Group report,
stating that further investigation is needed. Hasvethe general idea behind this
option is to biologically and/or chemically trehetcanal water at some point(s) along
the length of the Kennet and Avon Canal. The eurcanal model can be used to
optimize the placement of such treatment. To mgethis management option, the
canal model was run separately 25 times, eachdsseming a treatment mechanism
has been put in place in the reach above one @3Hhecks, capable of removing 90%
of sediment and algal concentrations. The finahacio, above Lock 80, was created
In post-processing as was done in Section 7.3.4utpnisingly, treatment
mechanisms installed nearest to Copse Lock haviatpest effect on the water
quality entering the River Kennet. Treatment medas installed anywhere
upstream of Lock 74 have no noticeable effect @nctincentration output from
Copse Lock. Treatment mechanisms installed ingbehes between Lock 74 and
Lock 79 have a slight effect on solids concentratioutput from Copse Lock (Figure
86 (dry solids), Figure 87 (wet solids)). Unsusprgly, the greatest effect is seen

with treatment mechanisms installed in the readvalhock 80 (Copse Lock)
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(Figure 88); this last option is similar to the ioptpresented in Section 7.3.4.
However, if land availability for such treatmentiistter at a higher point in the canal,
the evaluation in Figure 86 and Figure 87 may pumseful. The drastic change seen
in dry solids concentration reductions achievednsyalling treatment works above
Lock 80 rather than above Lock 79 is due to thetfzet most of the sediment
suspended in a given reach comes from the boaersiag the reach; any sediment
brought into a reach from the upstream lock wkiely settle out of suspension before
reaching the next downstream lock.
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Figure 86. Dry solids concentrations output from Cpse Lock when treatment works are installed
at the indicated locks.
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Figure 87. Wet solids concentrations output from Cpse Lock when treatment works are
installed at the indicated locks.
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Figure 88. Dry solids concentrations output from Cpse Lock when treatment works are installed
at Lock 80.
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Figure 89. Wet solids concentrations output from Cpse Lock when treatment works are
installed at Lock 80.

7.3.7. Separation of Canal and River

This option involves separating the combined candlriver navigation below Copse
Lock into a canal and a river. Modeling in thiseaising the canal model is not
needed, as the water quality output from the cheabmes irrelevant in the new
system. As this is a prohibitively expensive optithe Environment Agency will not
likely consider it until all other options have peexhausted.

7.3.8. Summary

This previous sections have provided a descripgicdhe expected effects of various
proposed management scenarios for the Kennet aod 8anal based on the canal

model predictions. The effects are summarizedabld 20.

180



Table 20. Summary of im

acts of potential managemerscenarios.

I

Average Dry Reduction in Average Wef Reduction in
. Average Dry ; Average Wet
: Solids ; Solids :
Scenario Concentratior Solids . |Concentratio Solids .
(Mg/m?) Concentratior (Mg/m?) Concentratior
(%) (%)
Baseline 13 000 -- 67800 -
Do Minimum (90% | g gg 56 70300 -
reduction)
Do Minimum (50% | g 97 31 64700 5
reduction)
surface Flow 22 100 70 105000 55
Diversion
On-line Filtration 6 840 47 7760 89
Poor Water Quality | g5 85 10200 85
Reduction
Effluent Discharge
Control (treat 11 640 10 45900 32
effluent)
Effluent Discharge
Control (divert 12 100 7 47000 31
effluent)
Effluent Discharge
Control (reduce TP 10 600 18 28600 58
throughout canal)
Treat Canal Water
(treatment above 11 600 11 46200 32
Lock 75)
Treat Canal Water
(treatment above 7 350 43 14800 78
Lock 79)
Treat Canal Water
(treatment above 1280 90 6780 90
Lock 80)

The scenarios illustrated in Table 20 and in thevjous figures suggest that the most
effective management scenarios would focus ondhetr directly upstream of Lock

80 (Copse Lock). These scenarios are most efteatipart because so much of the

inorganic sediment concentration leaving a readcttrgutable to boat traffic within

the reach in question; thus, dry solids concemnaticontributed to a reach from the
upstream reaches are not very significant. Adddiky, by treating the water directly
above the point in question (Copse Lock), one @asaure that all relevant sources of

solids are indeed being addressed. Treatmentafahal water directly above Copse

Lock seems a promising option, causing a majorataoiu in both inorganic sediment

and algae; the ultimate success and viability sf dption would depend on the
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specific treatment method used. Alternatively, @dg the amount of poor water
quality discharged from Copse Lock (which in preetmay have a similar
implementation) will provide a large impact. Besauhese options have a small
spatial scope, it may be that they are the mostiped to implement.

Treatment of water in reaches above Lock 79 maymisvide a noticeable impact,
and may be practical to implement should the prefescenarios prove much more
expensive than these treatment installed in reachtb®e canal upstream from Lock
79. Although improving the quality of effluent frosewage treatment works will
provide a beneficial effect on the water qualitghe canal, this effect is focused only
on the algal biomass and thus is ultimately limited/hat it can achieve. The costs
of implementing this scenario should be weighedregahe costs of the treatment or
poor water quality reduction scenarios, as thosgige comprehensive treatment and
achieve greater water quality improvements. Dreglginthe canal has the potential to
provide noticeable impact on the inorganic sedinaistharged from Copse Lock, the
magnitude of which is dependent upon the depthhicimthe canal can be dredged.
However, a thorough dredging (e.g., a 90% redudtidroat sediment) may increase
light availability and thus algal growth to a pothait makes the reductions in
inorganic sediment concentration unnoticeable. nEke effects of minor dredging
may be offset by increased algal growth. HoweNenay be that dredging only in

the reach above Copse Lock may minimize the patetati algal growth while still
achieving a significant reduction in sediment caricgions. Surface flow diversion,
particularly of the Kintbury Feeder, is not reconmded due to the resultant severe
decrease in flow rate in the canal and correspgnidicreased sediment concentration

and algal growth.
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8. Conclusions & Impact

The development, testing, and application of a namal model have been presented
in this document. This canal model satisfies ti@ry objective of this work: to
determine and quantify the effect that canal opamathave on water quality. In
developing the new canal computer model, sourceslafs were identified in a
target canal, hydrological and water quality intéiens between the canal and the
natural landscape were quantified, algorithms wieneeloped and coded to represent
water quality processes within the canal, and tdued algorithms were tested on a

target canal.

To identify sources of solids in the Kennet and A@anal, extensive data about the
canal were collected. Field surveys involving teasurement of physical
characteristics and water quality sample collectiene conducted (Section 3.2). An
external model, HSPF, was parameterized and usguaitatify the effects on the

canal from the natural landscape (Section 6).

The new canal model considers processes relevaaifisplly to inland navigational
canals, namely lockage, leakage, seepage, boft,teafd algal growth (Section 4.2).
The processes in the new model were verified tHrqargcess evaluation and
sensitivity analysis using input parameters codlddbr the Kennet and Avon Canal
(Section 5).

The effectiveness of new canal model has been detmaded in predicting hydrology
and inorganic sediment transport in canals. fecéfeness has also been
demonstrated in predicting the general trend dadlaigncentrations in a canal
(Section 7.2). In satisfaction of the secondarngdcive of this research, the utility of
the canal model has been further demonstrateddhrivsi application to the Kennet
and Avon Canal to find solutions to the water gygdroblem in the River Kennet

caused by the canal (Section 7.3).
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In its application to the Kennet and Avon Canag, tiew canal model showed:

« algal growth is most affected by light availabilayd phosphorus
concentration;

» total algal concentration in a given reach refleccombined impact of algal
growth in all upstream reaches;

* inorganic sediment generation in a canal is prilyahie to sediment disturbed
by boat passage;

* inorganic sediment transport in a canal is prigahirough the mechanisms of
lockage and leakage; and

* amanagement scenario to address water qualitygonslmust take a
combined approach to restricting algal growth amgimmzing sediment
disturbance by boats.

Now that the model is complete, it will be passkxh@ to the Environment Agency,
who will use it in future planning efforts for tikeennet and Avon Canal. The model
developed herein is sufficiently broad to allow kggtion to other canals. After
successful physical implementation of managemdattefon the Kennet and Avon
Canal, the Environment Agency will be able to userew canal model to guide

water quality improvement efforts in other canal®ritain.

Additional interest has been expressed in this mogéhe developers of the
Integrated Catchments (INCA) model (Wade et al.20@&ho will be provided with
the algorithms and source code in hopes they wililhle to incorporate the canal
model into their existing overland flow and recatywater model. As the canal
model code and algorithms will be made freely aldé to any interested party,
designers of other comprehensive land-surface eceiving water body models may

also find a use for incorporating the canal modtl their own models.
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9. Future Research

Concurrent research being done by Mr. Attila Laatathe University of Reading
involves equation development to predict algal dhoiv detail. His work will

include varied factors that may make it possiblpregict nuances of algal growth
with greater accuracy than the algorithms used. higie hoped that his work can be
incorporated into the canal model. However, thigrisic simplicity in input
development for the current canal model may be rzé\eaffected by a detailed algal
growth model, and thus the ability to implement siraple approach presented herein

may be desired in a final combined model.

As has been mentioned throughout this report, thexenany physical details of the
canal that would have been useful in characteriaimd)evaluating the computer
model: total flow rates, or even bypass weir fl@ates monitored at multiple
locations; algal concentration in the feed wataghesummit reach; seepage rates;
leakage rates; daily boat traffic; additional meaments of sediment disturbed by
boat traffic; algal biomass measurements; andlédtéime series of external inflows
and abstractions to and from the canal. An intensiudy of a canal, collecting all
these data, would greatly enhance the utility &f thodel and any future efforts to
refine it. In particular, measurement of seepages; leakage rates, daily boat traffic,
and sediment disturbed by boat traffic could prevaduseful suite of data currently

lacking in the literature.

If the input requirements do not become prohibjtie current canal model would
benefit from a phosphorus simulation routine, rathan depending on phosphorus
concentrations as input from the user. The addibioa phosphorus routine to the
model would enable a daily-variable prediction bbgphorus concentration and
could reduce the effect of excessive peaks or treuig the monitored data that may
not be indicative of the true condition of the dantdowever, as phosphorus
concentrations are so ubiquitously measured whaterguality is measured, it
seems that the current approach would put fardessand on modelers attempting to

use the canal model.
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Appendix A.  Supporting Information for

Algorithm Development

A.l. Cohesive Sediment Deposition

The mass settling flux is calculated accordingh®equations developed by Manning
(2004) and tested by Baugh and Manning (2007). ethmtions depend on the
separation of flocs into macroflocs (>16Mh diameter) and microflocs (<1¢0n
diameter). Manning found the settling velocity foacroflocs to be dependent on
both suspended solids concentration and sheas sttéise bed, as was previously
described in the literature review (Equations 7rl8ection 2.2). The macrofloc fall
velocity equations will be modified to calculateNbRccording to Equation 72, to
work with model variables.

SPM = et + e (72)

S[0o0c

Where: S§q = dry mass of algal solids (mg);
SSon= mass of cohesive solids (mg); and
1000 = conversion from m3to L.

Manning was working with silt- and clay-dominateatiom material, and his
equations assume that all suspended materiatli®iform of either macro- or
microflocs. Therefore, only the concentration olfiesive sediments and algae (a
form of organic matter) will be used in calculativgmacro SPMatio, and MSF.
Although the algae will not deposit noticeably, amg matter is known to have an
effect on flocculation and indeed to be a partadd that are formed (Mehta et al.,
1989), and so algae will be included in the MSkE@altions.

The shear stress used in thgnatoand W micro €quations will be calculated with
Equation 73 (Soulsby 1997).

r= md,dragv\f/ (73)

Where: p = water density (kg/m3);
Ca,drag- drag coefficient (unitless); and
Vi = velocity of water (m/s).
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Soulsby suggests that where detailed data arevadahble (as will be the case in most
hydrological modeling cases), a value farafa0f 0.0025 be used; this will be used in

this case.

The canal model will also use the modificationat) ¥elocity suggested by Mehta et
al. (1989) to include the probability that a “gragaching the bed will remain there”
(Equation 74).

Iy

p=1- (74)

z-cd
This helps account for the effect of turbulencal@resuspension of cohesive
particles: when shear stress is low, most sediméhbe deposited, but as shear
stress rises, there will be enough energy in themia keep cohesive sediments
suspended. This is similar to the modificatioméposition used in Krone’s Equation
(Equation 2). Because p cannot be allowed to gathes, ifT, > 1¢q, p Will be 0. Tq
should be measured where possible but is typigalllge range of 0.04-0.08 kg/(s8)
(Krone 1962; Nicholson and O'Connor 1986; Mehtal €1989; Milburn and
Krishnappan 2003), so can be estimated by the user.

A problem with Manning’s method arises when the SRivicentration is extremely

large (greater than 10000 mg/L). The behaviohef$P M, equation (Equation 8)
at these extreme concentrations is undesirable(&i@o).
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Figure 90. Equation 8, showing the undesirable bel&r at high solids concentrations.

The peak of the curve in Figure 90 occurs when dgRBMISPM = 0, or at 11357
mg/L. To prevent against illogical calculationgidg extreme conditions, a method
was introduced to account for these extreme coretgams: because the figure
presented in Manning’s original document (2004)liegoa constant asymptote as
concentrations rise above 10000, above 11357 nhg/ISP Mk, calculated for SPM
= 11357 mg/L will be used in the model. It shob&lnoted that these extreme

concentrations are not expected in a properly fanctg canal.

A.2. Boat-Generated Sediment and Weir Flow

Only a portion of the sediment generated by baathey traverse the reach will make
it out of the reach via the overflow weir — thattise portion that stays in suspension
near the top of the water column at the locatiothefoverflow weir (or the top of the
lock gates). For boats moving upstream, this effesummarized in Figure 91y(%
boat velocity; v, = water velocity; D = water depth;k: = depth of water above weir

bottom; { defined later).
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Figure 91. Concentration profile for sediment geneated by a boat as it passes a weir. Weir
elongated for effect. Brown shading represents spended sediment.

A complication arises in that the sediment will eapto settle faster at a given point
in the reach (i.e., the weir) than the depositignation would predict, because while
the sediment falls it is also being carried dowsdach by the flowing water. In the
case of a boat moving downstream, sediment is beasied out of the weir area
faster than one would expect; for a boat movingreps, sediment is being moved

into the weir area faster than one would expect.

An equation is needed that can calculate the carateom at a given point in space as
a function of the time since boat passage. Howeigsr of the deposition equation
without modification would neglect the action oétflow rate, which moves sediment
into or out of the weir cross section in additiorthie actions of gravity causing the

sediment to settle out of suspension.

Thus, the time parameter in the deposition equatiast be modified so that the input
to the equation can be <time since boat passagée thik time parameter in the
exponent in the equation remains the <time sinedtat deposited the sediment>.
Note that the time since the boat passed a givar pospace is not the same as the

time since the sediment currently occupying thacspvas deposited.
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Consider a boat and point of interest as givengure 92.

Boat moving downstream Boat moving upstream
Vp
—>
g
o iy
D *
* N VW
\\ _>
> —— >
t1*Vu tr(Vetve) VW
t1*(Vpt+va) recall , and thus v,

is negative for a boat
moving upstream

---- = fall trajectory of sediment particle
—— = concentration profile behind boat
' = boat position at time sediment particle fully dsits

<===*7 = boat position at time of sediment particle susjEm

\

® = sediment particle

’

Figure 92. Diagram of boat and sediment movement irelation to a point of interest.

Considering the case of the boat moving downstreéaime at the level at which it is
located, the sediment must have been depositggbt In that time, the sediment has
moved along the reacktvt,, from its point of origin. In that same time, theat has
moved t*(vp+Vvy) downstream from its point of origin. Thus, tlegsnent is

currently §*v, behind the boat and the peak concentration antireent. However,
the boat actually passed the point of interestéomago thamt Given that the boat
has travelled;t(v,+Vp) since depositing a given sediment particle invile@ cross-
section, and that same sediment particle was aligidepositeditv,, before the

weir, the boat must have travelle(v+v,-vy,) Since passing the weir, art,. The
time it took to do this §) is this distance divided by its rate of travetj(ation 75).
L0
Vv, TV,

t2 = (75)

So, it is desired to input into the deposition equation, but have it comeasuf in

the exponent. That is, it is necessary to defiae#£ t; (Equation 76).
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Vv, +V,,
Vb

(76)

~—t
[y
I
N

If the time variable in the exponent of the solatio the deposition equation is

modified according to Equation 76, the depositiqnagion becomes Equation 77.

—Ws(vb +Vyy jt

C=Ce’' " (77)
This equation considers the effects of water movéroe the decrease in
concentration at a given point in space, modifytimgtime parameter to account for
the effects of advection by the moving water. Tilne input to this equation is the

time since the boat passed the point of interest.

Returning to the issue at hand — the increased ahubsediment that moves through
the overflow weir (or overtops the lock gates) tlma boat that stirs up sediment as it
passes. The sediment concentration in the togémtimeters of flow is not constant
but rather is decreasing as the boat moves faatlhiay. To determine the amount of
sediment lost, one must first determine the leftime (say, §) that passes between
the time of boat passage and the time that theetdration above the weir becomes
negligible (assumed to occur when €#£20.001). This can be determined from

Equation 77 with the appropriate substitutions @umuns 78-79).

+
In(0.00) = -5 ¢, D(Vb VWJ (78)
Hweir b
H o v
t, = —vr (n(0.00]) 0] — 79
T (0.009) (ij (79)

The total amount of sediment lost while under leftdcts is thusBSS = f Q. Cdt.

The equations above simplify to Equation 80.

H weir Vb j D(eln(O.OOl) _ 1) (80)
W, V, +V,

S

BSS=Q,..C, %—

Considering that 0.001 was just the arbitrary ‘gitater than zero’ value used to
represent zero in a formula that would not allozeeo, this can be simplified further

to Equation 81.
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M_Vb j (81)

W, V, vV,

BSS = Queir CSou %

In this case, €is the increase in the concentration of solidsedwby boat passage,

CSoas @n input by the user.

This description has been for a boat moving dovweasir past the weir. If the boat is
moving upstream, the value held by thevariable becomes negative. The time that
has passed since the boat crossed the weir igthah the time the sediment has
been settling, as illustrated in Figure 92. Thstatice travelled by the boat since
being deposited becomes*{t,+Vy) but in turn the total distance travelled by the
boat since crossing the weir becom&sg.t + -t;*(v+Vp), and the equations work out
the same as for a boat moving downstream. Wheadhations are combined in
Equation 45, the amount of boat-contributed sedinsethus based on the entirgd

of the downstream lock, regardless of whether thesare moving upstream or

downstream.

Finally, all these equations have useg@iand Ryeir; substituting Q jock and Hock for
these values gives the equivalent scenario for @er the lock gates.

A.3. Algal Growth

A key component of the algal growth algorithm preed in Section 4.2.4.2 is the
estimation of light intensity (LI). The HSPF modesles Equations 82-84 to predict

available light intensity.

LI = 0970C,,, ORAD [gl-&XTe00sMin(ED.0) (82)
EXTCO = 0.000452SS,, |+ LITSED [JSS,,,, |+ EXTB (83)
o = 460517 (©4)

EXTCO

Where: Guq = coefficient for radiation, accounts for theeeffs of shading

of the water (unitless);

RAD = incoming radiation (Langleys/min);

ED = euphotic depth (ft);

D = water depth (ft);

EXTCO = light extinction coefficient (1/ft);

0.000452 = light extinction due to algae (t ftmol Chl-a%);

[SSug= phytoplankton concentratiopufiol Chl-a/L);

LITSED = light extinction due to inorganic sediméL ft* mg?);
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[SShorgl = inorganic sediment concentration (mg/L);
EXTB = base light extinction coefficient (1/fgnd
4.60517 = In(100).

The 0.5 in Equation 82 captures the light availablphytoplankton at half the
euphotic depth, used to represent the averagedigiilability for all plankton in the
euphotic depth. The 0.97 in Equation 82 accountaricassumed 3% surface

reflection of radiation.

These basic formulae, which match those presetged/lere in the literature
(Equations 21 and 22), are used in the canal mddeWwever, in order to make the
canal model more generic, the factor 0.000452p&oed by an input variable
LITALG. Additionally, all units are changed to mietunits, and the concentration of
phytoplankton (algae) is tracked in milligrams of 8iomass rather thgumol of
chlorophyll-a. The concentrations of algae andagaaic sediment are calculated as

Equations 85 and 86, respectively.

_ $aI
[SSaIg ] - ﬁ (85)
S8 = et (86)

S

~

The concentration of algae is limited to the eughdépth, as that is where algae are
assumed to remain, and thus that is the conceorirdtat will affect light available to
them.

Because euphotic depth is dependent upon algatotmation (through EXTCO,
Equation 83), but algal concentration is, in tul@pendent on euphotic depth
(Equation 85), the use of Equation 82 for LI is swaightforward. If euphotic depth
is less than the water depth, Equation 82 simplifieEquation 87.

LI = 0970C,,, ORAD [el-0%n(00) (87)

However, in this case, every time an algal conegiotn is used in the code (e.g.,
Equation 52), the euphotic depth must be calculateblused to determine the volume
(Volgp) used in the concentration calculation. If, byttast, euphotic depth is
greater than the water depth, the LI equation besotomplicated — with the terms in
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the exponent of the LI equation requiring inputhad algal concentration, which in
turn is dependent on the available light intensltythis case Veb becomes equal to
depth in calculating the algal concentration. E#o cases require separate
solutions, presented in Appendix A.4.

As a final note, it may seem odd to use the valG&HD to represent the average light
intensity available to algae, as Equation 82 iglilgantegrated to obtain the actual
average LI over the euphotic depth (Equation 8&D«D, Equation 89 for ED>D).

09 /* C * RAD _

L Iavg — . rad _‘ (:I e 4.60517) (88)
09; * C * RAD _

Ll g = X’ad 1-e&Teor) (89)

However, finding an average maximum growth rater dive euphotic depth from
Equation 58 is somewhat more problematic as Equ&&ois not readily integrated.
To evaluate the relative merits of discretizing &gpns 58 and 88 vs. simply using
the light intensity calculated at half the euphalgpth, a comparison was performed
in Microsoft Excel. The light intensity was calatéd for 3500 increments between
the water surface and a sample euphotic depthh 3800 increments, the average LI
over the water depth was calculated within 0.04%mefactual value obtained through
integration. LI/(K +LI) was then calculated for each of these 350QrdepGiven the
accuracy of the LI estimate with 3500 incremerita;as assumed the average
LI/(K s +LI) estimate would be equally representative eftilue average value over
the water depth. This ‘true’ average LI4KLI) was then compared to the single
values of LI/(Ks +LI) obtained using the depth-averaged LI from gmédion

(Equation 88) and the LI calculated at half theraijg depth (Equation 82). In most
cases the single value for LI/{KLI) obtained using HSPF’s method of estimating a
representative LI was actually much closer to the tnean value for LI/(i+LI) than
the value obtained using the true average LI -glfyi errors less than 10% for the
former vs. greater than 30% for the latter. Thly exception to this was when the
radiation dropped very low — less than 50 ly/dédpwever, even at latitudes of 50°,
the radiation never drops beneath 100 ly/day (Haet@h. 1954), so this extreme
case was considered unlikely to occur, and thusFSHethod of estimating average

LI as the value at half the euphotic depth is usgtie new canal model.
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A.4. Solution Details

In this section, detailed information regarding sledution to the complex series of
equations presented in Section 4.1 is presenfatirough these processes the
hydrologic storage falls below 1 cm, water quatitpcesses cease to be simulated,;
this is consistent with what is done by some othedels (e.g., Bicknell et al. 2001)
and prevents in particular unrealistic estimatibslear stress (which propagates to
unrealistic estimates of deposition). In this ¢casdids loads are held constant at the
value from the previous time step and inflows aatflows are calculated based on

that constant value.

(i) Detailed Q and QSS formulae

Equations 90-92 present detailed Q and QSS fornfatdeydrology, non-cohesive
sediment, cohesive sediment, and algae, respegtimeluding all the components

presented in the appropriate subsections of Sedtihn

E E,... JEMpty

2

Sj+l _
SeepD( W +WDL]+ Cy+/29 H —0.2(M DmrD (90)

boat

Q= {(1_ Epoat ) + }* Fooat Mok T Qs + PELSA

S, % s %
0 D,y | +Lo Od—2-D,. | |+LeakOMin(D,D,)
w DL W OL

F
Q$non = oat |:JQwew |:JCSDoat D[

W, vb+v S

-w L

H
g J+leock O —Ssmat Oeex% +(91)
W, V, +V

lock

F
Xft DQWJOCK |]CSDoat D[

SS SS LYY, SS SS
EDchk +EE(1_G b ]+€DQabs +€DQIeak
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F H . V,
SS = boat D ] DC D weir b +
Q coh At QWEII’ Snoat (WS ($) Vb + VW j

—pi(SS) L.

vie|r D I$Do_at Le Hwe'r Yoo

F
poet DQw,lock DCSDoat D(

H o Vy
OCl + 92
o ] (92)

WS ($) Vb + Vw

Wy(Ss) L
I _rFs\""J
Qu 1ok Iiss'mt Oe H"”k Yo +S—SS UQuouk *

pmvs( )
%D{l—e D AtJ+S—§DQabS+S—§DQ|eak

The term W(SS) indicates that the fall velocity for cohessegliments is a function of
the sediment concentration.

SSID

ED (b

SS
+ E D(QI ock

Q$alg = D(Qwe|r + QW,|0Ck + Qabs + (ED - H lock ) D‘eak)

(93)

Note that the equation for Qggncludes a leak term slightly different from that
presented in Equation 54. To simplify the caldola, ED is first determined using
QSSyyin Equation 93; then the minimum and maximum conspas are performed

and QS§g and ED are recalculated if necessary.

(ii) Solving the System of Equations

A formula for Qi1 or QS$41 having been defined for each constituent (Equatifix
93), the next step is to put these outflow formudaek into their respective continuity
equation formulae (Equations 32, 33, and 55) teesfdr the storage of each
constituent at each time step. With the excepgifamon-cohesive sediment, this is not

a straightforward procedure and Newton’s Methodtrbesused.

The solutions presented next assume that the sumfiafs for a constituent are
constant, as well as some values that do not deprtite reach storage (for example,
Qiock and Qp9. In some cases this assumption may cause thgmoto the system of
equations to be unattainable, as the ‘fixed’ owtfitemand may exceed the available
inflow plus storage. In these cases, the ‘fixattflow demands are reduced so that

they do not exceed the available inflows plus gferaAdditionally, if for any reason
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any of the storages are calculated to be negdkieg,are set to zero (water, inorganic
sediment) or 1 (algae). Algal storage is alwaysmitamed above 0 so that a ‘seed’

exists to start growth at the next time step.

In all cases that use Newton’s Method, if the cajiterations is reached before the
value for ‘f(x)’ falls below the error thresholdd final absolute value for f(x) is

compared to that of the initial estimate; if théueafor the final f(x) is less than that
for the initial estimate, the final storage estienatused even though the threshold

was not met, as it is a better estimator thanrhil estimate.

For the hydrology, the f(x)’ (or f(S)) used for W&on’s Method is given as Equation
94. The iteration of Newton’s Method continuesiluhe absolute value of the
function is less than 0.00001 m3/s. The derivatif/the function with respect to
storage is given in Equation 95. The initial guessS.; is the value at the previous

time step.

:ﬁ— (|.+|.)+ﬁ_Q, +
At I AV

|:(1_ Eboat) + Eboat + Eboat DEmpty:|* F v

boat lock
2 2

+Q,, +PEOA

2S. 2 S (94)
+ O —2+woL |[+2C,4/29]| L. —02 2 —D .
sooe{ WL+ 26,29 [ -0 2 -0

L
S.., % S, %
0—=-D,. +L —= -D
(W DL weir J lock E(W DL Iockj

g S %
0=2 205, 229 —0.25[ i Dmrj

At W 30W 0L woL

S, % S,
+§ = Dweir Lweir - 02 o Dweir (95)
2\WIL W L

S. %
+ E I—Iock — Dlock
2 W OL

For non-cohesive sediment, no iteration is requir€lde value for storage of non-

cohesive sediment is a straightforward calculagtéouation 96).
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SS,., =|S,.. C(ISS;At + 1SS, At + 2SS, —QSS, At -

H v H, .V
F e —warb . C _ " Tock¥b
boathar,]ﬂ Sboat(ws (Vb +Vw)j boath,Iock.]+1 Sboat(ws(vb +VW)
AS A
+ Qweir,j+1I $mat,j+1At @ervw + cgw,lock,jﬂI $Doat,j+1At EHIOCKVW } - (96)

AR -wsL

Hweirvw H ook Vw
|:281+1 + Qweir,j+le At + Qw,lock,j+le ook At +

A

Qlock,j+1At + Sj+1(1_ € P J + Qabs,j+1At + QIeak,j+1Atj|

The storages for cohesive sediments and algaebuussilved simultaneously, as the
algal concentration affects the fall velocity used@omputing cohesive sediment
storage, and the cohesive sediment concentratioses in computing the light
intensity used in computing algal storage. Theagfes are solved using Newton’s
Method. For the simple condition, when ED<D, tistfstep is to calculate g(§g
(Equation 97), which is simply the algal equatiearranged to solve for cohesive
sediment concentration (that is, g&®S= SSon). The initial guess for $§;+1is set to
half the value that causes g&fg$1) to be zero; this is done to prevent the initial
estimate from inadvertently landing outside themaly defined range for the ED>D
function (discussed momentarily).

_ ): _28j+1 $alg,j+1 - SSalg,j _ |$j + ISSJ'+1 + QSSj _ H; SSalg,j +
o1 Dj+1$bi0,j+l At 2 2 2

o(ss

a

- Qlock,'+l + :umax,'+18'+l .
PR - Leak (4605178, , - LITALG [8S,,,,.,D ., /CHL )} +

i+l

Iumax,‘+ Ssa NEs
{LlTSED( ]Kl 9.4 + Qweir,j+1 + Qw,lock,j+1 + Qabs,j+1 - HIock Leak]} -
j+1

EXTBLS,,,

hon.i+1 = | TSED
(97)

This g(SSQig can then be used in place of.$3$0 solve the set of cohesive sediment

equations as a function of S In this way, f(SS) for Newton’s Method becomes
Equation 98.
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$coh j
0=-S,,| ISS, +1SS,,, +2— = - QSS, |+

I:boa.t CSDoatVb j+1
+SS,, 1) OV, +v,
_pm‘/s($boh‘j+1+$alg.j+1) L _pmvs($coh,j+l+$alg,j+1) L J
+

Hweir Vi Hlock M
(g( algj+1) ISSooatﬁl{ we|r,j+1e +Qw,lock,j+1e

AtEpwv ( )(QWdr’j’leWEir +Qw,lock,j+1Hlock)+

coh, j+1

Sj+]_ - plw, ($coh‘1 1+$slg.| 1)At Sj+]_
g(SSaIg,j+1 Qlook j+1 ~ € ° + Qpps jr T3 + Qea, 1

At At
(98)
1
WS($) =1- 2 |]Ws,macro
1.815+0 00318§ —0.0000001 §
Where: ' ' s S (99)
Ws,m'cro

+

2
1.815+ 0.0031% - 0.0000001ESSSJ

Equation 100 presents the derivative of f(SS).

Fooat CShou Vo S, d(w,)
fl$'+ =0= oA i Qweir j+ Hweir+Qwoc '+Hoc ot
( j 1) At [qvb +VW)|:QWS(SS))2( i1 Jock, j+1" 'l k) d$j+1

W (SS) L

-Lp d(w,) pw -

(g( algj+1) I$D0atj+1{ we|r,j+1 Warvw dSS +
P (SS) L
o =Ltbpdw) “h o,
w,Iock,J+1 |OCkV d$
(100)
_pmvs($)£ _pm‘/s($)£

(Qwar,ﬁle Poor +Qw,|ock,j+le o VW}g.($alg,]+l))+

p d(w,) P
g(SSalg,j+1{Sj+1 D d$ +

, Sp TP, S
g ($alg,j+1 Qlock,j+1 - Ee + Qabs,j+1 + ‘?’E + Qleak,j+1

Where:
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- 25, a1 . ISS, + 1SS, _ _ _
g'(SSag,Jﬂ):{U: S1+1 ($alg,1+1 SSaIg,J _ $] $J+1 +Q$J _,U]$a|g]]j+

D.,,SS At 2 2 2

j+1 alg, j+1

- it max,j + S'+
Qo2 + Haj 'l—Leak}[ﬁ—LlTALGEDm/CHLF
D

(4605178 ,, - LITALG [SS,,, ,, (D,., /CHL)[I
S,y |, 1SS, +1SS,, _QSS, | ujssa,gyj]
0

j+1

alg, j

- 28j+1
At 2 2 2
Dj+1(SSaIg,j+1)2

tumax,‘+ Ssa NES
LITSED[]K:L—IQI:L + Qweir,j+1 + Qw,lock,j+1 + Qabs,j+1 - Leak(Dj+l - Dlock )J -

j*1

- 28j+1 Ssalg,j+l - $alg,j _ lSS] + I$j+1 + Q$] _ tuj SSa\lg,j +
D,.SS. 1 At 2 2 2

j+1

_Qlock,j+1 + tumax,j+18j+1 _ Leak D
D

E

LITSED |Jlmaxjﬂ
(4605178 ,, - LITALG (8S,, ,,D,.,/CHL) Ty g

j+1

2

tumax,'+ $a L

[LlTSED[JKl—ngl + Qweir,j+1 + Qw,lock,j+1 + Qabs,j+1 - I-eak(Dj+1 - Dlock )}}
j+l

(101)

and

) o) [ot)

dss, dss, dss,,
$alg + $ooh $alg + $ooh ’
1815+ 0.00318—————— - 0.00000014 ———F—
S[1000 S[1000
(102)
(g - 0.00318_ 0.00000028SS,, + ) .
s,macro s,micro S[1000 (S D.OOO)Z
2
SSalg + $coh _ alg + $coh
1.815+ 0.00318——— - 0.00000014————
S[1000 S[000
And finally,
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0.00471+(S1000 0.04<71<0.7

% =10.000346+ (S[1000 0.6<7<15 (103)
"0 10000303 (S1000 14<1<5

If ED>D, then g(S§g must be rewritten as Equation 104. Typically {((&S)
calculated in Equation 98 becomes negative whenE@*gure 93); this transition
to a negative value for f(SS) is used in the magdehn indication to switch to ED>D
calculations. The relationship between ED and iZerified once Newton’s Method

converges on a solution.

1x10°
[ g(SShio) (mg /)
8x10% | 9(SShio)ED (mg/n#)
6x108 | f(SSbio) (m/s)
4x10P 7 f(SShio)ED (m/s)
2x108 |
i , SS (mg/nP)

07””\””\””\“‘\“‘ .
100000 110000 120000 130000 140000 15008

Figure 93. Typical zeros of f(Sg,) and g(SSQy) when euphotic depth is greater than (indicated by
subscript ED) and less than water depth. (SSbio §§4 in this figure)

LITALG[SS

Ig,j+1
alg, J + +

):_EXTB[Sj+l )

o(ss
LITSED Chl [LITSED

alg, j+1

|n[o.97c:rad [RAD(At (K Dy (5., - AtK QISS,, ., -
2 EK |:Sj+l$alg,j;rl + At EK ulmax,'l' IZSj+1$alg,j+l (104)
- At wmax,T |:$alg,j+l)+
K |:Ks,l [ﬁ_ At D( |:Sj+1 +At [Q |:$alg,j+1 + 2|:Sj+1 |:BSalg,j+1):| u
2 |:Sj+l
g ——— $non j+1
D [(LITSED ’
2[SS,,;
Where: x = 1SS, ; +IS5,, 4 +T_sta'g’j +4,SS,,;; and

Q= Qweir,j+1 + Qw,lock,j+1 + Qabs,j+1 + Qleak,j+l + Qlock,j+1

And the derivative of g(S%) becomes Equation 105. Because f(SS) only deiétts w

inflows and outflows related to cohesive sedimé&memains unchanged.
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_ -LITALG = 25,
ChI[LITSED DLITSED
2S,,, + At
+At [QSS

alg, j+1

gl($alg,j+l)

28j+1$alg,j+l - At D( |:Sj+]_

(- At (K [ - 2K I8, + A (K Gy 5y = 2 Dty [5Sy,,0)+
(6t (K Y (8., - At (K [QISS, |, ~ 20K (5, [85,,, ., +
At TK Dy B8S,15 141 05,00 = At Dy SS§.g,j+1)]

(105)

In both cases (ED>D and ED<D), the iterations femtbn’s Method continue until
the absolute value of f(x) is less than 0.1:mgs.

Note that should the input phosphorus concentrdtioa given time step be zero, all
equations involving ‘K’ in the denominator would bedefined; therefore, if the input
phosphorus concentration is zero, algal growteigszero and all terms in the

formulae related to algal growth are removed.
If the calculated euphotic depth is negative obz#re algae are assumed uniformly

distributed in the water column and the algal anidesive solids storages are

recalculated.

214



Appendix B.

Table 21. Reach parameters for the verification sc&rio.

Model Verification Inputs

Parameter Value
Reach Number 1 2 3
Length (m) 536.33 402.25 804.5
Width (m) 13.33 11.67 14
Overflow weir location (upstream of lock) (m) 1 2 3
Height of overflow weir above bottom of 3 39 29
reach (m)
Length of overflow weir crest (m) 0.33 0.67 0.5
Height of sides of overflow weir (m) 0.167 0.173 19.
(Hr:)lght of lock gates above bottom of reach 35 39 3.4
Weir Constant (&) 0.611 0.61 0.612
Seepage losses (m3/m?/s) 1.08 ¥ 10.15 x 10" | 1.05 x 10
Number of locks contributing flow at

0 1 1
upstream end
ID number of downstream lock 1 2 3
ID number of upstream lock 0 1 2
ID number of upstream reach 0 1 2
Mean reach temperature (°C) 12.1 11.5 12.6
Correction to incoming radiation (@) 0.7 0.65 0.75
Table 22. Lock parameters for the verification sceario.
Parameter Value
Lock Number 1 2 3
Is the lock left empty after use? Yes No Yes
Efficiency of lock use by boats (&) 0.5 0.75 0.4
Volume (m3) 1777.78| 13475 2272.5
Length of lock gates (m) 13.33 11.67 15
Gate leakage rate (m3/m) 0.010031.000893| 0.010896
Fraction of boats moving upstream (&) 0.5 0.4 0.6
Fraction of boats moving downstream (&) 0.5 0.6 0.4
Non-cohesive sediment concentration stirred up b¥30000 32000 28000
lock gate movement (mg/m3)
Cohesive sediment concentration stirred up by IDCI?LOOOO 12000 11000
gate movement (mg/m3)
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Table 23. Solids parameters for the verification snario.

Parameter Value
Non-cohesive particle diameter (m) 0.0002
Specific gravity of sediment (Q) 2.65
Critical shear stress for the deposition of sedinfleg i’ s?) 0.06
Drag coefficient (&) 0.0025
Concentration of non-cohesive sediment stirredypdat passage 14500
(mg/m3)

Concentration of cohesive sediment stirred up Bt bassage (mg/m3) 29000
Average boat velocity (including water velocity)/én 1.8
Fraction of sediment in runoff that is non-coheq# 0.6
Fraction of sediment in runoff that is cohesive (9) 0.4
Fraction of sediment from external sources thabis-cohesive () 0.3
Fraction of sediment from external sources thablsesive (J) 0.7
Base light extinction coefficient () 1
Michaelis-Menton constant for light-limited growglym?2s) 23.012
Magnitude parameter for temperature equation 6.28
Phase shift parameter for temperature equation 446
Conversion from chlorophyll-a mass to total biom@sg biomass/mg 15
Chl-a) )
Factor to convert sediment concentration to ligitinetion (m2/mg) 0.000025
Factor to convert algal concentration to light egtion (m?/(mg Chl-a)) 0.00002
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Table 24. Sample time series inputs for the firstife timesteps for the verification scenario.

Parameter Value
Timestep Dayl Day2 Day3 Day/4 Dayb5
Precipitation (m) 0.00480.0054| 0.0027| O 0
Radiation (J/m?/s) 121.0696.851| 193.7 | 121.06 121.06
Potential evaporation (m) 0.0008 O 0.0005| 0.0012| 0.0004
(Fg;quency of boat movement — reach 1 4 4 4 4 4
(Fg;quency of boat movement — reach 2 5 5 5 5 5
(Fg;quency of boat movement — reach [3 v - 7 7 ~
(Engr)”a' hydrologic inputs —reach 1 | 5 155 | 127 0123 0125 0.124
m3/s
(Engr)”a' hydrologic inputs —reach 2 | 5 555 | 003| 0.002 0004 0.002
m3/s
(Engr)”a' hydrologic inputs —reach 3 | 5 553 | . 0o5| 0.001 0001 0.002
m3/s
External sediment inputs — reach 1 0125 | 0.127| 0123 0125 0144
(mg/m?) : : 123 . :
External sediment inputs — reach 2 0002 | 0003 0002 0004 0.002
(mg/m?) : : : : :
External sediment inputs — reach 3 0003 | 0005 0001 o000L 0.002
(mg/m?) : : : : :
External algal inputs — reach 1 (mg/m3) 0.15 0.120.123 | 0.125| 0.124
External algal inputs — reach 2 (mg/m3) 0.002 0.008.002 | 0.004| 0.002
External algal inputs — reach 3 (mg/m3) 0.003 0.006.001 | 0.001| 0.00Z2
Runoff hydrologic inputs — reach 1 0.001 0 0.003 0 0.002
(m¥s) : : .002
(Rur;o)ff hydrologic inputs — reach 2 0.002 | 0.004 0 0.005 0.00L
méfs : : .004 :
(Rur;o)ff hydrologic inputs — reach 3 0 0001 0.003 0002 0.00L
méfs : : .002 :
Runoff sediment inputs — reach 1 0.01 0 0.03 0 0.02
(mg/m?3) ' ' '
Runoff sediment inputs — reach 2 0013 | 0.015 0 001l 0025
(mg/m?) : : : :
Runoff sediment inputs — reach 3 0 0007 0.022 004 0036
(mg/m?) : : : :
Hydrologic abstractions — reach 1 (m3/s) 0.00010 0 0.0001] 0.0001
Hydrologic abstractions — reach 2 (m3/s) 0.00030 0.0003] O 0.0003
Hydrologic abstractions — reach 3 (m3/s) 0.00020002| O 0.0002| 0.0002
Total phosphorus concentration — reach
1 (mg/m?) 186 219 176 166 483
Total phosphorus concentration — reach it
2 (mg/m?) 139.5| 164.25 132 124.5| 362.25
Total phosphorus concentration — reac,h232 5| 27378 220 2075 603.75
3 (mg/m?) : .75 : Ve
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Appendix C.

Sensitivity Analysis

Baseline Parameters

Ce=0.7

Table 25. Reach parameters for the sensitivity angsi

S.

Parameter Value

Reach Number 1 2 3
Length (m) 18.00 270.68 322.11
Width (m) 9.98 9.03 7.85
Overflow weir location (upstream of lock) (m) O 0 0

Height of overflow weir above bottom of 137 1.42 1.425
reach (m)

Length of overflow weir crest (m) 2.44 1.83 1.88
Height of sides of overflow weir (m) 0.14 0.33 0.20
(Hr:)lght of lock gates above bottom of reach 155 16 16

Weir Constant (&) 0.611 0.611 0.611
Seepage losses (m3m2/s) 3.72X13.72 x 10" | 3.72 x 10/
Mean reach temperature (°C) 115 11.5 11.%
Correction to incoming radiation (@) 1.0 0.92 0.89
Table 26. Lock parameters for the sensitivity analyis.

Parameter Value

Lock Number 1 2 3

Is the lock left empty after use? Yes Yes Yes
Efficiency of lock use by boats (&) 0.67 0.6/7 0.67
Volume (m3) 173.02| 229.27| 201.52
Length of lock gates (m) 176y 17.33 16.00
Gate leakage rate (m3/m) 0.044 0.0p1 0.021
Non-cohesive sediment concentration stirred uploi | 1000 | 1000! 1000
gate movement (mg/m3)

Cohesive sediment concentration stirred up by batie 2600 | 2600| 2600
movement (mg/m?3)
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Table 27. Solids parameters for the sensitivity angsis.

Parameter Value
Non-cohesive particle diameter (m) 0.0002
Specific gravity of sediment (Q) 2.65
Critical shear stress for the deposition of sedinfleg ni” s2) 0.06
Drag coefficient (&) 0.0025
Concentration of non-cohesive sediment stirredypdat passage 4500
(mg/m?3)

Concentration of cohesive sediment stirred up Bt bassage (mg/m3) 9000
Average boat velocity (including water velocity)/én 1.79
Fraction of sediment in runoff that is non-coheq# 0.2
Fraction of sediment in runoff that is cohesive () 0.8
Fraction of sediment from external sources thabis-cohesive (9) 0.15
Fraction of sediment from external sources thablsesive (9) 0.85
Base light extinction coefficient (rlr) 1.67
Michaelis-Menton constant for light-limited gromlym?2s) 23.012
Magnitude parameter for temperature equation 6.54
Phase shift parameter for temperature equation 4.46
Conversion from chlorophyll-a mass to total biom@sg biomass/mg 60
Chl-a)

Factor to convert sediment concentration to ligiinetion (m2/mg) 0.000025
Factor to convert algal concentration to light egtion (m3/(mg Chl-a)) 0.00002
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Table 28. Sample time series inputs for the firstife timesteps of the sensitivity analysis.

Parameter Value
Timestep Day 1 Day 2 Day 3 Day 4 Day |5
Precipitation (m/d) 0.0021 0.0049 0.0094 0.0073 0040
Radiation (J/m?/s) 29.7 30.0 30.3 30.6 309
Potential evaporation (m/d) 0.0004©.00042| 0.00040| 0.00051| 0.00055
Frequency of boat movement (&) 1 1 1 1 1
External hydrologic inputs — reagh 0.063 0.063 0.063 0.063 0.068
1 (m3/s)
External hydrologic inputs — reagh 0 0 0 0 0
2 (m3/s)
External hydrologic inputs — reagh 0 0 0 0 0
3 (M3/s)
External sediment inputs — reach 1 630 630 630 630 630
(mg/s)
External sediment inputs — reach 2 0 0 0 0 0
(mg/s)
External sediment inputs — reach 3 0 0 0 0 0
(mg/s)
External algal inputs — reach 1 2 29 232 235 238 241
(mg/s)
External algal inputs — reach 2 0 0 0 0 0
(mg/s)
External algal inputs — reach 3 0 0 0 0 0
(mg/s)
?L(‘r?gg)hydmlog'c Inputs —reach) 4539 | 0.0255 0.0310 0.031L  0.027
;“(‘r?gg)hydmlog'c Inputs —reach) ; 50255/ 0.00228| 0.00331| 0.00332| 0.00296
?L(‘r?;’g)hydmlog'c Inputs —reach) ; 50228| 0.00242| 0.00295 0.00296( 0.00264
Runoff sediment inputs — reach 1 0.708 706 246 82 3 0.17¢
(mg/s)

. . — 5
(Rr#g/‘;f)f sedimentinputs —reach 2 o o755 753 26.2| 878 0.0188
(Rr#g/‘;‘;f sedimentinputs —reach 3 o o579 o672| 234| 7.83| o0.0168
(Hrzgg'og'c abstractions —reach L  gos | 0008 | 0.008 0.008  0.008
Hydrologic abstractions — reach P 0 0 0 0 0
(m?3/s)
(Hrzgg'og'c abstractions —reach 8 4 009 | 0009| 0.009| 0009  0.009
Total phosphorus concentration 302.4 302.4 302.4 302 4 302.4

(mg/m?3)
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Appendix D.  Sensitivity Analysis —

Results

D.1. Non-cohesive Sediment Variables

The key parameters to which the non-cohesive sedinagiables are most sensitive
are listed in Table 29. Table 30 complements #ta tbr S&nin Table 10 on page
111, showing relative sensitivities of the concatidm of non-cohesive sediment to
the remaining parameters wherg $S0.5.
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Table 29. Key parameters to which the non-cohesisediment variables are most sensitive.

Most Average Sensitivities
var. Iiiagr.am. Avg | Max | Min 1Q 20 30 w Sp Su A
lext 0.41| 0.28| 0.03| 0.04| 054| 0.40| 0.01| 0.07| 0.58| 0.46
L 1.30| 1.38| -0.04| 0.81| 1.13| 1.36| 0.14| 1.26| 1.39| 1.32
W 0.58| 0.67| -0.04| 0.27| 050| 0.62| 0.02| 054| 0.64| 0.59
SS,, Dweir: 1.15| 1.26| 0.22| 0.77| 1.08| 1.21| 0.31| 1.08| 1.23| 1.16
Digck 0.83| 0.84| 1.05| 0.60| 0.82| 0.86| 0.35| 0.83| 0.86| 0.82
Viock -0.35| -0.46| <0.01| <0.01| -0.21| -0.41| <0.01| -0.20| -0.47| -0.33
CSpoatnon| 0.82| 0.86]| <0.01| 0.62] 0.79| 0.85| 0.13] 0.82] 0.85| 0.84
Fooat 0.52| 0.49| <0.01| 0.00] 0.68| 0.53| <0.01| 0.66| 0.45| 0.56
Qabs 0.91| 0.93| 0.79| 0.86| 0.91| 0.92| 0.82| 0.91| 0.92| 0.91
QSSabs |CSpoatnon| 0.82] 0.86| <0.01| 0.62| 0.79] 0.85| 0.13]| 0.82] 0.85| 0.84
Fooat 0.61| 0.60| 0.00| 0.00| 0.71| 0.68| 0.00| 0.68| 0.59| 0.66
Lrunof 0.94| 1.00| 0.00| 2.79| 1.36| 0.84| 1.28| 0.90| 1.21| 0.66
lext 543| 3.59| 0.00| 6.82| 16.77| 4.90| 2.32| 3.74| 7.90| 6.16
Qabs -0.92| -0.60| 0.00| -3.77| -2.41| -0.84| -0.63| -0.63| -1.32| -1.06
DweirI -2.81| -2.67| 0.00| -5.07| -5.40| -2.51| -2.88| -2.72| -2.92| -2.87
Lueir -0.66| -0.68| 0.00| -0.48| -0.66| -0.64| -0.63| -0.66| -0.65| -0.65
Empty -0.88| -0.49| 0.00| -0.23| -5.07| -0.73| -0.03| -0.42| -1.68| -0.92
QSSueeir | Vioex -2.05| -1.19| 0.00| -4.08| -7.03| -1.71| -0.09| -1.14| -3.63| -2.14
diam -1.62| -1.62| 0.00| -1.62| -1.62| -1.62| -1.62| -1.62| -1.62| -1.62
sg -1.48| -1.48| 0.00| -1.48| -1.48| -1.48| -1.48| -1.48| -1.48| -1.48
CSpoatnon| 1.00/ 1.00f 0.00/ 1.00] 1.00| 1.00f 1.00] 1.00f 1.00{ 1.00
Cdweir -0.65| -0.68| 0.00| -0.47| -0.66| -0.63| -0.63| -0.66| -0.65| -0.65
Leak -1.67| -1.10| 0.00| -4.87| -4.02| -154| -1.15| -1.17| -2.37| -1.92
Fooat -0.98| -0.13| 0.00| -4.00| -5.03| -0.65| 0.00| -0.12| -2.45| -1.06
loxt 0.41| 0.28| 0.03| 0.04| 054| 0.40| 0.01| 0.07| 0.58| 0.46
L 1.30| 1.38| -0.04| 0.81| 1.13| 1.36| 0.14| 1.26| 1.39| 1.32
W 0.58| 0.67| -0.04| 0.27| 0.50| 0.62| 0.02| 0.54| 0.64| 0.59
QSSeep Dweir: 1.15| 1.26| 0.22| 0.77| 1.08| 1.21| 0.31] 1.08| 1.23| 1.16
Digck 0.83| 0.84| 1.05| 0.60| 0.82| 0.86| 0.35| 0.83| 0.86| 0.82
Viock -0.35| -0.46| <0.01| <0.01| -0.21| -0.41| 0.00| -0.20| -0.47| -0.33
CSpoatnon| 0.82| 0.86| <0.01| 0.62] 0.79| 0.85| 0.13] 0.82] 0.85| 0.84
Fooat 0.52| 0.49| <0.01| 0.00] 0.68| 0.53| <0.01| 0.66| 0.45| 0.56
lext 0.41| 0.28| 0.03| 0.04| 054| 0.40| 0.01| 0.07| 0.58| 0.46
DweirI 1.14| 1.26| 0.21| 0.77| 1.07| 1.21| 0.29| 1.07| 1.23| 1.15
Diock 0.85| 0.86] 1.05| 0.64| 0.85| 0.89| 0.41| 0.87| 0.88] 0.85
QSSieak | Viex -0.35| -0.46| <0.01| <0.01| -0.21| -0.41| <0.01| -0.20| -0.47| -0.33
CSpoatron| 0.82| 0.86] 0.00/ 0.62] 0.79| 0.85| 0.13] 0.82] 0.85| 0.84
Leak 0.78| 0.75| 1.32| 0.92| 0.81| 0.78| 1.18| 0.80| 0.76| 0.77
Fooat 0.52| 0.49| 0.00| 0.00| 0.68| 0.53| <0.01| 0.66| 0.45| 0.56
lext 0.17| 0.25| 0.00| 0.00| 0.02| 0.10| -0.01| 0.02| 0.22| 0.18
0SS Viock 0.68| 0.56| 0.00| 1.00| 0.81| 0.73| 1.00| 0.80| 0.63| 0.70
lock CSpoatron| 0.85| 0.86] 0.00/ 0.63] 0.83] 0.85| 0.60| 0.84] 0.85| 0.85
Fooat 1.58| 1.61| 0.00f 0.00f 1.70f 1.76| 0.00| 164| 154| 161
lext 0.31| 0.30| 0.02| 0.03| 0.13| 0.31| 0.01| 0.05| 0.42| 0.35
L 0.67| 0.73| -0.53| 0.32| 0.61| 0.71]| -0.36| 0.65| 0.72| 0.69
QSSiy Dweir: 0.80f 0.82| 0.11| 0.65| 0.72| 0.83| 0.20| 0.77| 0.82| 0.81
Digck 0.58| 0.56| 0.15| 051 0.58| 0.59| 0.27| 0.61| 0.58]| 0.59
CSpoatnon| 0.83| 0.86| <0.01| 0.62] 0.82] 0.85| 0.13] 0.83] 0.85| 0.84
Fooat 0.87| 0.93| <0.01| 0.00] 0.93| 0.96| <0.01| 0.93| 0.87| 0.89

T Only significant at the -25% level, when,R< Dyeir.
¥ Average sensitivity for [, £10% and -25%; at [ +25%, the weir depth exceeded lock depth and
caused an excessive sensitivity.
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Table 30. Sensitivity of non-cohesive sediment cagntration to variables which cause an absolute
value for § less than 0.5.

Sensitivity | Variable (sign of $
lext (+)
L (+)
S>021or |W()
Sr <-0.1 Dweir (+)
VIock (')
Leak (-)
PREC (+) Diam (+)
Irunoff (+) SG (+)
PE (-) Vo (+)
8r<s< 01 Sabs ((')) :gzuno(ﬁ §+)
weir \~ xt (T
0280 Empy () | o)
I-Iock (+) Cd,Weir (')
CSocknon(+) | Seep (5)
Hsides |Sssxt,alg
Tmean TP
Crad RAD
CS!ock,coh Tmag
S=0 Boaton Tphase
Ted Eboat
Cud,drag EXTB
Ks, LITSED
Cenhl LITALG

D.2. Cohesive Sediment Variables

The key parameters to which the cohesive sedimahles are most sensitive are
listed in Table 31. Table 32 complements the @@at&S.onin Table 10 on page 111,

showing relative sensitivities of the concentratidrcohesive sediment to the

remaining parameters where| $0.5.
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Table 31. Key parameters to which the cohesive sedént variables are most sensitive.

Most Average Sensitivities

var. Iiiagr.ams. Avg | Max | Min | 1Q 20 30 W Sp Su A
lext 0.37 |<0.01| 0.03 | 0.04 | 0.52 | 0.37 | 0.01 | 0.06 | 0.55 | 0.43
L 1.14 | -0.07 | -0.04 | 049 | 1.00 | 1.26 | 0.03 | 1.10 | 1.28 | 1.18
W 0.55 | -0.22 | -0.04 | 0.16 | 0.49 | 0.62 | -0.02 | 0.51 | 0.64 | 0.57

SScon Dueir 1.03 | 0.15 | 0.22 | 057 | 099 | 1.14 | 0.25 | 0.97 | 1.16 | 1.06
Diock 0.75 | 017 | 400 | 045 | 0.75 | 0.81 | 0.31 | 0.74 | 0.81 | 0.75
CSpoateon | 0.70 | <0.01| 0.01 | 0.39 | 068 | 0.76 | 0.06 | 0.70 | 0.76 | 0.73
Fooat 0.45 | 0.00 |<0.01 | <0.01| 0.55 | 0.48 | <0.01| 0.58 | 0.40 | 0.50
Qabs 091 | 085 | 079 | 084 | 090 | 092 | 0.81 | 0.90 | 0.92 | 0.91
W -045 | -1.23 | -1.04 | -0.86 | -0.54 | -0.38 | -1.05 | -0.50 | -0.36 | -0.44

QSSass CShoatecon | 0.70 | 0.02 | 0.01 | 0.39 | 0.66 | 0.76 | 0.06 | 0.70 | 0.76 | 0.73

Fooat 0.54 | 0.00 | 0.00 | 0.00 | 059 | 0.63 | 0.00 | 0.59 | 0.55 | 0.59

0.93 | 0.96 + 355 | 133 | 089 | 1.28 | 0.90 | 1.21 | 0.66
5.36 | 3.54 + 823 | 16.3 | 5.03 | 233 | 3.72 | 7.86 | 6.09

Irunof‘f

|ext

Qe 090 | -055 | F |-472]-202]-085]-062|-062]-1.30 | -1.04
Dueir 283 |-267| F |-650]-568]-2.65]|-2.87|-2.74 | -2.96 | -2.88
Loer -0.66 | -0.66 | -+ |-0.50 | -0.60 | -0.65 | -0.63 | -0.66 | -0.65 | -0.65
QSSveir [Empty | -0.83 | -0.47 | 0.66 | -0.48 | -4.86 | -0.65 | -0.03 | -0.40 | -1.62 | -0.88
Viook -1.97 | -1.12 | -4.87 | -4.93 | -6.48 | -1.73 | -0.09 | -1.10 | -3.55 | -2.06
CShoatcon | 0.90 | 0.90 | -3.41 | 0.85 | 0.87 | 0.91 | 0.99 | 0.91 | 0.87 | 0.90
Caueir -0.65 | -0.66 | -+ |-0.49 | -0.60 | -0.65 | -0.63 | -0.66 | -0.65 | -0.65
Leak 163 |-1.03| F |-591]-404]|-159]-1.16|-1.14 | -2.33 | -1.88
Fooat -1.03 | -0.18 | -1.59 | -4.82 | -4.82 | -0.81 | 0.00 | -0.19 | -2.55 | -1.11
loxe 0.37 | <0.01| 0.03 | 0.04 | 052 | 0.37 | 0.01 | 0.06 | 0.55 | 0.43
L 1.14 | -0.07 | -0.04 | 0.49 | 1.00 | 1.26 | 0.03 | 1.10 | 1.28 | 1.18
W 0.55 | -0.22 | -0.04 | 0.16 | 0.49 | 0.62 | -0.02 | 0.51 | 0.64 | 0.57
QSSuep | Dueir 1.03 | 015 | 022 | 057 | 0.99 | 1.14 | 0.25 | 0.97 | 1.16 | 1.06
Diock 0.75 | 0.17 | 400 | 045 | 075 | 0.81 | 0.31 | 0.74 | 0.81 | 0.75
CSboateon | 0.70 | <0.01| 0.01 | 0.39 | 0.68 | 0.76 | 0.06 | 0.70 | 0.76 | 0.73
Fooat 0.45 | 0.00 | <0.01 | <0.01| 0.55 | 0.48 | <0.01| 0.58 | 0.40 | 0.50
loxe 0.37 | <0.01| 0.03 | 0.04 | 052 | 0.37 | 0.01 | 0.06 | 0.55 | 0.43
W -0.46 | -1.26 | -1.04 | -0.87 | -0.51 | -0.39 | -1.06 | -0.50 | -0.36 | -0.44
Dueir 1.03 | 012 | 021 | 057 | 0.98 | 1.14 | 023 | 0.96 | 1.16 | 1.05
QSSieak | Digek 0.78 | 0.25 | 4.00 | 049 | 0.78 | 0.83 | 0.36 | 0.78 | 0.83 | 0.78
CShoatcon | 0.70 | <0.01| 0.01 | 0.39 | 0.68 | 0.76 | 0.06 | 0.70 | 0.76 | 0.73
Leak 0.82 | 1.38 | 1.32 | 1.04 | 0.84 | 0.80 | 1.23 | 0.84 | 0.77 | 0.80
Froat 0.45 | 0.00 | <0.01|<0.01| 0.55 | 0.48 | 0.00 | 0.58 | 0.40 | 0.50
Viook 0.71 | 0.59 | 0.00 | 1.00 | 0.83 | 0.75 | 1.01 | 0.82 | 0.66 | 0.73
QSSiock | CShoatcon | 0.76 | 0.78 | 0.00 | 0.39 | 0.72 | 0.76 | 0.37 | 0.73 | 0.77 | 0.75
Froat 1.53 | 1.57 | 0.00 | 0.00 | 1.63 | 1.70 | 0.00 | 1.57 | 1.50 | 1.55
loxe 0.28 | 0.28 | 0.02 | 0.03 | 0.10 | 0.29 | 0.01 | 0.05 | 0.38 | 0.32
L 0.53 | 0.61 | -0.52 | -0.01 | 0.49 | 0.60 | -0.47 | 0.50 | 0.61 | 0.56
s Dueir 0.69 | 0.75 | 0.11 | 0.44 | 065 | 0.74 | 0.14 | 0.66 | 0.74 | 0.71
QS Diock 051 | 051 | 400 | 0.36 | 052 | 054 | 0.22 | 053 | 053 | 0.52
CShoatcon | 0.72 | 0.78 | <0.01| 0.39 | 0.69 | 0.76 | 0.06 | 0.71 | 0.77 | 0.73
Froat 0.79 | 0.88 | 0.00 | 0.00 | 0.84 | 0.91 |<0.01| 0.84 | 0.83 | 0.83

" Average sensitivity for R, £10% and -25%; at | +25%, the weir depth exceeded lock depth and
caused an excessive sensitivity.

T Only significant at the -25% level, when, < Dyeir.

¥ Model output minimum s are all <<0.00001 so sensitivity calculationkewed; sign indicates
the sign of the change.
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Table 32. Sensitivity of cohesive sediment conceation to variables which cause an absolute
value for § less than 0.5.

Sensitivity | Variable (sign of $
L (+)
VIock (')
S>0.1or Liock (+)
Sr <-0.1 CS!ock,coh (+)
1S Sext (+)
Leak (-)
PREC (-) ISSunoft (1)
PE (-) 1S Sext,alg (+)
Irunoff (+) P (+)
lext (+) RAD (+)
Qabs(-) Trmag (+)
Dweir (+) Tphg\s;("')
I—weir (') Ce +
8r<s< o _[r)lock ((+)) gd,weir E-))
mean(t eep (+
0>5>-0.1 Crad ("’) Ted (+)
Empty (') Cd,drag(')
CSock,non () EXTB (-)
diam (- Ks) ()
sg (+) Ceni (+)
CSooatnon(-) LITSED (-)
Vb (-) LITALG (+)
S=0 Hsides Eboat

D.3. Algal Variables

The key parameters to which the algal variablesrarst sensitive are listed in Table
33. Table 34 complements the data foggB Table 10 on page 111, showing
relative sensitivities of the concentration of &lgeass to the remaining parameters
where |g <0.5.
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Table 33. Key parameters to which the algal varialgls are most sensitive. (continues next page)

Most Average Sensitivities
var. gi’igr.ams Avg | Max | Min | 1Q 20 30 W Sp Su A
loxi 125039 - |-120]-003|-1.17]-076|-1.42 | -1.40 | -1.02
L 186 | 1.37 | +" | 155 | 174 | 1.89 | 168 | 1.73 | 2.07 | 1.64
W 202 | 136 | +" [ 157 | 181|210 | 167 | 1.83 | 233 | 1.78
SSug Dueir’ 112 | 1.36 | 000 | 0.99 | 1.06 | 1.02 | 1.54 | 1.04 | 1.05 | 0.93
Diock 0.85 | -0.40 | 0.00 | 0.82 | 0.93 | 0.82 | 1.12 | 0.85 | 0.80 | 0.70
T mean 0.60 | 0.05 | 0.00 | 0.34 | 052 | 0.70 | 0.13 | 054 | 0.84 | 0.47
ISSexalq | 0.85 | 0.00 [ 0.00 | 1.00 | 0.98 | 0.98 | 0.26 | 0.98 | 0.96 | 0.99
EXTB | -0.47 | -0.05 | 0.00 | -0.39 | -0.45 | -0.56 | -0.14 | -0.42 | -0.62 | -0.45
loxi 157 -044] -V |-131]-149|-157]-081-148]-1.90]-1.55
Qabs 1.08 | 1.04 | 1.00 | 1.07 | 1.08 | 1.09 | 1.08 | 1.06 | 1.10 | 1.07
L 085 | 039 | +" [ 055|073 | 088|068/ 072]| 1.05] 063
QSSabs W 1.00 | 038 | +" | 058 | 080 | 1.05 | 067 | 0.81 | 1.29 | 0.76
T mean 0.60 | 0.05 | 0.00 | 0.36 | 053 | 0.69 | 0.13 | 0.54 | 0.84 | 0.47
ISSexalg | 0.85 | 0.00 | 0.00 | 1.00 | 0.98 | 0.98 | 0.26 | 0.98 | 0.96 | 0.99
EXTB | -0.44 | -0.05 | 0.00 | -0.39 | -0.43 | -0.50 | -0.14 | -0.42 | -0.57 | -0.43
loxt 165 | 1.24 | 392 | 370 | 235 | 1.83 | 0.85 | 0.83 | 3.08 | 2.78
Qabs 051 | -0.42 | -1.13 | -1.39 | -0.50 | -0.51 | -0.36 | -0.33 | -0.79 | -0.75
L 067 | 019 | +'" [ 041 | 046 | 074 | 051 | 0.65 | 0.93 | 0.46
W 080 | 022 | +" [ 054|057 |09 | 052|075 | 1.19 | 0.60
QSSuer Duer! | -1.65|-1.81 | -2.70 | -3.08 | -1.90 | -1.81 | -1.57 | -1.65 | -1.64 | -1.89
T mean 0.49 | 0.05 | 0.00 | 042 | 0.38 | 0.67 | 0.12 | 053 | 0.85 | 0.42
Viook -0.99 | -0.06 | -3.52 | -2.64 | -1.31 | -1.32 | -0.04 | -0.54 | -2.29 | -1.61
ISSextalg | 0.77 | 0.00 | 0.00 | 1.00 | 1.00 | 0.96 | 0.23 | 0.98 | 0.96 | 0.99
Leak -0.96 | -0.59 | -3.73 | -2.44 | -1.11 | -1.00 | -0.60 | -0.68 | -1.52 | -1.42
Fooat -1.11 | 0.00 | -3.50 | -2.64 | -1.41 | -1.55 | 0.00 | -0.62 | -2.61 | -1.76
loxt 125 [ -039 | " [-120]-093|-1.17|-0.76 | -1.42 | -1.40 | -1.02
L 085 | 038 | +" [ 055|073 | 087|068/ 072 1.04] 063
W 099 | 037 | +'" [ 056 | 080 | 1.07 | 067 | 0.81 | 1.28 | 0.76
Dueir| 111 | 1.34 [ <0.01] 099 | 1.04 | 1.02 | 152 | 1.03 | 1.05 | 0.93
QSSeeak [p, ¥ | 0.88 | -0.31 | 0.00 | 0.85 | 0.95 | 0.84 | 1.17 | 0.89 | 0.82 | 0.73
T mean 0.60 | 0.05 | 0.00 | 0.34 | 052 | 0.70 | 0.13 | 054 | 0.84 | 0.47
ISSexalg | 0.85 | 0.00 | 0.00 | 1.00 | 0.98 | 0.98 | 0.26 | 0.98 | 0.96 | 0.99
Leak 1.05 | 1.20 | 1.00 | 0.98 | 1.00 | 1.03 | 1.15 | 1.02 | 1.04 | 1.02
EXTB | -0.47 | -0.05 | 0.00 | -0.39 | -0.45 | -0.56 | -0.14 | -0.42 | -0.62 | -0.45
loxt -1.76 | -2.17 | 0.00 | -0.89 | -1.40 | -1.33 | -0.75 | -1.56 | -1.87 | -1.57
L 092 | 1.13 | 0.00 | 0.33 | 061 | 0.80 | 0.77 | 0.73 | 1.04 | 0.66
W 113 | 1.42 | 000 | 0.32 | 066 | 1.03 | 0.75 | 0.84 | 1.28 | 0.82
T mean 0.73 | 0.92 | 0.00 | 0.16 | 043 | 0.65 | 0.09 | 056 | 0.83 | 0.51
QSSiock |Vieek 1.09 | 1.13 | 000 | 1.00 | 1.01 | 1.08 | 1.00 | 1.05 | 1.11 | 1.08
ISSexalg | 0.96 | 0.96 | 0.00 | 1.00 | 0.98 | 0.95 | 0.03 | 0.98 | 0.96 | 0.99
EXTB | -0.56 | -0.67 | 0.00 | -0.20 | -0.34 | -0.54 | -0.10 | -0.43 | -0.62 | -0.47
Ks -0.48 | -0.58 | 0.00 | -0.17 | -0.28 | -0.48 | -0.10 | -0.36 | -0.53 | -0.40
Fooat 0.80 | 0.69 | 0.00 | 0.00 | 0.93 | 0.76 | 0.00 | 0.83 | 0.79 | 0.86
loxt 060 | 0.60 | -" [-0.33|-050][-0.64]| 0.11 |-0.56 | -0.88 | -0.48
L 082 | 026 | +" | 046 | 066 | 0.81 | 059 | 069 | 1.02 | 0.60
0SSy W 098 | 028 | + [ 048|077 | 1.03 | 059 | 0.79 | 1.27 | 0.75
T mean 0.61 | 0.05 | 0.00 | 0.29 | 0.54 | 0.67 | 0.12 | 0.54 | 0.84 | 0.47
ISSexalq | 0.86 | 0.00 [ 0.00 | 1.00 | 0.98 | 0.98 | 0.24 | 0.98 | 0.96 | 0.99
EXTB | -0.47 | -0.05 | 0.00 | -0.31 | -0.47 | -0.51 | -0.13 | -0.42 | -0.61 | -0.44
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Most Average Sensitivities

var. ﬁfr'ams Avg | Max | Min | 10 | 20| 30| w/| sp| sul A
loxi 159 [-021| -7 [-120[-127|-136|-075-145|-1.75 | -1.43
L 177 | 118 | +7 | 154 | 1.71 | 169 | 159 | 1.66 | 1.88 | 1.51
W 224 | 120 | +' [ 167 | 203 | 225 | 159 | 1.95 | 2.45 | 1.99
T mean 1.43 [ 076 | 074 [ 111 | 1.27 [ 142 | 091 [ 1.28 | 1.57 | 1.23
Crad 0.96 [ 079 | 0.77 [ 0.99 | 0.91 [ 1.01 [ 0.85 | 0.84 | 1.01 | 1.00

1SSy, |/SSextaa | 0.91 | 0.00 [<0.01] 0.99 | 0.82 | 0.94 | 0.44 | 0.95 | 0.92 | 0.97
RAD 0.96 [ 079 | 0.77 [ 0.99 | 0.91 [ 1.01 [ 0.85 | 0.84 | 1.01 | 1.00
Tineg 0.52 [ -0.42 | -0.41 [ -0.32 [ -0.04 | 0.60 [ -0.47 | 0.15 | 0.81 | 0.23
Tohase | 049 | -0.45 [ -0.34 [ -1.49 | 0.30 | 0.74 | 0.14 | 2.59 | 0.15 | -2.33
EXTB | -1.13[-0.98 | -0.95[-1.21 [ -1.10 [ -1.13 [ -1.04 | -1.02 | -1.17 | -1.19
K, -0.99 | -0.81 [ -0.79 | -1.03 [ -0.94 | -1.03 [ -0.87 | -0.85 | -1.04 | -1.04
LITSED | -0.68 | -0.05 | -0.09 [ -0.19 | -0.37 | -0.76 | -0.07 | -0.47 | -0.80 | -0.71

T Average sensitivity for [ £10% and -25%; at R;; +25%, the weir depth exceeded lock depth and

caused an excessive sensitivity.
* Only significant at the -25% level, whem® < Dyeir

"Because the minimum algae concentration was nearly, extreme values of ®ere frequently
calculated whenever any change in minimum algaeemnation was seen; in these cases, this
column is simply marked ‘+’ or ‘-* to indicate a gitive or negative correlation, respectively.

Table 34. Sensitivity of algal dry mass concentratn to variables which cause an absolute value
for S, less than 0.5.

Sensitivity | Variable (sign of $
| runoff (') Tmag (+)
Dueir (+) Tphase("’)
S>0.10r |Cuag(+) Ksi(-)
S<-01 CSooat,con(-) Ceni (+)
TP (+) LITSED (-)
RAD (+) Fooat ()
EE%’C}) (-) CS{)o;hnon (')
Vp (+
Sab.s (+) |SSrunoff (')
B |50
gr<s< 0.1 Empty (+) gz (+) 0
Viock (+) o
0>S>-0.1 Seep (+)
Liock (') Leak (+)
CS!ock,non (') T (_)
CSock,coh (') éd (+)
Diam () LITALG
SG () )
Sr =0 Hsides Eboat
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Appendix E.

Calibrated Parameters for
HSPF

This section provides tables of the calibrated petars for HSPF. Table 35 lists the

hydrologic parameters, and Table 36 lists the sedirparameters. Table 38 lists the

parameters associated with the reaches, wheredbeupstream reach is reach 25.

Table 39 lists the land surface parameters that wamthly.

Table 35. Hydrologic land surface parameters for HBF.

Parameter | Forest | Arable | Other Ay  Grasslahd Urban
Pervious Land Parameters

LZSN (in) 6

INFILT (in/hr) 0.11

LSUR (ft) 405.9 417.0 373.7 414.7 434.4
SLSUR 0.054 0.049 0.069 0.050 0.041
AGWRC (1/day) 0.99 0.975 0.975 0.975 0.975
INFEXP 2

INFILD 2

DEEPFR 0.31

BASETP 0.04

AGWETP 0.04

UZSN (in) 0.1

NSUR 0.30 | 015 | 0.20 | 0.20 | 0.15
INTFW 1

IRC 0.3

Impervious Land Parameters

LSUR (ft) 150
SLSUR 0.041
NSUR 0.05
RETSC 0.10
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Table 36. Sediment land surface parameters for HSPF

Parameter Value
Pervious Land Parameters

SMPF 1
KRER 0.32
JRER 2.0
AFFIX (1/day) 0.01
NVSI (Ib-ac/day) 1.0
KSER 10
JSER 1.73
KGER 0
JGER 2.5
Impervious Land Parameters

KEIM 1.0
JEIM 2.1
ACCSDP 0.01
REMSDP 0.05

Table 37. Reach parameters for HSPF constant for laleaches.

Parameter Value
KS 0.5
DB50 0.01
POR 0.5
SAND-D (in) 0.01
SAND-W (in/sec) 0.4
SAND-RHO (g/cm?3) 2.65
SAND-KSAND 0.5
SAND-EXPSAND 2.0
SILT-D (in) 0.0006
SILT-W (in/sec) 0.0005
SILT-RHO (g/cm?) 2.3
CLAY-D (in) 0.0001
CLAY-W (in/sec) 0.00001
CLAY-RHO (g/cm?) 2.0
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Table 38. HSPF reach parameters that vary by reach.

TAUCD | TAUCS
Reach| LEN | DELTH | BEDWID TAUCD | TAUCS | M - - - M-
4 (mi) () () —SILT | —SILT | SILT CLAY CLAY CLAY
(Ib/ft2) (Ib/ft2) | (Ib/ftzd) (Ib/f2) (Ib/f2) (Ib/ftzd)
13 1.35/ 9.84 42.65 0.25 0.85 0.010 0.18 0.75 0.010
14 2.07| 26.25 | 39.37 0.44 0.85 0.010 0.32 0.7% 0.010
15 1.52| 16.41 | 36.09 0.37 0.85 0.010 0.27 0.7% 0.010
16 2.64| 19.69 | 32.81 0.3 0.85 0.010 0.25 0.75 0.010
17 0.59| 9.84 32.81 0.51 0.85 0.010 0.36 0.75 0.010
18 [0.99/3.28 [ 3281 | 0.3 0.85| 0.010 025 0.79 0.010
19 0.40| 9.84 26.25 0.75 1.75 0.010 0.53 1.5( 0.010
20 1.53| 6.56 24.61 0.3 1.00 0.010 0.25 0.90 0.0010
21 2.16| 26.25 | 22.97 0.27 1.00 0.010 0.25 0.90 0.010
22 0.72] 9.84 19.69 0.28 0.75 0.015 0.17 0.65 0.015
23 4.36| 52.50 | 19.69 0.25 0.75 0.015 0.15 0.6% 0.015
24 2.94|32.81 | 16.41 0.2 0.75 0.015 0.12 0.65 0.015
25 1.69| 32.81 | 13.12 0.28 0.75 0.015 0.17 0.6% 0.015
Table 39. Land surface parameters for HSPF that var monthly.
Parameter] Land Us¢ Jan Feb Mar Aprii May Jun Jul g AuwSep | Oct| Nov| Dec
Forest 0.03] 0.03 0.0% 0.09 0.14 0.18 0{18 0.14 0.0907 | 0.05| 0.03
Arable 0.02| 0.02] 0.09 0.1 0.1p 0.7 0.2 0/15 0j1 8Q0.M.03| 0.03
CEPSC Other Ag | 0.03] 0.03 0.08 0.1 0.15 0.2 Op 025 0.1.080 0.05| 0.03
Grassland| 0.04 0.05 0.06 0.0f 0.8 009 0.09 .098 P 0.07| 0.06] 0.05
Urban 0.04| 0.05 0.06 0074 008 0.9 0J09 009 0.0807 | 0.06| 0.05
Forest 0.3 035 04 0.45 0.5 0.65 0685 0}6 0.5 ().44 0.35
Arable 0.1 0.1 0.1 0.2 0.2 0.65 0.65 0.6 05 01452 0 0.1
LZETP Other Ag | 0.1 0.1 0.1 0.2 0.2 065 065 06 05 04582 0.1
Grassland| 0.3 035 04 045 0.5 065 0{65 Q.6 545004 | 035
Urban 0.3 035 04| 045 05 0.5 065 0J6 05 Q4p4 | 0.35
Forest 0.75/ 0.79 0.7% 0.8 0.8 0.8 0.8 0|8 0.8 0.8.750 0.75
Arable 0.55| 0.55| 0.5 0.6 0.6b 0.65 0.5 0/65 (.6565| 0.55| 0.55
COVER | OtherAg | 0.25| 0.25 0.2% 0.3 035 035 0B5 035 50.3.35| 0.25| 0.25
Grassland| 0.7 0.7 0.7 0.7% 0.8 0.8 0,8 0,8 g.8 .8.7 0.7
Urban 0.7 07| 07 0.75 0.8 0.8 08 08 08 08 0D7
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