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Development of a hydro-environmental model for inland
navigational canals
Dongfang Liang, Rebecca W. Zeckoski and Xiaolin Wang

ABSTRACT
Before railroad and lorry trafﬁc became common, many canals were built for transportation
purposes. Water quality in canals has become a major concern as maintenance of these historically
active canals has declined. A generic canal model has been developed to simulate the hydroenvironmental processes speciﬁcally relevant to inland navigational canals, namely lockage, weir
overﬂow, boat trafﬁc, and algal growth. Apart from the movement of water, three types of particulate
matter are tracked: algae (chlorophyll-a), inorganic non-cohesive sediment, and inorganic cohesive
sediment. The newly developed model was applied to the Kennet and Avon Canal in southern
England. The method of determining the input parameters for the model was documented herein,
including setting up a Hydrological Simulation Program – Fortran model to obtain the landscape ﬂow
and sediment runoff to the canal. The model predictions were compared with the observed
hydrological, sediment, and chlorophyll-a data at monitoring locations along the canal, and
favourable agreements were achieved.
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INTRODUCTION
There are many canals and navigable waterways in the

hydro-environmental processes in inland waterways in

United Kingdom with the potential to contribute poor

light of environmental concerns.

quality water to natural streams (Swanson et al. ).

Although many hydrodynamic models exist for riverine

During their heyday, circa 1,840, nearly 6,600 km of

systems, few canal models exist (Heatlie et al. ). In par-

inland waterways existed, including both canals and

ticular, while modelling efforts have been undertaken for

rivers that were made navigable (Hadfield ). Over the

irrigation and drainage canals (e.g., Sutcliffe & Parks ;

subsequent years, railroads and lorry trafﬁc led to a decline

Misra et al. ), there seems to be a dearth of research on

in canal use. By the time of the 1968 Transport Act, when

canals used for navigation. Some well-known canals have

all existing canals in Britain were classiﬁed into commer-

been modelled, but the ﬂow in them is driven differently

cial waterways, cruiseways (for amenity use only), and

from that in inland waterways. Coraci et al. () developed

remainder waterways, only 3,220 km remained. Of these,

a detailed model of the Venice canal network, where the ﬂow

917 km were classiﬁed as ‘remainder’ waterways: not

is driven by the tidal action. Abril & Abdel-Aal () studied

legally abandoned, but not ﬁnancially maintained by the

the hydrodynamics of the Suez Canal, which is driven

Government. For them, private groups, such as the

primarily by the sea level difference between the two ends

Kennet and Avon Canal Trust, voluntarily contribute to

of the canal. Heatlie et al. () modelled the Manchester

the maintenance of the canals. Some of these historic

ship canal, but only from the ﬂood risk management point

canals have experienced poor water quality. Hence,

of view.

private citizens and Government ofﬁcials alike will

Inland navigational canals may be replenished by natu-

beneﬁt from computer models that can simulate the

ral rivers or pumping stations. They also receive surface
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runoff from river catchments, and are governed by boat trafﬁc and other anthropogenic factors. In order to navigate
through uneven terrain in calm waters, canals essentially
consist of a series of impoundments (‘reaches’) separated
by locks (Willby et al. ). The lock structure maintains
impoundment water levels while allowing boats to pass up
or down sloped terrain. Lock gates are arranged in pairs
spaced a standard distance apart, and the maximum acceptable boat size for a given canal is set by the lock dimensions
on the canal. The reaches between the locks are often long;
in a gently sloped landscape they may exceed 1.5 km. In a
steep incline, however, they are short. The water surface in
the reach is fairly ﬂat and easily navigable, in contrast
to the unnavigable natural stream in the same natural
topography. A typical lock and part of a reach are shown
in Figure 1.
The canal lock allows boats to move from one water
elevation to another. The interior of a typical lock is shown
in Figure 1(a), and the schematics of a typical lock structure
are given in Figure 2. From the plan view, it is evident that
each lock gate is made of two panels forming a convex angle
against the direction of water movement. From the elevation
view, it can be seen that past the upstream lock gate the
bottom of the lock drops to the level of the downstream
reach. This cill is evident in Figure 1(a) where a person is
standing. A sluice is installed for each lock gate. As shown in
Figure 2(b), the sluice for the upstream gate is located near
the bottom of the canal sidewall; water can transit through
this sluice and into the lock from an opening in the side of
the lock wall. The downstream sluice labelled in Figure 2(b)

Figure 1

|

Photos of a lock and reach on the Kennet and Avon Canal. (a) Interior of a
typical lock, (b) part of a reach near the lock gate.

is located near the bottom of the downstream gate to allow
water to drain out of the lock when needed. As a boat moves
through a lock, it is necessary to completely ﬁll or drain the

closed, the gate opened, and the boat moves on after closing

lock (as appropriate) so the water level on both sides of the

the gate behind.

gate to be opened is equal; otherwise the water pressure

The hydraulic and water quality processes in canals

behind the gate is too great for individuals to push the gate

differ from those in lakes or rivers. Rivers have a high ﬂush-

open. Canal users open and close the sluice doors as they

ing rate and lakes tend to be stagnant enough to act as

move through the lock from one elevation to the next. Before

settling basins; however, canals are somewhere in the

entering the lock, users open the sluice on the same side of

middle, essentially made of a series of impoundments with

the lock as their boat is currently located, leaving it open

intermediate retention time. Although canals have a much

until the water level equalises, then close the sluice. After the

lower ﬂow rate than rivers, the individual impoundments

boat enters the lock, the opposite sluice is opened and again

are not completely stagnant. Boat trafﬁc dominates both

the boaters wait until the water level in the lock equalises

the hydrodynamics and sediment generation and transport

with that of their destination reach; ﬁnally the sluice is

in canals. Boat passage increases the ﬂow rate, as boats
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naturally taken as a control volume, which has four basic
state variables – water volume (V ), cohesive sediment
mass (Scoh), non-cohesive sediment mass (Snon), and algal
mass (Salg). The major variables of the solids are expressed
as mass, rather than concentration, to simplify the present
model framework. Knowing the water volume, mass and
concentration can be easily converted from one to the
other. Various inﬂows, outﬂows, sources and sinks associated with a reach can be represented as functions of these
four variables. Based on the conservation of mass principle,
a nonlinear ordinary differential equation can be written for
each of the four quantities in a reach. The equations for all
the reaches along a canal are coupled together, and can be
solved numerically. Figure 3 lists all the relevant inﬂows
and outﬂows that may be associated with a reach. They
are all included in the developed model, for the sake of
maintaining generality, whose detailed implementation can
be found in Zeckoski (). However, some of them may
Figure 2

|

be negligible for a speciﬁc canal. In the following subsecSketch of a lock. (a) Plan view, (b) elevation view.

tions, only the key processes for the Kennet and Avon
Canal are described.

remove large volumes of water from each reach as they pass
through locks. The boats stir up noticeable quantities of bed
sediment. To the authors’ knowledge, there has not been a
computer model designed for predicting the multiple
hydro-environmental processes unique to inland navigational canals.
This study aims to develop a numerical model to evaluate the effect that canal operations have on water quality,
speciﬁcally the concentrations of suspended particulates,
including both inorganic sediment and biological materials.
The reliability of the new canal model is veriﬁed in modelling the Kennet and Avon Canal in southern England,
which has experienced severe water quality problems
caused by high concentrations of inorganic sediment and
algae (Neal et al. a).

It should be emphasised that the core model is a standalone receiving water model of the canal. Therefore, the
processes less inherent to the canal operation, such as
water/solids runoff, other external inputs, and abstractions,
need to be supplied to the core model via time series generated outside the model. This increases the generality of the
core model. The algorithms have been translated into
computer code using the Microsoft Visual Basic 2008
programming language. A graphical user interface was created to aid the user in the input of needed parameters. In
programming, objects were created to represent reaches
and locks. It is hoped that the modularization of the code
will make it easily portable for any future model developers
who may take interest in it.

CANAL MODEL DEVELOPMENT
Overall method structure
The basic system simulated is a series of reaches connected
by locks and weirs. In the canal model, each reach is
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Plan view of a reach and possible processes inside it.
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function of time, and Qout(t) represents the summation of
the water outﬂow from the reach (m3/s) as a function of

The water level along a canal is mainly controlled by three

time. Only the mathematical representation of weir ﬂow

factors: one input control and two output controls. First, a

and lockages are elaborated herein, which are the two domi-

relatively large and constant source of water feeds the

nant processes in most cases. On canals used primarily for

summit reach of the canal; this may be pumped from a reser-

recreation, most of the boat trafﬁc occurs in the tourist

voir or may come from a natural feeding stream. This source

season in the summer. However, a certain amount of ﬂow

water then trickles downstream to govern the water input to

is supplied throughout the year to maintain the designed

each successive reach. Insufﬁcient input to the summit

water level along the canal. Therefore, it is expected that

reach will cause the water depths in all reaches to drop.

lockages will dominate ﬂow in the summer, while weir

Excessive input to the summit reach may cause ﬂooding.

ﬂows will dominate in the winter.

Given a sufﬁcient input of water to the summit reach, the

An overﬂow weir is typically positioned in the side wall

water level along the length of each reach is governed pri-

near the downstream lock of a reach, shown in Figure 1(b).

marily by the height of the overﬂow weir, one of which

The weir normally discharges to the next lower canal reach,

can be seen in Figure 1(b). The overﬂow weirs are designed

although occasionally a weir may bypass a reach or dis-

to carry all excess water above the desired depth to the next

charge into a neighbouring body of water, depending on

downstream reach. Thus, during normal steady-state operat-

the needs of the canal or the constraints of design the engin-

ing conditions, the overﬂow weir determines the water level

eers considered during construction. The hydraulics of a

in the reach. The last major factor affecting the water level is

canal weir is governed by basic weir ﬂow and oriﬁce ﬂow

boat trafﬁc. The boat trafﬁc directly affects water movement

equations. When the weir opening is not completely sub-

from one reach to the next. As boats move through the locks

merged, the ﬂow rate above the weir is calculated from the

at the upstream and downstream end of each reach, the

contracted weir equation:

volume of water needed to ﬁll and/or empty the lock is
shifted from the upstream reach to the downstream reach.
These three factors in a canal are designed to balance

pﬃﬃﬃﬃﬃ 1:5
2
Qweir ¼ Cd,weir ðLweir  0:2Hweir Þ 2gHweir
3

(2)

each other: the source of water is designed to be large

where Cd,weir is the weir discharge coefﬁcient (dimension-

enough to counteract the water loss through expected

less, suggested to be 0.611 by Henderson ()), g is the

lockages, leakage, and seepage; and the overﬂow weirs

acceleration due to gravity (m/s²), Lweir is the length of

allow water to bypass the locks while boats are absent.

weir crest (m), and Hweir is the depth of water above weir

The ﬂow model quantiﬁes these relationships unique to

crest (m). Lateral contraction was noticed during the

canals, including lock-associated ﬂows (called lockages

survey for the majority of the weirs along the canal, so

henceforth), weir ﬂows, runoff, seepage losses, leakage,

the above unsuppressed weir equation is suitable. When

etc. Because the reaches between locks are designed to be

the weir becomes submerged, the small entrance of the

level, ﬂow due to the slope of the stream is insigniﬁcant,

weir prevents the large weir conduit to be completely ﬁlled

and thus a typical hydraulic model based on bed slope and

with water. In this case, Equation (3) for oriﬁce ﬂow is used:

roughness is inapplicable for these purposes. Equation (1)
is the basic governing equation for the ﬂow calculation in
a reach:
dV
¼ Qin (t)  Qout (t)
dt

(1)

i
pﬃﬃﬃﬃﬃh 1:5
2
Qweir ¼ Cd,weir Lweir 2g Hweir
 ðHweir  Hsides Þ1:5
3

(3)

where Hsides is the height of weir box opening (m). Equation
(3), a modiﬁed form of the typical oriﬁce equation, was presented by Daugherty () and allows the smooth transition

where V is in m3, t is time (s), Qin(t) represents the sum-

between weir and oriﬁce ﬂows needed for the numerical sol-

mation of the water inﬂow to the reach (m3/s) as a

ution of the differential equations in the model. Qweir is part
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Water quality model

Qin(t) for the downstream reach.
The total amount of water lost during boat passage

General

through a lock depends on the state of the lock when a
boat approaches it, which in turn is dependent on the direc-

As mentioned before, the main water-quality parameters of

tion of the previous boat compared to that of the current

concern in this study are suspended particulate matter.

boat. Boats travelling upstream must enter a drained lock,

Hilton & Phillips () investigated boat trafﬁc effects on

and boats moving downstream must enter a full lock; like-

turbidity. They reported that suspended solids in trafﬁcked

wise, boats moving upstream leave a full lock, and boats

waterways originated from both elevated phytoplankton

moving downstream leave a drained lock. Thus, if boats

levels and sediment generated by boat movements. The gen-

move in sequence, heading the same direction, each boat

eration and transport of suspended solids in a canal can be

passage draws a full lock volume from the upstream reach

considered a function of boat movements, the factors affect-

and deposits a full lock volume in the downstream reach.

ing algal growth, and the characteristics of inﬂow/outﬂow

If boats move through a lock in alternating directions,

routes. Because the ﬂow rate inside a canal reach is typically

each boat passage will cause either a lock volume to be

low, the ﬂow velocity has negligible inﬂuence on the inor-

drawn from the upstream reach or a lock volume to be

ganic and organic solids distributions. With the exception

deposited in the downstream reach. It is evident that

of evaporative and seepage losses, solids exit a reach at all

having boats move in alternate directions through a lock is

locations where water exits the reach. The concentration

an ideal situation, as it halves the amount of water needed

of solid particulates in an outﬂow depends on the position

compared to the same number of boats travelling in the

of the exit. In general, discharges that involve the whole

same direction. However, it is difﬁcult to force this in a

water column can be assumed to hold solids at the average

real-world situation.

concentration of the reach, whereas discharges from the top

During boat passage through a lock, a volume of water

of the water column hold a concentration different from the

equal to the volume of the lock will be taken from the

average value. In this paper, only the most important solids

upstream reach, or deposited to the downstream reach, or

generation mechanisms are discussed.

both. Equation (4) describes averaged ﬂow rate considering

reach are boat trafﬁc and lockages. As a boat traverses the

these scenarios.

reach, its propellers stir up sediment from the bottom of the



Qlock


Eboat
¼ ð1  Eboat Þ þ
 Fboat  Vlock
2

The primary instigators of inorganic sediment ﬂux in a

(4)

canal. Because inorganic sediment is heavier than water, its
deposition in largely stagnant waters is an important feature.
At the upstream end of a reach, signiﬁcant turbulence accom-

where Eboat is the efﬁciency of boat movement deﬁned as

panies the release of water from the upstream reach, whether

the ratio of the number of boats moving in opposite direc-

the source is the weir overﬂow, leakage, or lockage. Hence,

tions to the total number of boats (dimensionless), Fboat is

solids can be considered well-mixed at the upstream end of

the frequency of boat movement (boats/s), and Vlock is the

the reach. Towards the downstream end, water becomes quies-

volume of lock (m³/boat). The term (1–Eboat) in Equation

cent and the inorganic sediment in the reach undergoes

(4) represents the contribution by the boats moving through

deposition.

the lock sequentially in the same direction; the term Eboat/2

Organic solids may include detritus from the land sur-

represents the contribution by the boats moving consecu-

face and faecal material, but free-ﬂoating algae (or

tively in opposite directions. An entire lock volume is lost

phytoplankton) are of the greatest concern. Unlike other

from the reach every time a boat passes the lock going the

sources of organic material, algae are living and will repro-

same direction as the previous boat, but the same volume

duce in water. The low ﬂow rate, and thus long residence

is lost only every other time a boat passes the lock going

time, in the canal encourages algal growth. The construction

the opposite direction of the previous boat.

of canals eliminated trees close to water, and typical usage
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patterns since their construction tend to keep the surround-

larger fall velocity than that of individual particles. The

ing area clear, historically for horses to pass on towpaths,

empirical relationship developed by Manning () has

and more recently for walkers and bikers to use towpaths

been adapted to estimate the mass settling ﬂux, which is

recreationally. As a result, light availability is typically high

based on the cohesive sediment concentration and bed

in a canal, which in turn leads to increased water tempera-

shear stress. A key feature of Manning’s work is the separ-

ture. All of these factors provide a beneﬁcial habitat for

ation of cohesive particles into ‘macroﬂocs’ (ﬂocs with

algal growth, which can be an important contributor to

diameter >160 μm) and ‘microﬂocs’ (ﬂocs with diameter

solids concentrations when nutrients are available in sufﬁ-

<160 μm), whose relative contributions to the total mass

cient quantities to support algal growth.

settling ﬂux depend on the ratio of the suspended macroﬂocs to suspended microﬂocs, rsed:

Inorganic sediment
6

rsed ¼ 0:815 þ 3:18  10
Inorganic sediment is tracked in two classes: cohesive and



Scoh
Scoh 2
10


 1:4  10
V
V

(8)

non-cohesive. Equation (5) is the basic governing equation
With a near-zero ﬂow velocity and thus bed shear stress,

for the inorganic sediment calculation in a reach.

the fall velocities of macroﬂocs (ws,macro) and microﬂocs
dS
ws S
¼ QSin (t)  QSout (t) 
dt
D

(5)

where S represents the mass of either non-cohesive sediment

(ws,macro) are:
ws,macro ¼ 6:44  104 þ 4:71  1010 

Scoh
V

(9)

(Snon in mg) or cohesive sediment (Scoh in mg), QSin(t) is the
summation of the sediment inﬂow to the reach as a function
of time (mg/s), QSout(t) is the summation of the sediment outﬂow from the concerned reach as a function of time (mg/s),
ws is the fall velocity (m/s), and D is the water depth. The

ws,micro ¼ 2:44  104
The total mass settling ﬂux is then:

only difference between the treatments of the non-cohesive
and cohesive sediment is the calculation of the settling ﬂux.
The fall velocity of non-cohesive sediment is a straightforward function of the particle diameter (Soulsby ):

ws ¼

ν
d

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

10:362 þ 1:049D3  10:36

(6)

(10)

ws  Scoh ¼






1
 Scoh  ws,macro
1
1 þ rsed



1 
Scoh  ws,micro
þ
1 þ rsed

(11)

In a typical canal, it is expected that the boat contributions to the inorganic sediment greatly exceed those

where ν is the kinematic viscosity of water (m²/s), d is the

from weir ﬂow, runoff and external sources. The boat travel-

diameter of sediment (m), and D* is the dimensionless grain

ling generates a plume of sediment in the wake. As the boat

size deﬁned as:

traverses a reach, it will cause sediment production along


g(s  1) 1=3
d
D ¼
ν2

the entire length of the reach, and thus the concentration



(7)

stirred up by the boat is multiplied by the volume of the disturbed water to obtain the total sediment load generated by
the boat in the reach. Bird’s-eye views of the boats cruising

with s being the speciﬁc gravity of sediment (2.65 for ﬂuvial

on the Kennet and Avon Canal were found in Bing.com

sediment).

(Microsoft Corporation), which clearly show that the

Due to their large surface area and charge, cohesive

width of the boat-generated plume is approximately equal

sediments have a tendency to ﬂocculate, resulting in a

to the boat width. It is assumed that the sediment load is
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happens at the average concentration of the reach, giving:

surface, roughly in a rectangular cross-section. An estimate
of the boat-disturbed sediment concentration can be made
by on-site sampling. Then, the total mass of sediment

QSlock ¼ Qlock 

S
V

(13)

generated by a boat in a reach is:
Apart from this bulk movement of sediment with the
QSboat ¼ Freach  Sboat  L  D  Wboat

(12)

ﬂow, Zeckoski () also considered the sediment generation by the movement of lock doors during the lockage,

where Freach is the frequency of boat passage in the reach

but subsequent analyses showed that the inﬂuence of this

(boats/s), which may differ from the boat passage fre-

process was not signiﬁcant. This paper focuses on the

quency at locks Fboat in Equation (4), if there is a winding

most important inﬂuencing factors, thus omits the sediment

hole where boats might turn around or a mooring area

increase from the lock doors scraping the bottom.

where they may stop for an extended time and thus not
transit the full reach; Sboat is the ﬁeld-surveyed suspended
sediment concentration generated by boat propellers
(mg/m³); L is the reach length (m); and Wboat is the boat
width taken to be equal to the width of the sediment
plume (m).
In addition to the inorganic sediment sink/source due to
deposition and boat trafﬁc, sediment input/output may take
place in association with water inﬂow/outﬂow. Weir outﬂows are a major year-round water route, but the weir
crest is often just a few centimetres below the water surface,
compared to the canal depth of approximately 1.5 m.
Hence, most inorganic sediment should have settled out of

Algal model
Research has shown that live algae attempt to keep themselves suspended in the euphotic depth (e.g. Malone ).
The algal death and the resulting settling are not considered
separately, but are incorporated indirectly as part of the
growth rate. The mass conservation of algae needs to
include both algal growth and hydrologic transport (e.g.
Pridmore & McBride ). The basic model equation for
algae is given as Equation (14):
dSalg
¼ QSalg,in (t)  QSalg,out (t) þ μ  Salg
dt

(14)

the top water layer by the time it reaches the overﬂow
weir near the downstream end of a reach, resulting in mini-

where Salg is the algal biomass as mentioned before (mg),

mal sediment ﬂux through the weir. This sediment ﬂux is

QSalg,in(t) is the summation of the algal inﬂow to the reach

calculated in the model as a function of the sediment

as a function of time (mg/s), QSalg,out(t) is the summation

remaining in the water above the weir crest, i.e., the sedi-

of the algal outﬂow from the concerned reach as a function

ment that has not deposited below the weir crest after

of time (mg/s), and μ is the algal growth rate (s1). As can be

moving through the reach according to Equations (6) and

seen later, the algal growth rate will be negative if there is

(11), with the detailed algorithm given in Zeckoski ().

insufﬁcient nutrient to support the existing algal population.

By contrast, the lockage-induced sediment transfer between

In keeping with the primary factors found in the litera-

neighbouring reaches can be signiﬁcant. A large slug of sedi-

ture, temperature, light availability, and nutrient level are

ment is expected to move from one reach to the next with

regarded to most affect algal growth. A maximum growth

each lockage, because the water used to ﬁll the lock is

rate is ﬁrst calculated based on water temperature, and is

drawn from near the bottom of the reach. Furthermore,

then modiﬁed to take into account other controlling factors.

this movement happens in direct association with the sedi-

Given ample light and nutrients, the maximum growth rate

ment disturbance caused by the opening of the lock gates

as restricted by water temperature can be written as (Eppley

and boat manoeuvres. Therefore, the sediment that moves

):

with water to ﬁll the lock and subsequently discharge downstream is assumed fully mixed. Hence, it is assumed that
sediment transfer between canal reaches via lockages

Downloaded from https://iwaponline.com/jh/article-pdf/16/3/572/387247/572.pdf
by guest

μmax ,T ¼

ln 2
 0:851  1:066T
86400

(15)

579

D. Liang et al.

|

Development of a hydro-environmental model for inland navigational canals

where μmax,T is the maximum growth rate (s1) at water

Journal of Hydroinformatics

|

16.3

|

2014

the water surface to the depth that light penetrates.

W

temperature T ( C). This maximum growth rate for algae in
the canal is then limited by light availability as described
by Bicknell et al. ():

μmax ¼ μmax ,T 

LI
Ks,l þ LI

(16)

VED ¼

V
L  Wreach  ED

if ED  D
if ED < D

(18)

where Wreach is the width of the reach, and ED is the euphotic depth deﬁned as the depth of light penetration. Following

where μmax is the maximum growth rate based only on

Bicknell et al. (), ED can be calculated by:

temperature and light availability (s1), LI is the light
intensity (J/m²s), and Ks,l is the Michaelis-Menten
constant for light-limited growth (set at 23.012 J/m²s

ED ¼

4:60517
LITALG  Salg =VED þ LITSED  ðSnon þ Scoh Þ=V þ EXTB
(19)

based on the recommendation of Dugdale & MacIsaac
).

where LITALG is the light extinction coefﬁcient due to

The limiting nutrient for algal growth is deﬁned by the

algae, LITSED is the light extinction coefﬁcient due to inor-

relative abundance of different types of nutrients. The algae

ganic sediment, and EXTB is the base light extinction

in a body of water typically consist of a multitude of

coefﬁcient. They are taken to be 0.0012 m2 mg1, 0.000025

species. Although they have slightly different chemical

m2 mg1 and 1.67 m1, respectively, in reference to Van

compositions, it has been found that their chemical

Duin et al. ().

makeup, in terms of carbon (C), nitrogen (N), and phos-

Algae move from reach to reach largely following the

phorus (P), is generally uniform (C106N16P) (e.g. Søballe &

same paths as water. The suspended algae may tempor-

Threlkeld ). Data from Neal et al. (a) indicate that

arily move outside the euphotic zone and still be

the algal growth is P-limited in many inland canals. For

productive, so algae may actually be found beyond the

the Kennet and Avon Canal, the average N : P weight ratio

euphotic depth, with the exact distribution depending on

is 28.8, yielding an N : P molar ratio of 63.7. This is much

the mixing property of the ﬂow. Lacking information on

greater than the ‘ideal’ molar ratio of 20 given by Cooper

the mixing depth and the algae distribution in the con-

() and the P-limited ratio of 12 given by Dillon &

sidered canal reaches, this study simply assumes that

Rigler (). Therefore, the growth rate is limited according

algae are uniformly distributed over the euphotic depth

to phosphorus availability based on the equation developed

and ignores their possible presence elsewhere and the

by Pridmore & McBride (), and can be expressed in

nonuniformity in their distribution. The weir overﬂow

model terms as:

may transport a signiﬁcant amount of algae, as weirs

rchl  S1:178
=2:449  Salg =VED
P
μ ¼ μmax 
rchl  S1:178
=2:449
P

draw water from the light-saturated portion of the reach.
(17)

The corresponding algal ﬂux is a product of the concentration of algae in the euphotic volume and the ﬂow rate
through the weir.

where rchl is the conversion ratio from chlorophyll-a mass to
dry algal biomass taken to be 60 herein, SP is the total phosphorus concentration (mg/m³), and VED is the euphotic

QSalg,weir ¼ Qweir 

Salg
VED

(20)

volume of the reach. The value of 60 for rchl was chosen
after a survey of literature estimated values ranging from

Conversely, the turbulence associated with the lock-

6.7 to 1,861 with an average value of 107 and a median

age operation implies that the algae entering and

value of 65; Zeckoski () provides the detailed survey.

leaving a lock will be thoroughly mixed in the lockage

Algae are dynamic creatures, so it is not surprising to ﬁnd

water. Therefore, lockages may be regarded to draw

a wide range of rchl. Algae are considered be present from

water from the entire water column, and the associated
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options to address the water quality problem caused by the
canal, so it is desirable to have a model capable of predicting

QSalg,lock ¼ Qlock 

Salg
V

(21)

the outcomes of these options before committing funds to
any restoration efforts. In addition, numerous groups have
made available varied spatial water-quality data to the
authors, creating an ideal setting for the testing of the new

Solution algorithm

canal model.
Due to the existence of some highly nonlinear terms,

Relevant to this application, Zeckoski () had suc-

Equations (1), (5) and (14) have no analytical solution.

cessfully veriﬁed the model by simulating the hydro-

The present canal model uses an implicit central Euler

environmental processes of a hypothetical canal system in

scheme to solve these differential equations numerically.

extreme scenarios and conducted sensitivity analyses on

Taking the hydraulic Equation (1) for example, it can be dis-

key parameters to identify the inﬂuence that those par-

cretised into:

ameters have on various aspects of model output. The
model had been found to behave properly under all con

V nþ1 ¼ V n þ





Qnin  Qnout þ
2

Qnþ1
in



Qnþ1
out



ditions. The following subsections present the modelling
 Δt

(22)

procedures and results concerning the practical application
of the model. Because the simulation is over several years,

where the superscripts n and n þ 1 designate the consecu-

the catchment runoff contribution to the canal ﬂow

tive two time levels, and Δt is the time step (s). The

and sediment concentration should be taken into account.

computation is carried out sequentially from upstream

For this purpose, a separate overland model has been

reaches to downstream reaches in each time step. In this

established.

way, the components of the inﬂow are known at each time
step, but most of the outﬂow components are dependent

Overland model

upon the storage. Hence, Equation (22) and its equivalents
for sediment and algae are nonlinear algebraic equations.

Runoff from the land surface has the potential to enter the

Newton’s Method was chosen to simultaneously seek their

canal, and there are areas where the canal interacts with

solutions iteratively. Complete details on the solution of

the nearby rivers, so it is important to understand the

the system of equations are provided in Zeckoski ().

nature of the drainage area surrounding the canal and the
rivers. The water and sediment runoff and river inputs
are assumed to occur independently of the ﬂow and

MODEL APPLICATION

water quality in the canal. They should be provided as
external time series of values to the core canal model.

General

Figure 4 shows the River Kennet and its tributaries. As

The Kennet and Avon Canal was chosen as the site to

course of the River Dun to the south and west of Hunger-

demonstrate the use and reliability of the new canal

ford. After the Dun joins the Kennet, the canal parallels

model, predominantly due to the tense political climate

the River Kennet to the east of Hungerford. Two major sur-

shown in Figure 4(a), the canal parallels the natural

around the canal and the resulting need for a computer

face streams contribute ﬂow to the canal: Froxﬁeld Stream

model capable of predicting solids loads. The canal even-

deposits approximately a quarter of its ﬂow into the canal

tually discharges into the visually pristine River Kennet,

through a control structure (the remainder ﬂows in a cul-

creating water quality problems. By personal communi-

vert underneath the canal to join the Dun), and

cation with various individuals while attending the users’

Shalbourne Brook contributes all of its ﬂow to the canal,

meetings of the canal and river, the authors learnt that the

though a large portion of it is removed via a weir on the

Environment Agency is considering numerous management

opposite side of its entry point on the canal; the removed
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The Kennet and Avon Canal and the Kennet Catchment. (a) Locations of the catchment and relevant sites, (b) subcatchment delineation.

water continues along the natural ﬂow path of Shalbourne

This area is predominantly agricultural, with a loamy

Brook (National Rivers Authority ). Additionally, small

soil texture, roughly 30% sand, 45% silt, and 25% clay

amounts of water are drawn at various points from the

(Jarvis et al. ). The digital elevation model originally

River Dun and the River Kennet and deposited in the

generated by the Centre for Ecology and Hydrology was

canal (National Rivers Authority ; Halcrow Group

used to divide the whole catchment into subcatchments.

Limited ). The Hydrological Simulation Program –

Some intermediate subcatchments were split along the

Fortran (HSPF) was chosen to set up a separate catchment

watershed between the rivers and the canal. The ﬁnal catch-

model for the River Kennet and the Kennet and Avon

ments were then classiﬁed as contributing to the canal or

Canal. It is possible to use other catchment models to

contributing to the rivers depending on whether they fell

generate necessary inputs to the canal model.

on the canal side or the river side. In doing this, it was
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assumed that any area between the canal and the river con-

Lock, making a total of 26 reaches. The shortest reaches on

tributed to the river, as the canal bank was typically slightly

this section of the Kennet and Avon Canal are in the steep

elevated above the river bank. Some very small subcatch-

ﬂight of locks approaching the summit reach on the west,

ments have been carefully created along the canal, whose

where the canal ascends approximately 12 m through eight

borders coincide with the locks to establish a one-to-one cor-

locks over the space of approximately 2 km. The longest

respondence between the subcatchments and the canal

reach in the studied area on the Kennet and Avon Canal is

reaches. Therefore, the correct runoff could be apportioned

just over 1.5 km long. The reach widths of the canal range

to each reach of the canal. The segmentation of rivers also

from 7.4 to 13.3 m. It should be noted that the water levels

takes into account the locations of the river gauges.

shown in Figure 5 are only rough estimates according to

After delineation, the overland model was successfully cali-

the positions of the weir crests, as they are slightly higher in

brated and veriﬁed against the monitored ﬂows and sediment

the winter, with no lockage demands, and are slightly lower

concentrations on the river provided by the Environment

in the boating season in the summer. The heights of overﬂow

Agency. Because the overland model is not the focus of this

weir crests above the bottom of the canal range from 1.10 to

paper, the detailed results are not presented herein, but can

1.53 m. On-site sampling by the authors in 2009 shows that

be found in Zeckoski et al. () and Zeckoski (). In

the average lock width is 5.2 m, the average lock volume is

coordination with the application of the canal model, the

205 m3, and the overﬂow weir dimensions vary greatly, but

runoff and sediment transported from the land surface and

are generally several metres long.

diverted from the rivers were exported from HSPF to text

British Waterways provided information on the lockage

ﬁles for all the subcatchments linked to the canal reaches.

rates and limited ﬂow data recorded on the canal (Langridge

Each text ﬁle contained the total volume of ﬂow and mass of

). An annual count of the total lockages is available at

inorganic sediment delivered to each reach of the canal.

several locks. A representative weekly distribution of
lockages based on data compiled from multiple canals in

Canal model setup

England was also available, shown in Figure 6. From these
data, the frequency of boat movement Fboat can be estimated

The studied area covers 21 km of the Kennet and Avon Canal

and distributed to all the locks based on proximity to the

and consists of 26 locks, from the Crofton Top Lock (lock

monitored locks. The lockages follow a seasonal trend of

number 55 in Figure 5) eastward to Copse Lock (downstream

being high in the summer and low in the winter. Visual

of Kintbury labelled in Figure 4 and corresponding to lock

inspections by the authors on the canal suggest that the

number 80 in Figure 5), where the canal merges with the

efﬁciency of lockage use Eboat is close to 0.67.

River Kennet. Correspondingly, there are 25 reaches between

Total phosphorus concentration was calculated on a

the locks, plus a summit reach upstream of the Crofton Top

monthly basis from data collected at the Centre for Ecology

Figure 5

|

Bed elevations, water levels and lock numbers of the study canal.
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and Hydrology (Neal et al. a) at 10 stations in the

estimated according to Neal et al. (a). Solar radiation

region. The phosphorus concentration in each reach on

can be estimated from the latitude (51 24 0 N) and cloud

the canal was estimated using data from the closest obser-

cover of the studied area according to the relation developed

vation station. Measured water temperatures in the Kennet

by Hamon et al. () and implemented by the WDMUtil

W

and Avon Canal range from 1.5 to 22.7 C, but the daily vari-

program (Hummel et al. ). Cloud cover was calculated

ation of the water temperature is not available. Hence, as

from the hours of sunshine available at the MetOfﬁce web-

suggested by Beer (), the daily-averaged temperature is

site (www.metofﬁce.gov.uk).

W

Non-cohesive particle diameter was set to 0.2 mm,

assumed to change sinusoidally during a year:

which is the mid-range value given by Jarvis et al. ().



2π td
T ¼ Tmean þ Tmag  sin
þ Tphase
365

(23)

In order to determine the amount of sediment disturbed
by boat movement, water samples were collected immediately before and after boat passage in two ﬁeld surveys by

W

where Tmean is the mean annual temperature (12 C), Tmag is
W

the authors. Through laboratory analyses, the median con-

the magnitude of the annual temperature variation (6.54 C),

centration of the sediment stirred up by boat passage was

Tphase is the phase parameter (4.46 radians), and td is the

approximately

Julian day. It is seen from Figure 7 that this sinusoidal

(4.5 mg/L) and cohesive (9.0 mg/L) forms according to an

curve provides a good ﬁt to data collected by Neal et al.

area-weighted average soil texture in the catchment as deter-

(a).

mined from Jarvis et al. ().

13.5 mg/L,

allocated

to

non-cohesive

The majority of the ﬂow in the top 16 impoundments of

To start the time-marching procedure, initial conditions

the studied reach is supplied via the summit reach, to which

need to be speciﬁed. Because the water level in a canal is

the Crofton Pumping Station pumps water at a variable rate

held mostly constant by design, the initial water storage V

year-round. The water pumped at Crofton is drawn from

of each reach is calculated by assuming that the water is at

nearby Wilton Water, a manmade reservoir designed for

the overﬂow weir level. The initial storage of inorganic sedi-

this purpose. There is a constant ‘baseﬂow’ pumped year-

ment can be speciﬁed at zero, corresponding to the situation

round to compensate for leakage, seepage, and evaporative

with no boat trafﬁc. The initial storage of algae in the reach

losses, which was ﬁrst estimated as 125 L/s based on private

is calculated as half that supportable by the monitored phos-

communication

Station.

phorus level, given abundant light. Experimentation with

Additionally, an extra ﬂow rate is pumped in the summer

the model showed that the effects of initial conditions van-

boating season to compensate for lockages; the initial esti-

ished within a month into the simulation, suggesting that,

mate of this ﬂow rate with the most conﬁdence is 80 L/s.

with a sufﬁcient ‘start up’ time for the model, any inaccura-

Sediment and phosphorus levels in the feed water were

cies generated by these simplistic estimates on initial

with

the

Crofton

Pumping

conditions will disappear. The time step for the canal
model was set to one day, which matches the resolution of
the available input data.
Modelling results
A sensitivity analysis of the various input parameters was
conducted. Zeckoski () presents a full analysis of the
sensitivity of the model to each input parameter. In summary, the total ﬂow rate in the canal is most sensitive to
the external ﬂows that feed the canal; the ﬂow through the
weirs (used in calibration) is sensitive to multiple parameters
Figure 7

|

Sinusoidal ﬁt to the observed water temperatures on the canal.
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and the rate of abstractions from the reach. The sediment

temperature, external input of algae, and the light extinction

concentration was most sensitive to the frequency of

coefﬁcient. Most parameters used in the model are phys-

boat movements and the sediment generated by boats. The

ically based, i.e., they can be measured. In the calibration

algal concentration was most sensitive to the ﬂow rate,

description that follows, some physical parameters were
adjusted because their initial estimation contained large
uncertainty.
Measured ﬂow data are available on the canal over a
weir that bypasses Picketﬁeld Lock (Lock 71), which have
been used to calibrate the canal model to the Kennet and
Avon system. The comparison of observed and simulated
bypass weir ﬂows around Lock 71 is presented in Figure 8.
It is evident that there is generally a good agreement
between the observed and simulated ﬂows, particularly in
the years when good lockage data are available in 2000–
2004. The errors in the average ﬂow rates and median
ﬂow rates are 10% and 9%, respectively. This calibration

Figure 8

|

Simulated and observed ﬂows at Picketﬁeld Lock (Lock 71).

Figure 9

|

Simulated and observed concentrations of the total suspended solids. (a) Crofton, (b) Great Bedwyn, (c) Fore Bridge, (d) Dun Cottage, (e) Hungerford, (f) Kintbury.
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estimated parameters; the parameters adjusted were those
with the most uncertainty: the inﬂow to the summit reach
and the seepage rates through the sides of the canal. Both
were adjusted within the range of values reported by experts
and the literature.
Total solids data were available at six sites on the canal
(Figure 4(a)), collected by the Centre for Ecology and
Hydrology (Neal et al. b). It was assumed that the
observed data were representative of the average concentration of solid particulates in the reach. The observed
data did not differentiate between organic and inorganic
solids; thus the observed data were compared to total simulated

solids

concentrations

(non-cohesive

sediment,

cohesive sediment, and algal dry mass) in the canal at
these stations. The model agreement is further demonstrated in Figure 9. After calibration, the errors between
the average simulated values in a 5-day window surrounding each observed data point (see Kim et al. () for
description of process) and the value of the observed data
at that data point fell between ±30% for all stations;
more detailed calibration statistics are provided in
Zeckoski (). This calibration was achieved by adjusting

Figure 10

|

Simulated and observed algal concentrations. (a) Crofton, (b) Hungerford.

the sediment disturbed by boats and the number of boats to
associate with each lockage. Both parameters were

the simulated values do reproduce the overall trend of the

adjusted within the range of data observed on the canal.

observed data. It seems that the uncertainty in rchl can be

The over-prediction of the suspended solids at the two

at least partly compensated by the valuation of other par-

uppermost stations, Crofton and Great Bedwyn between

ameters in the algal kinetics. After calibration, the errors

Jan 2001 and Jan 2002 might be attributed to the crude esti-

between the average simulated values in a 5-day window

mation of the ﬂow rate and solids concentration at the

surrounding each observed data point (see Kim et al. 

Crofton Pumping Station. The effect of this boundary con-

for description of process) and the value of the observed

dition is weakened further downstream, so the agreement

data at that data point fell between ±50% for all stations;

between the prediction and measurement is better at

more detailed calibration statistics are provided in Zeckoski

other stations.

(). The primary factor adjusted during the algal cali-

Chlorophyll-a data, considered to be representative of

bration was the base light extinction coefﬁcient.

algal concentration, were available at two sites on the

It is seen from Figures 9 and 10 that the annual patterns

canal (Crofton and Hungerford labelled in Figure 4(a)),

of the solids and algal concentrations experience similar sea-

again collected by the Centre for Ecology and Hydrology

sonal changes. During the boating season in the late spring

(Neal et al. ). Because the model predicts algal dry

to early autumn, inorganic sediment concentrations will

mass rather than chlorophyll-a concentration, the conver-

greatly increase compared to winter values. Algal growth

sion factor rchl used in Equation (17) was applied to the

in the summer far exceeds its growth in the winter due to

algal mass output to enable the comparison. As this chloro-

increased water temperature and solar radiation in the

phyll-a to algal mass ratio varies with a multitude of

summer. The gradual increases in temperature, sunlight,

conditions, and as algae are living organisms, considerable

and boat trafﬁc in the spring cause corresponding increases

scatter is expected. However, it is seen from Figure 10 that

in solids concentrations, eventually peaking in mid-summer

Downloaded from https://iwaponline.com/jh/article-pdf/16/3/572/387247/572.pdf
by guest

586

D. Liang et al.

|

Development of a hydro-environmental model for inland navigational canals

Journal of Hydroinformatics

|

16.3

|

2014

and then falling off again gradually in the autumn. The
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model generally simulated these trends.
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